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Preface to "Power Electronics in Renewable
Energy Systems”

The observed changes in weather conditions have accelerated the installation of renewable
energy-based electricity systems around the world. Large-scale utilization of renewable energy
sources in electricity production requires the use of power electronic converters to integrate the
renewable energy systems into the power grids. This integration brings about certain challenges
in terms of stability and robust performance of the power grids, which have to be solved before
the wellbeing of the power grids can be guaranteed. This Special Issue of Energies aims to reveal
the state-of-art in addressing interfacing problematics. According to the published papers, clear
advancements have taken place, but the most critical issues remain unsolved. Direct power control
with self-synchronizing synchronverters may be the most promising technique for solving the main
stability problem, although many unsolved problems still persist. Another challenge in renewable
energy production is the fluctuating nature of the available energy in renewable energy sources,
which require utilization of stored energy to smooth the fluctuations. Different storage battery

technologies are available, but their production may pose problems in the long term.

Teuvo Suntio, Tuomas Messo
Special Issue Editors

xi
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1. Introduction

Renewable energy-based generation of electrical energy is currently experiencing rapid growth in
electrical grids. The dynamics of electrical grids are starting to change due to the large-scale integration
of power electronic converters into the grid for facilitating the utilization of renewable energy. The main
problem with the use of grid-connected power electronic converters is the negative incremental resistor
behavior observed in their input and output terminal impedances, which makes the grid prone to
harmonic stability problems that are observed nowadays more and more often. This problem is
difficult or even impossible to remove because the converters have to be synchronized to the grid
frequency, which actually creates the named output terminal-related problematic behavior. The input
terminal-related problem is usually related to the output terminal feedback arrangement or to the
grid synchronization actions. There are naturally many other problems, which can be related to the
application of the renewable energy sources as an input source of the converters, and which can change
their dynamic behavior profoundly.

The Special Issue of Energies “Power Electronics in Renewable Energy Systems” was intended to
disseminate new promising methods to tackle the stability problems observed to take place in power
grids, and to provide new information to support the understanding of the origin of those problems.
The particular topics of interest in the original call for papers included, but were not limited to:

e  Stability and modeling of large grid-connected PV and wind power plants;

e Dynamic modeling and control design of renewable energy converters in grid feeding, supporting,
and forming modes;

e Impedance-based grid interaction studies;

e Issues related to control, stability, diagnostics and interfacing of energy storage in renewable
energy systems;

e  Voltage and frequency control of grids with high penetration of renewable distributed generation.

This special issue of Energies contains four invited submissions [1-4], three review articles [5-7],
and twenty-three research articles [8-30] covering different topics in renewable energy systems.
The authors” geographical distribution is:

China (14); Finland (4); Korea (2); The Netherlands (1), Japan (1); Israel (1); USA (1); Canada (1);
India (1); Jordan (1); Malaysia (1); Italy (1); UK (1).

We thank the editorial staff and reviewers for their great efforts and help during the process.

2. Brief Overview of the Contributions to This Special Issue

The main contributions of the paper are briefly reviewed in the following subsections. The first
subsection reviews the invited papers, the second subsection reviews the review papers, and the third
subsection reviews the article-type papers that are not reviewed in first subsection. No topic-specific
classification is applied.

Energies 2019, 12, 1852; d0i:10.3390/en12101852 1 www.mdpi.com/journal/energies
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2.1. Invited Papers

Suntio et al. [1] introduce the full picture of the source and load interaction formulations covering
typical three-phase grid connected inverters, which are applied in renewable energy applications.
The complexity of the analyses is obvious. The paper contains both simulated and experimental
evidence to support the theoretical findings in the paper. It is clearly demonstrated that omitting the
cross-coupling elements in the associated impedances will lead to very poor accuracy of the interaction
analyses. Messo et al. [2] demonstrate that it is possible to implement an emulator for a grid-connected
three-phase inverter by applying a high-bandwidth amplifier, which can be used effectively to study
the dynamic behavior of AC microgrids. Sun et al. [3] study the behavior of the phase locked loop (PLL)
of the grid-connected power converter during a phenomenon known as rate of change of frequency
(ROCOF) and its influence on the stability of the grid. Such a phenomenon has been observed to take
place in the Bonaire Island power grid as a consequence of a grid fault. According to the study, the
PLL control bandwidth has a crucial role in the well-being of the power grid. Amer et al. [4] studied
the maximum power point (MPP) tracking process, where the perturbation frequency was adaptive
instead of the step size to ensure a fast and trouble-free tracking process. The demonstrations show
that the proposed technique works well.

2.2. Review Papers

One of the review papers [1] was already reviewed in Section 2.1. Suntio [5] introduces the
small-signal modeling and analysis of a peak-current-mode (PCM) controlled buck converter, which
operates in discontinuous conduction mode (DCM). The modeling method is introduced already in
2001 but the given models are load-resistor affected and do not contain the effect of circuit parasitic
elements. The paper shows that the load resistor hides the real location of the unstable pole, which is
usually assumed to appear at the output-input voltage ratio of 2/3, but it can appear at the output-input
voltage ratio of 1/2. It is also observed that the circuit elements have a significant contribution to
the dynamic behavior as well. Tareen et al. [6] compare the use of static compensator (STATCOM)
and active power filter (APF) in tackling the power quality issues in the case of high penetration of
renewable energy sources in the power grid. The paper provides a comprehensive survey of the related
topics and a wide list of key finds, which cannot be presented briefly in this overview.

2.3. Article Papers

Wang et al. [7] proposes a modified self-synchronized synchronverter, which works better in
an unbalanced grid compared to the conventional self-synchronized synchronverters. The main
benefit of the synchronverters is that there is no need for PLL function, which would eliminate the
negative incremental resistor phenomenon in the output impedance of the grid-connected converter.
Rizqiawan et al. [8] introduce the development of grid-connected inverter modules intended for
teaching microgrid issues to electrical engineering students. Liu et al. [9] introduce issues related to the
concept known as Energy Internet, where microgrid control is implemented based on the internet by
utilizing the concept of an energy router. In this study, the primary energy sources are considered to be
a photovoltaic array, an energy storage battery, and the battery of an electric vehicle. Opila et al. [10]
introduce virtual oscillator control of voltage-sourced and current-controlled power converters. The
paper is highly theoretical and lacks a direct practical connection to the real world. Anuradha et al. [11]
introduce the design and analysis of a non-isolated three-port single ended primary inductance
converter (SEPIC) for renewable energy source applications, where the input section of the converter
is used as a modular section for interfacing different renewable energy sources. The problem in the
paper is that the PV interfacing is not considered correctly, which is still quite a common issue in
renewable energy interfacing studies. Park et al. [12] introduce the methods to control the speed of a
turbine generator, where the energy of the system is extracted from different heat sources. The control
algorithm indirectly estimates the required speed of the generator. The rest of the converter system is
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similar to the full-power converter systems used in wind power interfacing. Yan et al. [13] study the
inertia and damping characteristics of a doubly-fed induction generator (DFIC) during a grid fault.
The paper proposes methods to control the frequency in such a manner that the system stability is
improved. Suntio [14] provides small-signal models for a peak current mode-controlled boost converter,
which operates in discontinuous operation mode with all the power stage parasitic elements included.
It is shown that the modeling technique developed in the early 2000s yields accurate models for the
boost converter as well when the load resistor effect is removed. Yang et al. [15] study the oscillation
phenomenon observed to take place between the parallel-connected grid-tied inverters in weak grid
conditions. The damping method is based on adding two virtual impedances in series and in parallel
with the original output impedance of the inverter. The practical experiments show that the proposed
technique works. Xu et al. [16] introduce methods to provide grid-supporting functions in photovoltaic
systems by utilizing battery energy storage to create a virtual synchronous generator. The power
system is claimed to be able to operate without phase locked loop grid synchronizing. The concept
is validated with simulations. Hu et al. [17] study the coordinated control of virtual synchronous
generators. The developed strategy is validated by simulations. Liu etal. [18] study the ultra-short-term
wind power prediction methods, which are based on multivariate phase—space reconstruction and
linear regression. The developed method is shown to be more accurate than earlier developed methods.
Li et al. [19] study the design of phase lock loop-based grid synchronizing aiming for fast transient
behavior. The proposed concept is based on the application of adaptive notch filtering and moving
average filtering as the inner loop of the phase locked loop. The experimental validation proves the
improvement of the proposed technique. Salgado-Herrera et al. [20] study the total harmonic distortion
(THD) in wind energy systems showing that the utilization of an active front-end converter to provide
the DC-link voltage will reduce the overall THD. The concept is verified by simulation. Hu et al. [21]
propose an improved droop control method based on the conventional droop control with a washout
filter controller. The proposed method is validated by utilizing the hardware-in-the-loop (HIL) method.
Merabet [22] studies the application of adaptive sliding mode speed control of a wind energy generator.
The proposed technique is validated experimentally by utilizing a small-scale prototype system.
Miceli et al. [23] study harmonic mitigation by means of computational methods in a single-phase
five-level cascaded H-bridge multilevel inverter. The developed method is experimentally validated
with a small-scale prototype. Tran et al. [24] study the control design of a grid-connected inverter under
distorted grid conditions based on the linear-quadratic regulator technique. The proposed control
technique is based on the internal model control principle. The experimental validation shows that the
proposed technique works well. Li et al. [25] study the effect of adaptive resonant controllers on the
stability of the grid-connected inverters under weak grid conditions. The validation of the studies
is performed experimentally. The paper provides useful tips for implementing adaptive resonant
controllers to avoid problems. Yan et al. [26] study the control methods of grid-connected inverters
to make them mimic the characteristics of a synchronous generator. The proposed techniques are
validated by simulations, which do not necessarily convince the readers. Yan et al. [27] study the
adaptive maximum power point tracking-based control to create the properties of a synchronous
generator. The reader may have problems understanding the proposed techniques because the authors
have not explicitly specified in which operation mode the system is working. Dalala et al. [28] propose
an algorithm for thermoelectric generators to track the maximum power point (MPP). The method is
based on indirectly detecting the open-circuit voltage and estimating short circuit current, which are
then used for tracking the MPP. The experimental waveforms show that the proposed technique tracks
the MPP very quickly. Wang et al. [29] study the energy management in a micro-grid based on demand
response. An optimization strategy is developed for minimizing the operating costs. The strategy is
tested on a real case study. Liang et al. [30] study the balancing of the charges of embedded storage
batteries in series-connected switching modules. The proposed control strategy is experimentally
tested and shown to work well.
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2.4. Discussions

The published papers represent the current main topics related to renewable energy. The lack of

full understanding of the dynamics of the converters, which are applied in a renewable energy system,
still dominates the discussions in this field even if hundreds of papers have already been published
where the true nature has been explicitly presented. The lack of experimental validation will also
usually reduce the acceptance of the information.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Impedance-ratio-based interaction analyses in terms of stability and performance of DC-DC
converters is well established. Similar methods are applied to grid-connected three-phase converters
as well, but the multivariable nature of the converters and the grid makes these analyses very
complex. This paper surveys the state of the interaction analyses in the grid-connected three-phase
converters, which are used in renewable-energy applications. The surveys show clearly that the
impedance-ratio-based stability assessment are usually performed neglecting the cross-couplings
between the impedance elements for reducing the complexity of the analyses. In addition,
the interactions, which affect the transient performance, are not treated usually at all due to the
missing of the corresponding analytic formulations. This paper introduces the missing formulations
as well as explicitly showing that the cross-couplings of the impedance elements have to be
taken into account for the stability assessment to be valid. In addition, this paper shows that the
most accurate stability information can be obtained by means of the determinant related to the
associated multivariable impedance ratio. The theoretical findings are also validated by extensive
experimental measurements.

Keywords: source and load impedance; transient dynamics; stability; grid synchronization;
power electronics; power grid

1. Introduction

The negative-incremental-resistor oscillations were observed to take place, in practice, already
in the early 1970s when an LC-type input filter was connected at the input terminal of regulated
converters as reported in References [1,2]. The development of the dynamic modeling method known
as state-space averaging (SSA) in the early 1970s [3-5] enabled the theoretical studies of the origin of
the input-filter interactions, which were published in the mid 1970s [6,7] by Middlebrook. He stated
later that he applied the extra-element-theorem-based (EET) method [8,9] when developing the
input-filter-design rules in References [6,7] for the cascaded input-filter-converter system. According
to the EET method, the source or load-system-affected transfer function Gg’r/gL (s) of the converter can
be given by

1+Zy 1 Yn-
Ggr/gL = 1 izz;YZj X Gorg (€]
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where Gorg(s) denotes the original or unterminated transfer function of the converter, Z, 1Yy _»
denotes the impedance-admittance product of the numerator polynomial, and Z4_1Yq4_» denotes the
impedance-admittance product of the denominator polynomial, respectively. The formulation in
Equation (1) is very useful, because it defines automatically the correct order of the impedance-like
elements in the numerator and denominator impedance-admittance products, to perform the
source/load analysis in a correct manner as instructed in References [10-12] and implied in Figure 1.
The most crucial factor in the analysis of the cascaded systems is to recognize that the duality must be
valid at the interface between the upstream and downstream subsystems. This means that the only
valid source-sink pairs are Figure 1a,d as well as Figure 1b,c, respectively. The cascaded system will
not be proper with the other source-sink combinations at the interface between the subsystems because
of violating Kirchhoff’s laws.

Figure 1. The source/sink equivalent circuits: (a) Thevenin’s source, (b) Norton’s source, (c) Thevenin’s
sink, and (d) Norton’s sink.

As Equation (1) indicates, the theoretical formulation in Equation (1) does not contain impedance
ratios, but it is sometimes easier to understand the behavior of the impedance-admittance products,
when the product is considered as an impedance ratio as in References [6,7]. The minor-loop gain
launched by Middlebrook in References [6,7] actually denotes the denominator product Zq_1Ygy_ as
minor-loop gain, which can be given equally as Z3_1/Z4_5, because Zy_, = Ydilz. The minor-loop
gain actually equals Z7Yyn according to Figure 1, which indicates explicitly that the numerator
impedance of the impedance ratio (i.e., minor-loop gain) always equals the internal impedance of
the voltage-type subsystem, and the denominator impedance equals the internal impedance of the
current-type subsystem, respectively [10].

Stability of the cascaded system can be assessed based on Z YN by applying Nyquist stability
criterion [13], because (1 + ZTHYN)A forms an impedance-based sensitivity function similarly as
(1+ LX)71 in control engineering [14,15], where Ly denotes the feedback-loop gain. If the phase or
gain margin of the feedback loop is low then the sensitivity function will exhibit peaking, which affects
the corresponding closed-loop transfer function, and it may cause deterioration in transient response
or may make the converter more prone to instability [14,15]. The similar phenomena will take place
also in case of (1 + ZTHYN)_l.

The impedance-admittance product (Z,_1Ys—2) of the numerator polynomial is not directly
related to the system stability similarly as ZtpYy is. One of the elements in Z,_1Y,_; equals either
Zty or Yy depending on the type of the source/load system (cf. Figure 1), and the other element (i.e.,
Zn—1 0r Yn_2) is a certain special impedance-like parameter, which will be introduced for the grid-tied
three-phase inverters in Section 2. The special parameters of the DC-DC converters are defined in
general and given also explicitly for a number of converters in Reference [12]. The impedance-based
interactions via the numerator polynomial in Equation (1) may affect the control-related transfer
functions or the internal input or output impedances that may deteriorated the transient behavior of
the converter as demonstrated in Reference [11].

The input-filter-design rules, introduced in References [6,7], have been later extended to apply
for stability and performance assessment in arbitrary systems as well, where the robust stability
and performance are defined in the form of forbidden regions out of which the minor-loop gain
(ZtHYnN) should stay for the robust stability to exist [10,16-19] as illustrated in Figure 2. The forbidden
region induced by the input-filter-design rules [6,7] is assumed to be outside of the circle, which has
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the radius of inverse of the gain margin and the center at the origin (cf. Figure 2, Middlebrook).
This forbidden region is deemed to be excessively conservative for general usage, and therefore,
reduced forbidden regions are proposed as discussed in Reference [17]. In regard to the input-filter
design, Middlebrook’s forbidden region is the only possible region for guaranteeing the stability of the
cascaded input-filter-converter system (cf. Reference [10]). The smallest forbidden region is proposed
in Reference [10] as a circle having the center at the critical point (—1,0) and the radius of inverse of the
allowed maximum peaking in the corresponding sensitivity and complementary sensitivity functions
as described in detail in Reference [10] (cf. Figure 2, MPC). In principle, the forbidden regions can
be applied to the grid-connected three-phase converters and systems as well [20]. The multivariable
nature of the grid-tied three-phase converters makes the performance and stability assessment more
challenging [20-26], when the inverter-grid stability assessment has to be performed by applying
generalized Nyquist stability criterion [27,28] instead of the simple Nyquist stability criterion [13].

Figure 2. The evolution of forbidden regions according to Reference [11], where GMPM denotes gain
and phase margin [16], ESAC Energy Systems Analysis Consortium [17], Opposing argument as the
limited real part [18], and MPC maximum peak criteria [11].

The origin of the stability problems in grid-connected systems is usually the negative-incremental-
resistor-like behavior at the input or output impedance of the three-phase converter [29-31] similarly as
in DC-DC converters discussed in References [1,2]. In three-phase converters, the negative-incremental-
resistor-like behavior is either the consequence of the grid synchronization [29-35] or the feedback
control from the output-terminal variables [36—43]. In case of grid synchronization, the instability
can be mitigated in some extends by lowering the control bandwidth of the phase locked loop (PLL)
adaptively when the grid impedance is increasing as discussed in Reference [44]. The grid-connected
converters synchronize themselves at the voltage of the connection point known usually as the point
of common coupling (PCC). If the grid impedance is low, then the PCC voltage is in phase with the
grid voltage. In case of weak grid [45-54], the grid impedance can be rather high, which changes
the phase of the PCC voltage to deviate from the phase of the grid voltage depending on the level of
the power supplied by the inverter [51-53]. In practice, this means that the inverter seems to supply
reactive power into the grid even if the inverter output power is pure real power at PCC [53]. The total
apparent power in grid naturally corresponds to the inverter output power. At the point, where the
grid power is fully reactive power, the inverter becomes unstable due to trying to take power from
the grid, but the switch control scheme of the converter bridge does not usually allow it. In case of
grid-connected rectifiers, the same phenomenon will take place, but the direction of the power flow is
reversed compared to the inverters [53]. The problem can be solved by modifying the PLL feedback
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controller in such a manner that its reference includes the information from the grid impedance seen
from the PCC and the level of grid current [51]. In practice, this means that the grid impedance shall
be measured online for modifying the PLL reference [53].

In grid-connected applications, the instability may take place, in principle, at any frequency
depending on the behavior of the grid impedance, where the electrical resonances are of interest due
to providing zero-degree phase behavior of the grid impedance at the resonant frequency [12,55,56].
The negative-incremental-resistance-like behavior of the grid-connected converter may reduce the
damping of the grid and thus making it prone to electrical resonances, which may cause harmonic
currents to appear [57-60]. The reason for the appearing of harmonic currents in PV applications may
be also the inability of the inverter to maintain proper output-current waveforms under low-irradiance
conditions in cloudy days, and especially, during the mornings and evenings [61,62].

The main objectives of this paper are to survey the state-of-art in the impedance-based interactions
in grid-tied three-phase inverters and to introduce the implicit impedance-like parameters also for
the grid-tied three phase converters for facilitating the better understanding of these phenomena,
which are observed to take place in practical applications as well [63]. The main outcomes of the
paper are the explicit proving that the cross-couplings of the impedance elements have to be taken into
account for obtaining valid information on the state of stability as well as that the determinant of the
impedance-ratio-based multivariable characteristic polynomial provides the most accurate information
on the state of stability.

The rest of the paper is organized as follows: An introduction to the source and load-effect
formulations for the grid-tied three-phase inverters are given in Section 2. Experimental and simulated
evidence supporting the theoretical findings are given in Section 3, and the conclusions are finally
drawn in Section 4.

2. Theoretical Formulation of Source and Load-Impedance Interactions

The grid-connected renewable energy systems have to be able to operate in grid-feeding,
grid-supporting, and grid-forming modes [64,65] as well as performing smooth transfer between
the grid-feeding and grid-forming modes of operation [66]. In grid-feeding and grid-supporting
modes, the outmost feedback loops are taken from the input terminal of the converter (cf. Figure 3a,
outer loop) [65,67]. In grid-forming mode, all the feedback loops are taken from the output
terminal of the converter (cf. Figure 3, inner and outer loops) [64,65]. The photovoltaic (PVG)
and wind energy (WEG) generators are known to be internally current-type input sources for
power electronic converters [68-71]. Therefore, the input-terminal feedback is taken from the
input-terminal voltage as illustrated in Figure 3a. Both of the renewable energy sources are known
to be maximum-power-limited sources having one (i.e., WEG, PVG)) [72,73] or more (PVG) [74,75]
maximum power points (MPP) at their power-voltage (PV) curves. In grid-feeding mode, when the
feedback control is taken from the input-terminal variable [73], the input impedance of the converter
usually stays passive, and therefore, the well-designed cascaded system composing of the energy
source and the converter is stable. In grid-forming mode, when the outmost feedback is taken from the
output-terminal variable [27,41-43,65,73], the input impedance of the converter will exhibit negative
incremental-resistor-like characteristics [12]. In this case, the instability will take place, when the
operating point of the converter enters into the MPP of the input energy source [69-77].

In order to understand the impedance-originated stability and performance-interaction
phenomena, the analytical formulation of the corresponding source and load interactions will be
derived in the subsequent sections based on the transfer functions of the associated converters and the
interaction formulation proposed by Middlebrook in References [6,7]. In case of three-phase converters,
the special impedance-like parameters are also of multivariable nature having direct (d) and quadrature
(q) components as well as cross-coupling terms between the d and q components. In renewable
energy applications, the input source of the converters is usually DC voltage, and therefore,
the source output and converter input impedances are not of multivariable nature. Consequently,
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the source-interaction-related special impedance-like parameters can be solved quite easily in
analytical forms as well. The three-phase grid connection means that all the load-interaction-related
special impedance-like parameters will be of multivariable nature. The solving of the special
impedance-like parameters in analytical forms will be very complicated due to the high complexity
of the multivariable impedance-based sensitivity functions. Therefore, we will present those special
parameters by neglecting the cross-coupling terms for giving the reader an idea of the nature of the
load-interaction-related special parameters. The source and load-affected transfer functions can be

solved easily in numerical forms by using, for example, Matlab™ as demonstrated in [12].

(a) (b)

Figure 3. Operation modes of single-stage grid-connected PV energy system: (a) grid-feeding/
supporting mode, and (b) grid-forming mode.

2.1. Three-Phase VF-VO Inverter

The voltage-fed (VF) voltage-output (VO) inverter is used in the grid-forming-mode renewable
energy systems (cf. Figure 3b), where the inverter takes care both the grid voltage and frequency.
The loads connected to the grid will determine the power level and type of the inverter. In renewable
energy applications, the input-terminal source is a voltage-type source, and the output terminal source
is a three-phase current-type sink, respectively.

The transfer functions of the three-phase converters are given in synchronous reference frame or
dq frame due to the multivariable nature of the converter [12,22] as

N A'Uin
lin Y Toi—da Toiq  Gei—d  Gai—q lo—d
Oo-d | = | Gio-d —Zo-d _Zofqd Geo-d Gcofqd io:q 2
27o—q Gio—q _Zoqu _Zo—q Gcoqu Gco—q dAd
dq

where the right-side vector contains the input variables, and the left-side vector the output variables,
respectively. Equation (2) denotes actually a set of simultaneous equations, which define explicitly
the transfer functions in the transfer function matrix. As an example, the element (1,1) of the transfer
function known as the input admittance (Y,) of the converter describes the relation fm /Oin. The other
transfer functions can be expressed in a similar manner following the rule dictated by iin/in. The hat
over the input and output variables denotes that the variables are small-signal variables.

Equation (2) can be formulated into a multivariable form according to Reference [12] as shown in
Equations (3) and (4). The minus sign in front of the element (2,2) in Equation (4) is the consequence of
the selected output-terminal-current direction (cf. Figure 3). The multivariable-form transfer functions
in Equation (4) can be represented also in the form of multivariable linear circuit as given in Figure 4.
The linear circuit can be utilized effectively to solve the source and load-affected transfer functions in
multivariable form.

10
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Figure 4. Linear multi-variable equivalent circuit of three-phase VF-VO DC-AC converter.

2.1.1. Source-Affected Transfer Functions

Figure 5 shows the corresponding equivalent circuit of Figure 4, when the converter is supplied
by a non-ideal input source. According to Figure 5, the original input voltage ¥;, is changed as

Vin = Vins — ZinSiin (5)
and

Vin = [+ ZingYin] Wins — I+ ZinsYin] ' ZinsToilo — [I + ZinsYin] ' ZinsGaid 6)

Figure 5. Linear multi-variable equivalent circuit of three-phase VF-VO DC-AC converter with a
non-ideal source.

The source-affected set of multi-variable transfer functions can be obtained by replacing ¥;, in
the upper row of Equation (4) by Equation (5) and in the bottom row of Equation (4) by Equation (6),
respectively. These procedures yield the set of source-affected transfer functions as

2 Ving
lin %
[ 0 } l:)
o a
[T+ YinZins] 71Yir]\ [T+ YinZins] 71To= [T+ YinZins] 71G§i
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Equation (7) shows that the input dynamics of the inverter (i.e., the elements (1,1), (1,2) and (1,3)
in Equation (4)) and the input-to-output transfer function Gj, (i.e., the element (2,1) in Equation (4)) are
affected only via the impedance-based sensitivity function (I + YinZing] “lor I+ ZinsYin) Tn may
be also obvious that the stability of the cascaded source-converter system can be assessed by means
of [I+ YianSF1 and [I+ ZinSYinTI by applying the generalized Nyquist stability criterion [27,28].
The output impedance (Z,) (i.e., the element (2,2) in Equation (4)) and the control-to-output-voltage
transfer function (Go) (i-e., the element (2,3) in Equation (4)) are affected via the impedance-based
sensitivity function [I+ ZinsYin]_l as well as via a certain numerator polynomial, which contains,
in general case, a multivariable impedance-admittance product. One of the multivariable elements,
in this product, is the multivariable special parameter, which cannot be extracted directly from the
matrix formulas in Equation (7), because the matrix equations cannot be manipulated into the EET form
given in Equation (1) (Section 1). The special impedance parameters are known as input admittance at
short-circuited output Yin_sco and ideal input admittance Yin_ oo, respectively [12].

In this specific case, when the input source is a DC source, all the special parameters can be solved
analytically as they are, because [I + YinZins] “land I+ ZinsYin] ! canbe given by

1 _ 0
T+ZinsYin 8
{ ol )

According to Equations (3), (7), and (8), we can compute the source-affected transfer functions
to be

Yin 0 Toi—d Toi—q
YS = | TFZinsVin TS, = | ™ ZinsYim T+ZinsVim
mn 0 O

Gaa Geiq Gio—d 0
GS = | TV THms¥n |G = | 1HZms¥in )
oi 0 0 ci 0 io G

0 i0—q

T+ ZinsYin
and
1+Zing Yin—sco—d 1+4Zing Yin—sco—qd
75 = T+ Zins Y Zo—d T ZysVin  Zo—qd (10)
o 14+ Zing Yin-—sco dq 1+ZingYin—sco 1y
1+ ZingYin o—dq 1+ZingYin °—q
where o
-4 Gio—dToiza  y. 4 Gio-dloigq
Y. _ Yinfscofd Yinfscofqd _ Ym + Zy4q Ym + Zo—qd 11
In—sco — Y. Y. Y. Gio—qToi-d Y. Gio—qjgoi—q ( )
mfscoqu ].l'l*SCO*q in + T*dq in + T,q
as well as
14+ ZingYin—co-d 14+ZinsYin—co—qd
GS = 14+Zjns Yin Gco—d 1+ZinsYin Gco—qd (12)
co 1+ZinSYin—oo—qu Ut Zins Yin—co—q
T+ ZinsYin  —c0—dq T ZinsYin 074
where
: Gio-dGei-d . Gio—dGei—q
Y: _ Yinfoofd Yinfoofqd _ Yl - Geo—d Yl - Gco—qd (13)
T Yinccod Yin—co— N Y., — Gio—qCei-d Y. — Gio—qGei—q
1 4 L Gco—dq L Gco—q

The expressions of the special parameters in Equations (11) and (13) equal the expressions defined
for the corresponding DC-DC converters as explicitly given in Reference ([12], p. 143, Equation (3.32)).

2.1.2. Load-Affected Transfer Functions

Figure 6 shows the VE-VO inverter (cf. Figure 4) connected to the power grid via the PCC,
where the power grid is represented by a generalized multivariable load system. It may be obvious
that the interface at the output terminal of the load system (i.e., the terminal designated by ¥, ) is
not accessible in general and therefore, the input admittance (Yjn1) is the only measurable transfer
function. As a consequence, we consider the equivalent circuit of the power grid to be composed of its

12
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input admittance denoted as Yo, (i.e., Yinr, in Figure 6) and the constant-current sink denoted as ToL.
(e, ZoL = 0, GjoL = ToiL = 1).

Figure 6. The VE-VO inverter connected to a generalized power grid.

Figure 7 shows the equivalent circuit of the converter in Figure 4, when it is terminated with a
non-ideal load. According to Figure 7, the original output current i, is changed as

i0 = ioL + YoLVo (14)

and
io = [I + YDLZO}ilioL + [I + YoLZO}ilYoLGiovm + [I + YoLZo}ilYoLGcoa (15)

Figure 7. Linear multi-variable equivalent circuit of three-phase VF-VO DC-AC converter with a
non-ideal load.

The load-affected set of transfer functions can be obtained by replacing i, in the bottom row of
Equation (4) by Equation (14) and in the upper row of Equation (4) by Equation (15), respectively.
These procedures yield the set of load-affected transfer functions as

. %
in | _ Y% T(’;iL GEL‘ i
. o

Yo Gio —Zs Go a

(16)

Yin + Toill+ YorZo) ' YorGio  Toill+ YorZo] " Gei + Toill + Yo Zo] ' YorGeo
[T+ ZoYor) ' Gio [+ ZoYor] 'Zo [T+ ZoYor] ' Geo

s Vin
lin N

£]-
Vo a :|
The load-affected multivariable transfer functions in Equation (16) can be solved easily with
a proper software package such as Matlab™ in numerical form. As shown in (3), both Z, and
Y1 comprise of four distinct transfer functions, which makes [I+ Z(,){(,L]_1 and [I+ YOLZO]_1 to
be rather complicated in analytic form, and therefore, the further processing of the multivariable

transfer functions in Equation (16) similarly as performed in Equations (9)—(13) is almost impossible
although the elements (1,2), (2,1)-(2,3) in Equation (16) seem to be very simple. The elements (1,1) and

(1,3) in Equation (16) include certain impedance-like special parameters, which are known as output

13
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impedances at open-circuit input terminal Z,_i(1,1) and ideal output impedance Z, (1,3) [12],
respectively. The elements (1,1) and (1,3) cannot be, however, put into the EET-method form according
to Equation (1), and therefore, Z,_ i and Z,_« cannot be found as a full-order matrix equation. It shall
be observed that all the transfer functions in Equation (16) related to i,y are not real in practice as
discussed above.

We will give, in this paper, the load-affected transfer functions in Equation (16) by omitting the
cross- coupling terms in Z, and Y,p.. Thus I+ ZoY, ] ! can be given by

1

L 0

1+Z5_qYoL—d 1 (17)
0 T+ZoqYoL—q

According to Equations (3), (16), and (17), we can compute the load-affected transfer functions
to be

Gio—d 0 Zo—d 0 Geo—d Geo-qd
GL — | 1HZe-aYoLa ZzL — | THZo-dYoL-d GL — | THZe-aYor-a  1+Zg-aYoL-d
io Gio—q 0 0 Zo,q co ‘co—dq co—q
1+Zo—qYoL—q 14+Zo—qYoL—q T+Zo—qYoL—q 1+Zo—qYoL—q (18)
oi—d oi—q
TL = | Z0-aYoa  T#7oqVoiq
0 0
and v g
1+YoL-dZo—oci—d +YoL—qZo—oci-q __ ) .
YL = ( Vo aZea T TV gZoq —1)Yn O (19)
0
where -
io—d foi—d
7z - Zo—oci—d 0 _ Zoa+ Ym 0 20)
0—o0C1 — 0 7 . - 0 7 + Gio—qToi—q
o0—oci—q o—q T — v,
as well as
1+YoL-dZ0-cod , 1HYoL—qZo-co—dg 1+ Yo1-qZo-c0—q | 1+Yor-dZo-co—qd .
GL — (1+°Y0L7d°zo,d T T Zee 1) Gind (T Zeg T T Ve aZea — 1)Geg 1)
C1
0 0
where
Toi-qGeo-d Toi—qGeo—qd
Z _ Zo—oo—d Zo—oo—qd _ ZO—d + mGCi,C; Zo—d + Gei—d (22)
0—c0 ™ - Toi—dGco—dq Toi—qcco—q
Zo—oo—dq Zofoo—q Zo—q + T Cag Zo—q + T

The expressions of the special parameters in Equations (20) and (22) equal the expressions defined
for the corresponding DC-DC converters as explicitly given in Reference ([12], p. 143, Equation (3.32)).

2.2. Three-Phase CF-CO Inverter

The current-fed (CF) current-output (CO) inverter is used in the grid-feeding-mode renewable
energy systems (cf. Figure 3a), where the inverter synchronizes itself in the grid frequency and angle
as well as supplies energy into the grid. In renewable energy applications, the input-terminal source is
a voltage-type source, and the output terminal source is a three-phase grid, respectively.

The transfer functions of the three-phase converters are given in synchronous reference frame or
dq frame due to the multivariable nature of the converter [12,22] as
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iin
Aﬁin Zin Toi—d Toi—q Gei—d Gci—q Oo-d
iAofd =| Gio-d —Yoda - o—qd Geo—d Gco—qd ﬁorq (23)
iofq Giofq *Yo—dq *Yofq Gco—dq Gcofq dAd

dq

which can be given similarly as Equation (2) (Section 2.1) in multivariable mode as

i
Vin Zin Toi Gci Am
A = A 24
|: 1o :| Gy, Yo G é) )

and represented by a linear multivariable equivalent circuit as given in Figure 8.

Figure 8. Linear multi-variable equivalent circuit of three-phase CF-CO DC-AC converter.
2.2.1. Source-Affected Transfer Functions

Figure 9 shows the corresponding equivalent circuit of Figure 8, when the converter is supplied
by a non-ideal input source. According to Figure 9, the original input current i, is changed as

fin = fins — Yins¥in (25)
and
tin = [T+ YinsZin] iins — [I+ YinsZin] ' YinsToi% — [I+ YinsZin] ' YinsGeid (26)

Figure 9. Linear multi-variable equivalent circuit of three-phase CF-CO DC-AC converter with a
non-ideal source.

The source-affected set of multi-variable transfer functions can be obtained by replacing i, in the
upper row of Equation (24) by Equation (25) and in the bottom row of Equation (24) by Equation (46),
respectively. These procedures yield the set of source-affected transfer functions as

15



Energies 2019, 12, 464

fins
Vo
d

[T+ ZinYins) ' Zin [T+ ZinYing] ' Toi 1+ ZinYins] 'Ga
! Gei

27)

N Iing
Iy } T | Gioll+ YinsZin] T = (Yo + GioYins[1 + ZinYins] ' Tas) - Geo — Gio Vins[[ + Zin Yins| % }

Equation (27) shows that the input dynamics of the inverter (i.e., the elements (1,1), (1,2) and (1,3)
in Equation (24)) and the input-to-output transfer function Gj, (i.e., the element (2,1) in Equation (24))
are affected only via the impedance-based sensitivity function [I + Zj, Ying] “lor I+ YinsZin] T may
be also obvious that the stability of the cascaded source-converter system can be assessed by means of
the sensitivity functions by applying the generalized Nyquist stability criterion [27,28]. The output
impedance (Y,) (i.e., the element (2,2) in Equation (24)) and the control-to-output-voltage transfer
function (Geo) (i.e., the element (2,3) in Equation (24)) are affected via the impedance-based sensitivity
function [I + Zi Yins] ~! as well as via a certain numerator polynomial, which contains, in general case,
a multivariable impedance-admittance product. One of the multivariable elements, in this product,
is the multivariable special parameter, which cannot be extracted directly from the matrix formulas in
Equation (27), because they cannot be manipulated into the EET form given in Equation (1) (Section 1).
The special impedance-like parameters are known as input impedance at open circuit output Zin_oco
and ideal input impedance Zi o

In this specific case, when the input source is a DC source, all the special parameters can be solved
analytically as they are, because [I + Zi, Yins] “land |1 I+ YmSZm} can be given as
(28)

1
1+Zin Yins
0 1

According to Equations (23), (27), and (28), we can compute the source-affected transfer functions
to be

A0 _Tua Toig Geig Geig Goa_ g
7S — | T+YinsZin TS, = | THVmsZin TH¥msZn |GS = | T+VisZin 1+Y.anm GS = | YinsZin 29
in 0 0 oi 0 0 ci 0 0 io G; 0

io—q

1+YinsZin
and
14YinsZin—oco-d 14+Yins Zin—oco—qd
YS = 1+YinsZin Yo-d 1+Yiy5Zin Yofqd (30)
o 1+Yins Zin—oco— qu 1+YinSZin—oc0—qY
T+ YinsZin o—dq 1+YinsZin °=q
where
dT d |0 dToi—q
v _ Zin—oco—d Zin—oco—qd _ Zin t+ Siopfoi- Zin + —qd 31
in—oco = | 7 Z. = qu 0 Gio- qﬂ,i . (@31
in—oco—dq in—oco—q Zin + 3 Zin +
—dq Yo- q
as well as
14+ YinsZin-co-d (5 14+YinsZin—co—qd G
GS = 1+YinsZin co—d 14+ZinsYin co—qd (32)
co 1+Yins Zin—co— dq 5 1+Y;nSZin,m,qG
1+YinsZin co—dq 1+ZinsYin c0—q
where o
. GiodGei-d 7 Gio-dGeig
7. _ Zin—co—d Zin—oo—qd _ Zin Geo—d Zin Geo—qd (33)
mee Zinfooqu Zin—oo—q 7. — Gio—qGei—d 7. — Gio—qGei—q
m Gco—dq m Gco—q

The expressions of the special parameters in Equations (31) and (33) equal the expressions defined
for the corresponding DC-DC converters as explicitly given in Reference ([12], p. 356, Equation (8.2)).
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2.2.2. Load-Affected Transfer Functions

Figure 10 shows the CF-CO inverter (cf. Figure 8) connected to the power grid via the PCC,
where the power grid is represented by a generalized multivariable load system. It may be obvious
that the interface at the output terminal of the load system (i.e., the terminal designated by ioL) is
not accessible in general and therefore, the input impedance (Z;,) is the only measurable transfer
function. As a consequence, we consider the equivalent circuit of the power grid to be composed of its

input impedance denoted as Z,y, (i.e., Zin,) and the constant-voltage sink denoted as Vo, (i.e., Yo =0,
GioL = ToiL = 1)

Figure 10. The CF-CO inverter connected to a generalized power grid.

Figure 11 shows the equivalent circuit of the converter in Figure 8, when it is terminated with a
non-ideal load. According to Figure 11, the original output current ¥, is changed as
Vo = VoL + ZoLio (34)

and
Vo = [T+ Zor Yo VoL + [T+ ZorYo] ' ZorGiolin + [I + Zor Yo] 'Zo1 Geod (35)

Figure 11. Linear multi-variable equivalent circuit of three-phase CF-CO DC-AC converter with a
non-ideal load.

The load-affected set of transfer functions can be obtained by replacing ¥, in the bottom row of
Equation (24) by Equation (34), and in the upper row of Equation (24) by Equation (35), respectively.
These procedures yield the set of load-affected transfer functions as

. i
o] _ [z, T och]|
i G, —Y5 G a

Zin + Toill + ZoLYo] 'ZotGio  Toill + ZotYo] ' Gei+ Toill + ZoLYo] ' ZoLGeo
[T+ YoZor) ' Gio [ YoZor] MY [T+ YoZot] ' Geo

(36)

. fn
[+]- o
© d

The load-affected multivariable transfer functions in Equation (36) can be solved easily with a
proper software package such as Matlab™ in numerical form. As shown in Equation (23), both Y, and
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Z,1. comprise of four distinct transfer functions, which makes [I+ YZ | ~1and I+ ZoYo) “Ttobe
rather complicated. As a consequence, the further processing of the multivariable transfer functions in
Equation (36) similarly as performed in Equations (30)—(33) is almost impossible although the elements
(1,2), (2,1)~(2,3) in Equation (36) seem to be very simple. The elements (1,1) and (1,3) in Equation
(36) include certain impedance-like special parameters, which are known as output admittance at
short-circuited input terminal Y,_g(1,1) and ideal output admittance Y, (1,3) [12], respectively.

Equation (36) shows that the output dynamics of the inverter (i.e., the elements (2,1), (2,2) and
(2,3) in Equation (24)) and the reverse transfer function Tj, (i.e., the element (1,2) in Equation
(24)) are affected only via the impedance-based sensitivity function [I+ YOZOL]f1 or [I+ ZOLYo]fl.
It may be also obvious that the stability of the cascaded source-converter system can be assessed
by means of the sensitivity functions by applying the generalized Nyquist stability criterion [27,28].
The input impedance (Z;,) (i.e., the element (1,1) in Equation (24)) and the control-to-input-voltage
transfer function (Gg) (i.e., the element (1,3) in Equation (24)) are affected via the impedance-based
sensitivity function [I+ ZoYo) ~! as well as via certain numerator polynomials, each of which contain
a multivariable impedance-admittance product. One of the multivariable elements, in this product,
is the multivariable special parameter, which cannot be extracted directly from the matrix formulas in
Equation (36), because they cannot be manipulated into the EET form given in Equation (1) (Section 1).
These special impedance-like parameters are known as output admittance at short-circuited input
terminal (Y,_sci) and ideal output admittance (Y,—o) [12], respectively. It shall be observed that all the
transfer functions in Equation (36) related to V., are not real in practice as discussed above.

We will give, in this paper, the load-affected transfer functions in Equation (36) by omitting the
cross- coupling terms in Y, and Z,;,, which means that both of the sensitivity functions will be equal
as well. Therefore [T+ YoZor] ' can be given by

1

Y S 0

1+Yo-dZoL—d X (37)
0 T Yo qZor—q

According to Equations (23), (36), and (37), we can compute the load-affected transfer functions
to be

_ Giod 0 _ Yoq4 0 Geod Gco—qd
GL = 1+Yy_qZo—d YL — T+Yo-aZo1—d GL — 7Y, aZor—a 1Y aZol_d
io — Gio—q ol ° - 0 Yoq o — co-dq co—q
T+Yo—qZoL—q 14+Yo qZoL—q T+Yo—qZoL—q 1+Yo-qZoL—q (38)
oi—d oi—q
TLA = | I+Yo-aZoL—d 1+YO*quL—q
o1
0 0
and sy
14+ZoL-aYo-sci-d +ZoL—qYo—sci—q _ :
Z%}l = ( T+Yo-aZoL—d + T+Yo-qZoL—q 1)Zin 0 (39)
0
where -
Y Yo-sci—d 0 Yo—q + 7]072;"7(1 0 (40)
o—sci — = G To
0 Yo-sci—q 0 Yo—q+ %
as well as
14Zo1 Yo cod  1HZoL—qYo--dg ) 14 Zo1qYo-co—q | 14ZoL-aYo wqd _
Gl‘i: |: ( T aloa T T+ Zo1-qYo—q —1)Geida T+ ZoL—qYo q Rl B> an su —1)Gei—q 41)
0 0
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where
Tni—dGco—d TOi*chufqd
Yoo— | Yorord Yowga | _ Yo—d‘i’T des Yy g+ s W)
- i—d —d i—qYco—q
O W R

The expressions of the special parameters in Equations (40) and (42) equal the expressions defined
for the corresponding DC-DC converters as explicitly given in Reference ([12], p. 356, Equation (8.2)).

2.3. Discussions

2.3.1. Special Impedance-like Parameters

The complexity to solve analytically and explicitly the load-affected transfer functions in Equation
(16) (Section 2.1.2) and in Equation (36) (Section 2.2) may be understood according to the solved
I+ YoZoy) (et Equation (36)), which can be given by

1+ Yoqu(\qu + Yo—qu()L—qd Yn—dZoL—qd + Ya—quoqu
Yoquoqu + YoquZOLfd 1+Y, 4ZoL—a + YO*quOL*dq
(14+Yo-qZoL—q+Yo-dqZoL—qd) (1+Yo—dZoL—d +Yo—qd ZoL—dq) — (Yo-dZoL—qd T Yo—qd ZoL—q) Yo—qZoL—qFYo-dqZoL—d)

(43)

It may be also obvious that the full-order special impedance parameters cannot be found in
analytical form, because the required EET-method-like formulations (cf. Section 1, Equation 1) cannot
be found.

All the ideal impedance-like special parameters given in Equations (13), (22), (33), and (42) are
invariant to the feedback and feedforward schemes applied in the converter and to the type of load
connected at the output terminal of the converter [12]. Consequently, the ideal parameters can be
computed by means of the open-loop transfer functions. The other special parameters given in
Equations (11), (20), (31), and (40) are invariant to those feedback arrangements, which are taken
from the opposite terminal, where the parameters are assumed to be measured. They will change
if the feedback is taken from the same terminal, where the parameters are assumed to be measured.
This information dictates the way to compute the special parameters based on the corresponding open
or closed-loop transfer functions.

2.3.2. Stability Assessment

The stability of the cascaded system comprising of the converter and its source or load subsystem
can be assessed by the means of the multivariable impedance-based sensitivity functions [I+ Z,Yy] -

or [I + YyZX} 71, where the impedance and admittance matrixes comprise of the impedances and
admittances related to the interface between the converter and its subsystem, by applying generalized
Nyquist stability criterion [27,28]. The stability can be assessed by computing the determinant of
[I+ Z\Yy] or [I+ YyZ,] (i.e., the impedance-ratio-based multivariable characteristic polynomial) in
a similar manner as in a single-input-single-output (SISO) system by applying the basic Nyquist
stability criterion [13] but the critical point will be the origin (0,0) of the complex plane instead of
(—1,0). The form of the determinant is explicitly given in Equation (43) as its denominator. If the
interface, at which the stability is to be assessed, is of SISO type as in the source-side interfaces in
the above treated inverters in Sections 2.1.1 and 2.2.1 then the relevant impedance ratio comprises of
the input and output impedances of the subsystems as shown in Equations (8) and (28). In this case,
the basic Nyquist stability criterion can be applied to the corresponding impedance ratio in terms of
the critical point (—1,0), respectively.

If the grid is symmetrically loaded then Z4(Yy) equals Zq(Yq) and Zgq(Yqq) equals —Zgq(Yaq)-

Theoretically, the same equalities may be valid also in the inverter. As a consequence, [I+ Z,Yy] -

equals [I+ Yy Z,] ~!and the stability can be assessed based on either of these sensitivity functions.
In practice, the equalities may not be, however, valid.

19



Energies 2019, 12, 464

As discussed in Section 1, the robust performance (i.e., sufficient phase (PM) and gain
(GM) margins for not affecting significantly the original transfer functions via the peaking in the
corresponding impedance-based sensitivity function [10]) can be given in terms of a specific forbidden
region as given in Figure 1 (Section 1) in SISO-type interface. The least space requiring forbidden
regions in Figure 1 is the MPC region, where the radius of circle equals the inverse of the maximum
allowed peaking (M) in the sensitivity function (S). denoted by M. The maximum peaking can be given
in terms of PM and GM according to ([14], pp. 92, 93) as

B 1 Mo, _GM
~ 2sin(PM/2) M T GM -1

Mpym (44)

The MPC-forbidden region takes into account the combined peaking effect of PM and GM.
In case of the DC-interfaced inverters, the DC-interface-related robust performance can be obtained
by requiring the contour of the impedance-based minor-loop gain to stay out of the MPC-defined
forbidden region as stated in Reference [10]. In this case, the impedance-based minor-loop gain is the
same for all the source-affected transfer functions, and the maximum peaking can be explicitly defined
by means of the PM and GM associated to the minor-loop gain.

In the general case, when the sensitivity function is also a multivariable function as in Equation
(43), the load /source-affected transfer functions are composed of two or more elements having each a
different impedance-based sensitivity function. Equation (43) is presented in Equation (45) in a more
convenient form, and the load-affected G, in Equation (36) applying Equation (45) is presented in
its explicit form in Equation (46), respectively. Equation (46) shows explicitly the subcomponents of
each load-affected elements of GL. If the same procedures are applied for Z= and GL in Equation
(36) then the number of subcomponents is higher than two, which will increase the complexity of the
corresponding transfer functions significantly. Equation (45) indicates that we can find four different
impedance-based sensitivity functions (S;) as given in Equation (47), which may exhibit different
peaking behavior, because the numerator of the sensitivity functions contains one common factor with
the denominator.

1+a b
c 1+d
TN S s 45
(1+a)(1+b)—bc (45)
(1 + a)Gcofd + CGcoqu (1 + a)Gcofqd + CGco—q
GL - Gz‘o—d Ggo—qd _ (1 + d)Gcoqu + chofd (1 + d)GCO—q + chofqd (46)
“© Gldoqu Gldo—q B (14+a)(1+d)—bc

51= (l+a)%1++ad)—bc 52 = (1+a)(1b+d)—bc 53 = (1+a)(1c+d)—bc S4= (1+a)%1++dd)—bc (47)

If the cross-coupling terms are small as assumed in Section 2.2.2 then we have two different
sensitivity functions as given in Equation (37). In this specific case, the stability of the system can be
inferred by requiring that both of the impedance-ratio-based minor-loop gains satisfy Nyquist stability
criterion [13]. In addition, the robust stability can be ensured by applying the MPC-based criteria to
both of the minor-loop gains [10]. In general, it is not recommended to neglect the cross-coupling terms,
because they may have significant impact on the validity of the stability information as discussed
in References [78-82]. The complexity of the analysis with all the cross-coupling terms included is
usually the reason for neglecting the cross-couplings [83-85].

In general case, the formulation for the requirements for the robust stability (RS) has to be
performed based on the maximum singular value (7) of the multivariable sensitivity function S,
which equals [I+ Ynyrl or I+ ZnyTl [14,15], and which can be easily computed by applying
Matlab™ command svd (S) (i.e., singular value decomposition). In case of full-matrix uncertainty as
in this case, RS is guaranteed when & < 1 [14].
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2.3.3. General Load

Figure 12 shows the multivariable equivalent circuits of the inverter output in grid-forming mode,
and the power grid in multivariable mode. The source effect caused by the inverter (i.e., Zi,y) in the
general-load case can be computed in a similar manner as performed in Section 2.1.1, which yields

iPCC _ YiSnL TgiL Viny

[‘A’OL} a GisoL _ZrS)L foL } (48)
ipcc| _ | M+ YinLZiny] i 1+ Yint Ziny] ' Toir Vinv
VoL|  |Giol I+ ZinyYint] " —(ZoL + GioL[1 + Ziny Yint] ' Zint Toir) | | oL

Figure 12. The equivalent circuits of the inverter output and the generalized power grid in grid-forming
mode of operation.

Equation (48) shows that the stability of the interface can be assessed based on the output
impedance of the inverter (Zj,,) and the input admittance of the grid (Yin) by applying General
Nyquist stability criterion to [I+YinLZinv}71 and [I+YOZinL]71 as stated also in Section 2.1.2.
The other properties of the cascaded system cannot be computed even if the voltage (cf. Equation (49))
and current (cf. Equation (48)) of PCC can be explicitly measured, because T, cannot be measured
in practice.

i\'pcc = [I + ZianinL] 710inv - [I + ZianinL} 7lzian0iLioL (49)

Figure 13 shows the multivariable equivalent circuits of the inverter output in grid-feeding mode,
and the power grid in multivariable mode. The source effect caused by the inverter (Yi,,) in the
general-load case can be computed in a similar manner as performed in Section 2.2.1, which yields

. s (50)
Vpee | Linv
|: ioL :| - |:‘A70L:|

Equation (50) shows that the stability of the interface can be assessed based on the output
admittance of the inverter (Yi,y) and the input impedance of the grid (Zi,;) by applying Nyquist
Generalized stability criterion to [I + Zinp Yiny] ~!and I+ YinyZint] ~1 as stated also in Section 2.2.2.
In grid-feeding mode, the inverter synchronizes the voltage (cf. Equation (51) and current (cf. Equation
(50) of the PCC interface. The load system can be assumed to be such that the elements of the system
are basically invariant to each other. Therefore, Gjo1, and T, are equal as the circuit-theoretical
reciprocity theorem implies as well [86]. The voltage (cf. Equation (50)) and current (cf. Equation (51))
of the PCC interface (cf. Figure 13)

‘chc — Z%‘L T(S,% iinv
IoL GioL _YoL VoL,
-1 -1
[I + ZinLYinv] ZinL [I + ZinLYinv} ToiL

GioL I+ YivZint] " —(YoL + GioL[I + YinyZint) ™ YinyToir)

ipcc = [I + YininnL]iliinv - [I + Yir\inlr\L}71Yi1'\vToiL">oL (51)
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Similarly, as in case of grid-forming-mode operation, the phase of iy, cannot be determined
based on the available information, because T, cannot be measured in practice. This means that the
synchronizing angle cannot be corrected to produce real power at certain point in the grid system
without external knowledge on the phase behavior from the grid coordinated control facilities.

Figure 13. The equivalent circuits of the inverter output and the generalized power grid in grid-feeding

mode of operation.
3. Experimental Evidence

The grid-forming-mode inverter, which is reported more in detail in Reference [26], is evaluated by
applying Typhoon HIL real-time simulation setup, Boombox control platform, and Venable frequency
response analyzer as shown in Figure 14.

Figure 14. Grid-forming-mode inverter test setup.

The grid-feeding-mode inverter, which is reported more in detail Reference [87], is evaluated by
using the real hardware setup as shown in Figure 15, where the PV (PVS7000) and grid (PAS15000)
emulators are manufactured by Spitzenberger & Spies as well as the inverter is based on MyWay
platform (MWINV-1044-SIC). The given frequency responses are measured applying the MIMO
measurement technique reported in Reference [80], and the perturbation signals are injected via the
grid emulator in dq domain.

Figure 15. Grid-feeding-mode inverter test setup.
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3.1. Grid-Forming-Mode Inverter

The inductor-current and output-voltage loop gains are given in Figures 16 and 17, where the
effects of the different loads are visible: The unterminated (i.e., loaded by constant-current sink) loop
gain is denoted by red color, the resistor-loaded loop gain by blue color, and the parallel-connected
resistor-inductor-capacitor (RLC) loaded loop gain by black color, respectively. The unterminated loop
(red) gain indicates unstable operation having the crossover frequency at 20 Hz. The resistor and RLC
loading increases the crossover frequency to 300 Hz and they stabilize the converter as well. Figure 17
shows that the system is stable, when the output-voltage loop is properly tuned: Stabilization of the
inverter requires that the voltage-loop crossover frequency is placed at higher frequency than the
unstable pole of the system (cf. Figure 16 (red) vs. Figure 17 (red)).

Figure 16. The inductor-current loop gain at unterminated mode (red), as resistor loaded (blue), and as
parallel RLC loaded (black).

Figure 17. The output-voltage loop gain at unterminated mode (red), as resistor loaded (blue), and as
parallel RLC loaded (black).

It may be obvious that the load impedance has significant effect on the converter dynamic behavior,
which is actually the consequence of the rather high magnitudes of the output impedance as shown in
Figure 18. The high-output impedance may be reduced by applying output current feedforward.

Figure 18 shows that the output impedance of the grid-forming inverter exhibits such symmetry
that Z,_q = Zo—qand Z,_gq = —Z,_qq as discussed also in case of the grid impedance in Section 2.3.2.
If the grid is asymmetrically loaded, then its impedance (admittance) may not have this property. It this
property exists in inverter and grid then the two multivariable sensitivity functions will be identical.
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Figure 18. The measured closed-loop output impedances of the grid-forming inverter, where the red
color denotes the closed-loop Z,_4 and Z,—q, the blue color denotes Z,_ 44, and the magenta color
Z,_4q, respectively.

Figure 19 shows the measured (black) and predicted (red and blue) closed-loop input impedance
of the grid-forming inverter, when the inverter is loaded with the parallel-connected RLC circuit
(cf. Figure 14). The blue-colored input impedance denotes the case, where the analytical model
includes all the output-terminal-side cross-couplings. The red-colored input impedance denotes the
case, where the cross-couplings are omitted (cf. Equation (19), Section 2.1.2). According to Figure 19,
the cross-couplings do not have significant contribution on the behavior of the load-affected input
impedance. This phenomenon cannot be generalized, because the grid impedance may not exhibit
similar symmetry in practice as in this special case.

Figure 19. The RLC-load-affected input impedance of the grid-forming inverter, where the black
color denotes the measured input impedance, the red color denotes the predicted input impedance
with all the cross-couplings, and the blue color denotes the predicted input impedance omitting all
the cross-couplings.

Figure 20 shows the frequency responses of the analytically predicted set of Yin_o given in
Equation (13) (cf. Section 2.1.1). According to Reference [12], the low-frequency behavior of the
closed-loop input admittance is dominated by the ideal input admittance, which in this case equals the
d-component of Yi,_ o, (cf. black line in Figure 20) having the value of approximately —30 dBQ ! at
the low frequencies. As an impedance, this value equals 30 dB(), respectively. Figure 19 shows the
closed-loop input impedance of the inverter, where the low-frequency value equals approximately
Yiio% q @s stated in [12]. Similarly, as in DC-DC converters, the d-component of Yi,_« exhibits
negative-incremental admittance behavior as well.
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Figure 20. The set of predicted frequency responses of the multi-variable ideal input admittance Yin_co
computed according to Equation (13) in Section 2.1.1.

3.2. Grid-Feeding-Mode Inverter

The stability of the grid-feeding-mode inverter is evaluated by computing the eigenvalues of
the multivariable impedance-based minor-loop gain (i.e., Yir\vfozgridfin) and the Nyqyist plot of

det {I + Yinvfoxgrid—in] as well as by computing the maximum singular value of the sensitivity function

S= I+ Yinv—oxgrid—in] 1. The information given by the above-named impedance-based elements is
validated by measuring the frequency response of the inductor-current loop as well as the time-domain
behavior of the q component of the output current. The value of the series inductor L; (cf. Figure 15) is
varied from 0 mH to 12 mH, respectively.

3.2.1. Impedance-Ratio-Based Analysis

Figure 21 shows the plots of the maximum singular value of S = [I + Yinv,OXgrid,in] in respect
to the frequency, when L, equals 0 and 12 mH, respectively. The red line shows that the robustness of
stability is poor (i.e., ¢ > 1) at the low frequencies up to 60 Hz and when the frequency exceeds 1 kHz.

Figure 21. The maximum singular value of the multivariable impedance-based sensitivity function,
where the black line denotes the singular value computed when L; equals 0 mH and the red line
denotes the case when L, equals 12 mH.

Figure 22 shows the Bode plots of the eigenvalues of the multivariable impedance-based
minor-loop gain (i.e., YinV,OXgrid,in) when L, equals 12 mH. The dashed lines denote the eigenvalues,
when the cross-couplings are omitted. The dashed-line circles are placed at the frequencies,
which indicate poor robustness of stability or unstable operation. The frequency response of A;
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(red color) indicates that the phase margin is very low at the low frequencies, and the system is
unstable approximately at 800 Hz (i.e., the derivative of the phase is negative, when crossing the
+180-degree line) [88]. The frequency response of A, implies that the system is unstable approximately
at 100 Hz and 1 kHz [89].

Figure 22. The Bode plots of the eigenvalues A; (red) and A; (blue), where the dashed lines denote the
case having the cross-couplings omitted. The dashed-line circles denote the frequencies, where the
stability of the system is questionable (L, = 12 mH).

Figure 23a shows the full Nyquist plot of A1, and Figure 23b shows the extended view of the plot
in the vicinity of the critical point (—1,0). Figure 23b shows that the system is stable but the phase
margin is very small.

(a) (b)

Figure 23. The Nyquist plot of A;: (a) the full plot, and (b) the extended plot in the vicinity of the
point (—1,0) (L, = 12 mH). The solid line denotes contour for positive frequencies and the dashed line
denotes the contour for negative frequencies. The arrowhead of the solid line shows the direction of
increasing frequencies, respectively.

Figure 24a shows the full Nyquist plot of A,, and Figure 24b shows the extended view of the plot
in the vicinity of the critical point (—1,0). Figure 24b implies that the system is unstable.
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(a) (b)

Figure 24. The Nyquist plot of A;: (a) the full plot, and (b) the extended plot in the vicinity of the
critical point (—1,0) (Lp = 12 mH) (cf. the caption of Figure 23 for the explicit definitions of the other
contents in the figure).

Figure 25 shows the Bode plot of det [I + Yiny—oXgrid |- when L; equals 0, 7, and 12 mH,
where the dashed lines indicate the frequency responses, from which the cross-couplings are omitted.
The full-order and reduced-order responses are quite equal at the frequencies higher than 300 Hz but
deviate from each other significantly at the frequencies in the range from 50 Hz to 300 Hz, respectively.
Extracting stability information from Figure 25 is not similarly straightforward as from Figure 22.

Figure 25. The frequency responses of det [I+Ymv,uxgﬁd}, when L, equals 0, 7, and 12 mH.
The solid lines denote the full-order responses, and the dashed lines denote the reduced-order
responses, respectively.

Figure 26a shows the full-order Nyquist plot of det {I + Yinv,ngrid] , and Figure 26b shows the
extended plot in the vicinity of the critical point (0,0), when L, equals 12 mH. The solid line denotes
the Nyquist contour for positive frequencies and the dashed line denotes the contour for negative
frequencies, respectively. The arrowhead of the solid line denotes the direction of increasing frequency.
Figure 26b indicates that the system is stable although the margins are extremely low.
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(a) (b)
Figure 26. The Nyquist plot of det [I + Ymv,oxgﬂd] : (a) the full plot, and (b) the extended plot in the

vicinity of the critical point (0,0) (L, = 12 mH) (cf. the caption of Figure 23 for the explicit definitions of
the other contents in the figure).

Figure 27 shows the extended Nyquist plots of the full (red) (cf. Figure 26b) and reduced-order
(blue) contours in the vicinity of the critical point (0,0), when L, equals 12 mH. The reduced-order plot
implies that the system is unstable, when encircling clockwise the critical point (0,0).

Figure 27. The extended Nyquist plots of the full (red) and reduced-order (blue) plots of
det [I + Yinv,ngrid] , when L; equals 12 mH (cf. the caption of Figure 23 for the explicit definitions of
the other contents in the figure).

The maximum singular-value plot in Figure 21 indicates that the robustness of stability is poor at
the low frequencies up to 60 Hz, and at the frequencies exceeding 1 kHz (i.e.,, & > 1). The eigenvalue A,
(cf. Figure 24) implied that the system is unstable. The full-order Nyquist plot of det [I + Yinv,ngrid]
(cf. Figure 26) implied that the system is stable but the stability margins would be extremely low.
As discussed in Reference [14], the Nyquist plot of det [I + Yiny—oXgrid | would give the most accurate
prediction on the stability. It may be also obvious that the singular value does not directly indicate that
the system is unstable.

3.2.2. Inductor-Current-Loop-Based Analysis

Figure 28 shows the measured (solid lines) inductor-current-loop frequency responses (Figure 28a,
d-component, and Figure 28b, g-component), when L, equals 0 mH (blue lines) and 12 mH (red lines).
Figure 28a shows that the crossover frequency (f.) and phase margin of the designed d-component of
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current-loop gain (blue) equal 300 Hz and 30 degrees, respectively. In case of weak grid (red), the grid
impedance has modified the d-component of current-loop gain to have three distinct gain crossovers
approximately at 90 Hz, 122 Hz, and 143 Hz. The corresponding phase margins vary from 28 degrees
to 63 degrees, respectively, which indicates that the inverter is stable. The figure shows also that
the fourth gain crossover is very close to appear approximately at 1 kHz, where the margin is only
1 dB. The phase crossover frequency equals 1.3 kHz with a gain margin of 4 dB. The robustness of the
stability is very poor especially in the frequency range from 20 Hz to 50 Hz, where the phase margin is
close to zero.

(a) (b)

Figure 28. The measured (solid lines) current-loop gains at L, = 0 mH (blue) and 12 mH (red):
(a) d-component, and (b) g-component.

Figure 28b shows that the crossover frequency (f.) and phase margin of the designed q-component
current loop (blue) equal 270 Hz and 40 degrees, respectively. In case of weak grid (red), the grid
impedance has modified the g-component of the current-loop gain to have the crossover frequency
approximately at 90 Hz with the phase margin of 20 degrees. As the figure shows, three other crossover
frequencies are very close to appear similarly as in the d-component of the current-loop gain. The phase
crossover frequency equals approximately 1.3 kHz with the gain margin of 5 dB. The corresponding
phase margins vary from 28 degrees to 90 degrees, respectively, which indicates that the inverter is
stable. The robustness of the stability is somewhat better than that of the d-component in the frequency
range from 20 Hz to 50 Hz, where the phase margin is close to 17 degrees instead of close to zero.
The stability information given by Figure 28 may not be absolutely true, because the cross-coupling
terms will contribute also to the stability information.

Figure 29 shows the measured Nyquist plot of det[I + L¢] with cross-couplings (blue) and
without cross-couplings (red), where L¢ denotes the multivariable inductor-current feedback loop.
The blue-colored Nyquist plot shows that the inverter is stable (i.e., no clockwise encirclement around
the critical point (0,0)) but the margins would be low. The red-colored Nyquist plot implies that the
inverter is unstable. Figures 26b and 27 (Section 3.2.1) give quite the same information on the state
of stability.

Figure 30 shows the Nyquist plots of the eigenvalues A; (red) and A, (blue), where Figure 30a
shows the whole plots, and Figure 30b, the extended part of the plots in the vicinity of the critical point
(—1,0). The plot of A, implies that the system is unstable.

Figure 31 shows the plot of the maximum singular value of the sensitivity function Sc = [I + L] !
at Ly = 0 (black), and L, = 12 mH (red), respectively. The black-line response indicates that the phase
margins of the original design are rather low (cf. Figure 28) and therefore, the original design is not
robustly stable. The red-line responses indicate that the robustness of stability is lost at the frequencies
from 50 Hz to 500 Hz as well as at the frequencies higher than 1 kHz.

29



Energies 2019, 12, 464

Figure 29. Nyquist plots of det[I + L¢] with cross-couplings (blue line) and without cross-couplings
(red line).

Figure 30. Nyquist plots of the current-loop-gain eigenvalues A (red) and A;: (a) full plots, and (b)
extended plots in the vicinity of the critical point (—1,0).

Figure 31. The maximum singular values of Sc = [I + L] “Lat Ly = 0 (black line) and L, = 12mH.

The measured inductor-current-loop d and q components in Figure 28, the Nyquist plot of det[I +
Lc]| in Figure 30, and the maximum singular values in Figure 31 imply that the stability of the converter
is not robust and the converter may be very close to instability. Figure 32 shows the response of the
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inductor-current q component to a 5-A step change in its reference. The response indicates decaying
oscillation approximately at 90 Hz, which equals the crossover frequency of the inductor-current-loop
q component with the phase margin of 20 degrees. The response indicate definitively that the converter
is stable similarly as the Nyquist plot of det [I + Ymv,oxgﬂd] in Figure 26b.

Figure 32. Response of inductor-current q component (a) to a 5A step change in its reference (b).
3.2.3. Discussions

The stability of the grid-feeding-mode inverter was assessed by means the measured
output- terminal-side multivariable impedance ratio and the measured inductor-current-loop gains,
when the weak-grid condition was emulated by adding a 12-mH series inductor in the grid
side. The time-domain operation of the inverter implied stable operation. The Nyquist plots of
det {I + Yim,,oxgrid] (cf. Figure 26b) and det[I + L] (cf. Figure 29) indicate explicitly that the inverter
is stable but the stability margins are poor, which the time-domain step response of the inductor-current
q component also confirmed explicitly (cf. Figure 32). The eigenvalue plots implied that the inverter is
unstable. The impedance-ratio-based maximum-singular-value plot shows explicitly that the stability
is not robust at the low frequencies (up 60 Hz) and at the high frequencies (>1 kHz). It was also shown
that the obtainable stability information is very poor when the cross-couplings are neglected.

As discussed in Reference [89], the multivariable impedance measurements are extremely difficult
to be performed due to the grid-impedance effect on the synchronization [90] as well as the highly
varying nature of the grid impedance [91,92], and therefore, the accuracy of the measurements may be
questionable. The same applies also to the measurements of the feedback-loop gains. The observed
variance in the information provided by the different stability-assessment methods may be the
consequence of the inaccurate measurement results as well.

4. Conclusions

The dynamic behavior and the factors affecting the sensitivity of the power electronic converters
to the external impedance interactions are fully solved for the DC-DC converters as described in
Reference ([12], Parts 2 and 3). The dynamic analysis of the three-phase power electronics converters
is still in its infancy. The reason for this is obviously the high complexity of the elements affecting
their dynamic behavior. The usual method to relax the complexity is to remove the cross-coupling
terms of the associated multivariable transfer functions, which deteriorates also the obtainable
stability information.

This paper has shown that the three-phase grid-tied converters have similar internal
impedance-like parameters as the DC-DC converters have, which affect the converter sensitivity to the
source and load-impedance-induced interactions. The source and load interactions of the three-phase
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grid-tied converter can be solved with ease by using proper software packages such as Matlab™.

This paper provides the explicit formulations for the implicit internal parameters, which governs
the interactions through the DC interface. The full-order formulations for the three-phase interface
cannot be obtained, because the relevant source /load-affected transfer functions cannot be put into the
form stipulated by the EET method. It is obvious that further studies are needed for analyzing the
interactions and their relations to the implicit internal parameters.

Intensive research on the impedance-based stability analysis has been going on for several years
already. The complexity of the analyses has led to simplifying the impedance-based minor-loop gains
by omitting the cross-couplings between the different impedances constituting the minor-loop gain.
The experimental measurements, in this paper, show clearly that the omitting of the cross-couplings
will easily lead to inaccurate information on the robustness and state of the stability. We have shown,
in this paper, that the stability assessment based on det {I + Yinv,OXgrid] may give the most accurate
information on the state of stability, which was confirmed by assessing the stability by means of
det[I+ L¢] (i.e., the measured inductor-current feedback loop).

The content of the paper is intended to initialize extensive studies in the dynamic behavior of
the three-phase grid-tied converters as well as in the measurement methods of dq-domain frequency
responses to improve their accuracy.

Author Contributions: T.S. wrote the paper, T.M. has been responsible for the basic theories related to the
inverters, M.B.,, H.A., T.R., and R.L. performed the practical measurements and provided the measurement data,
K.Z. has been responsible for the theories related to the multivariable stability assessment.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yuan, Y; Biess, ].J. Some design aspects concerning input filters for DC-DC converters. In Proceedings of the
IEEE Power Electronics Specialist Conference (IEEE PESC), Pasadena, CA, USA, 19-20 April 1971; pp. 66-76.

2. Sokal, N.O. System oscillations from negative input resistance at the power input of port switching regulator,
amplifier, DC/DC converter, or DC/AC inverter. In Proceedings of the IEEE Power Electronics Specialist
Conference (IEEE PESC), Pasadena, CA, USA, 11-13 June 1973; pp. 138-140.

3. Wester, G.W.; Middlebrook, R.D. Low-frequency characterization of switched dc-dc converters. IEEE Trans.
Aerosp. Electron. Syst. 1973, AES-9, 376-385. [CrossRef]

4. Middlebrook, R.D.; Cuk, S. A general unified approach to modelling switching-converter power stages.
In Proceedings of the IEEE Power Electronics Specialist Conference (IEEE PESC), Cleveland, OH, USA, 8-10
June 1976; pp. 18-34.

5. Middlebrook, R.D.; Cuk, S. A general unified approach to modelling switching-converter power stages.
Int. J. Electron. 1977, 42, 521-550. [CrossRef]

6.  Middlebrook, R.D. Input filter considerations in design and application of switching regulators.
In Proceedings of the Industry Application Society Annual Meeting (IEEE IAS), Chicago, IL, USA,
1-14 October 1976; pp. 91-107.

7. Middlebrook, R.D. Design techniques for preventing input-filter oscillations in switched-mode regulators.
In Proceedings of the The 5th National Solid-State Power Conversion Conference (Powercon 5), San Francisco,
CA, USA, 4-6 May 1978; pp. A3.1-A3.16.

8. Middlebrook, R.D. The two extra element theorem. In Proceedings of the Frontiers in Education Conference,
West Lafayette, IN, USA, 21-24 September 1991; pp. 702-708.

9. Middlebrook, R.D. Null double injection and the extra element theorem. IEEE Trans. Educ. 1989, 32, 167-180.
[CrossRef]

10. Vesti, S.; Suntio, T.; Oliver, ].A.; Prieto, R.; Cobos, ].A. Impedance-based stability and transient-performance
assessment applying maximum peak criteria. IEEE Trans. Power Electron. 2013, 28, 2099-2104. [CrossRef]

11.  Vesti, S.; Suntio, T.; Oliver, J.A.; Prieto, R.; Cobos, J.A. Effect of control method on impedance-based
interactions in a buck converter. IEEE Trans. Power Electron. 2013, 28, 5311-5322. [CrossRef]

32



Energies 2019, 12, 464

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Suntio, T.; Messo, T.; Puukko, J. Power Electronics Converters—Dynamics and Control in Conventional and
Renewable Energy Applications; Wiley-VCH: Weinheim, Germany, 2018.

Nyquist, H. Regeneration theory. Bell. Syst. Tech. ]. 1932, 11, 126-147. [CrossRef]

Skogestad, S.; Postlethwaite, I. Multivariable Feedback Control; Wiley: Chichester, UK, 1996.

Maciejowski, ].M. Multivariable Feedback Design; Addison-Wesley: Wokingham, UK, 1989.

Wildrick, C.M.; Lee, EC.; Cho, B.H.; Choi, B. A method of defining the load impedance specifications for a
stable distributed power system. IEEE Trans. Power Electron. 1995, 10, 280-285. [CrossRef]

Sudhoff, S.D.; Glover, S.E; Lamm, P.T.; Schmucker, D.H.; Delisle, D.E. Admittance space stability analysis of
power electronic system. IEEE Trans. Aerosp. Electron. Syst. 2000, 36, 965-973. [CrossRef]

Feng, X,; Liu, J.; Lee, FE.C. Impedance specifications for stable dc distributed power system. IEEE Trans.
Power Electron. 2002, 17, 157-162. [CrossRef]

Riccobono, A.; Santi, E. Comprehensive review of stability criteria for DC power distribution systems.
IEEE Trans. Ind. Appl. 2014, 50, 3525-3535. [CrossRef]

Wen, B.; Burgos, R.; Boroyevich, D.; Mattavelli, P.; Shen, Z. AC stability analysis and dq frame impedance
specifications in power-electronics-based distributed power systems. IEEE |. Emerg. Sel. Top. Power Electron.
2017, 5, 1455-1465. [CrossRef]

Harnefors, L. Modeling of three-phase dynamic systems using complex transfer functions and transfer
matrices. IEEE Ind. Electron. 2007, 54, 2239-2248. [CrossRef]

Messo, T.; Aapro, A.; Suntio, T. Generalized multivariable small-signal model of three-phase grid-connected
inverter in DQ domain. In Proceedings of the IEEE 16th Workshop Control. Model. Power Electron.
(COMPEL), Vancouver, BC, Canada, 12-15 June 2015; pp. 1-8.

Wang, Z.; Harnefors, L.; Blaabjerg, F. Unified impedance model of grid-connected voltage-source converters.
IEEE Trans. Power Electron. 2018, 33, 1775-1787. [CrossRef]

Lu, D.; Wang, Z.; Blaabjerg, F. Impedance-based analysis of DC-link voltage dynamics in voltage-source
converters. IEEE Trans. Power Electron. 2018, in press. [CrossRef]

Aapro, A.; Messo, T.; Suntio, T. An accurate small-signal model of a three-phase VSI-based photovoltaic
inverter with LCL filter to predict inverter output impedance. In Proceedings of the International Conference
Power Electron. (ICPE ECCE Asia), Seoul, Korea, 1-5 June 2015; pp. 2267-2274.

Berg, M.; Messo, T.; Suntio, T. Frequency response analysis of load effect on dynamics of grid-forming
inverter. In Proceedings of the Int. Power Elect. Conference (IPEC-Niigata ECCE Asia), Niigata, Japan,
20-24 May 2018; pp. 963-970.

MacFarlane, A.G.J.; Postlethwaite, I. The generalized Nyquist stability criterion. Int. J. Control 1977, 25, 81-127.
[CrossRef]

Desoer, C.A.; Wang, Y.-T. On the generalized Nyquist stability criterion. IEEE Trans. Autom. Control 1980,
25,187-196. [CrossRef]

Harnefors, L.; Buongiorno, M.; Lundberg, S. Input-admittance calculation and shaping for controlled
voltage-source converters. IEEE Trans. Ind. Electron. 2007, 54, 3323-3334. [CrossRef]

Puukko, J.; Messo, T.; Suntio, T. Negative output impedance in three-phase grid-connected renewable energy
source inverters based on reduced-order models. In Proceedings of the IET Conference on Renewable Power
Generation (RPG 2011), Edinburg, UK, 6-8 September 2011; pp. 1-6.

Harnefors, L.; Yepes, A.G.; Vidal, A.; Doval-Gandoy, J. Passivity-based controller design of grid-connected
VSCs for prevention of electrical resonance instability. IEEE Trans. Ind. Electron. 2015, 62, 702-710. [CrossRef]
Zhang, C.; Cai, X;; Li, Z.; Rygg, A.; Molinas, M. Properties and physical interpretations of the dynamic
interactions between voltage source converters and grid: Electrical oscillation and its stability control.
IET Power Electron. 2017, 10, 894-902. [CrossRef]

Nousiainen, L.; Suntio, T. Simple VSI-based single-phase inverter: Dynamical effect of photovoltaic generator
and multiplier-based grid synchronization. In Proceedings of the IET Conference on Renewable Power
Generation (RPG 2011), Edinburg, UK, 6-8 September 2011; pp. 1-6.

Khazaei, J.; Miao, Z.; Piyasinghe, L. Impedance-model-based MIMO analysis of power synchronization
control. Electr. Power Syst. Res. 2018, 154, 341-351. [CrossRef]

Cho, Y,; Hur, K.; Kang, Y.C.; Muljadi, E. Impedance-based stability analysis in grid interconnection impact
study owing to the increased adoption of converter-interfaced generators. Energies 2017, 10, 1355. [CrossRef]

33



Energies 2019, 12, 464

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Krismanto, A.U.; Mithulananthan, N.; Krause, O. Stability of renewable energy based microgrid in
autonomous operation, Sustainable. Energy Grids Netw. 2018, 13, 134-147.

Krismanto, A.U.; Mithulananthan, N.; Kamwa, I. Oscillatory stability assessment of microgrid in autonomous
operation with uncertainties. IET Renew. Power Gener. 2016, 31, 494-504. [CrossRef]

Krismanto, A.U.; Mithulananthan, N. Identification of modal interaction and small signal stability in
autonomous microgrid operation. IET Gener. Transm. Distrib. 2018, 12, 247-257. [CrossRef]

Liu, H.; Sun, J. Voltage stability and control of offshore wind farms with AC collection and HVDC
transmission. IEEE ]. Emerg. Sel. Top. Power Electron. 2014, 2, 1181-1189.

Amin, M.; Molinas, M. Understanding the origin of oscillatory phenomena observed between wind farms
and HVDC systems. IEEE |. Emerg. Sel. Top. Power Electron. 2017, 5, 378-392. [CrossRef]

Liu, Z.; Su, M.; Sun, Y.; Han, H.; Hou, X.; Guerrero, ].M. Stability analysis of DC microgrids with constant
power load under distributed control methods. Automatica 2018, 90, 62-72. [CrossRef]

AL-Nussairi, M.; Bayindir, R.; Padmanaban, S.; Mohet-Popa, L.; Siano, P. Constant power loads (CPL) with
microgrids: Problem definition, stability analysis and compensation techniques. Energies 2017, 10, 1656.
[CrossRef]

Du, W,; Jiang, G.; Erickson, M.; Lasseter, R.H. Voltage-source control of PV inverter in a CERTS microgrid.
IEEE Trans. Power Deliv. 2014, 29, 1726-1734. [CrossRef]

Cespedes, M.; Sun, J. Adaptive control of grid-connected inverters based on online grid impedance
measurement. [EEE Trans. Sustain. Energy 2014, 5, 516-523. [CrossRef]

Krishnayya, P.C.S.; Piwko, R.].; Weaver, T.L.; Bahrman, M.P,; Hammad, A.E. DC-transmission terminating at
low short circuit ratio locations. IEEE Trans. Power Deliv. 1986, 1, 308-318. [CrossRef]

Diedrichs, V.; Beekmann, A.; Busker, K.; Nikolai, S.; Adloff, S. Control of wind power plants utilizing voltage
source converter in high-impedance grids. In Proceedings of the 2012 IEEE Power and Energy Society
General Meeting, San Diego, CA, USA, 22-26 July 2012; pp. 1-8.

Zhou, ]J.Z.; Ding, H.; Fan, S.; Zhang, Y.; Gole, A.M. Impact of short-circuit ratio and phase-locked-loop
parameters on the small-signal behavior of a VSC-HVDC converter. IEEE Trans. Power Deliv. 2014,
29, 2287-2296. [CrossRef]

Etxegarai, P.; Egui, P.; Torres, E.; Iturregi, A.; Valverde, V. Review of grid connection requirements for
generation assets in weak power grids. Renew. Sustain. Energy Rev. 2015, 41, 1501-1514. [CrossRef]
Schwanka Trevisan, A.; Mendonca, A.; Fisher, M.; Adloff, S.; Nikolai, S.; El-Deib, A. Process and tools
for optimizing wind power projects connected to weak grids. IET Renew. Power Gener. 2018, 12, 539-546.
[CrossRef]

Krishayya, P.C.; Adapa, R.; Holm, M. IEEE Guide for Planning DC Links Terminating at AC Locations Having
Low Short-Circuit Capacities; IEEE Std 1204-1997 (R2003); IEEE: Piscataway, NJ, USA, 1997.

Wen, B.; Dong, D.; Boroyevich, D.; Burgos, R.; Mattavelli, P.; Shen, Z. Impedance-based analysis of
grid-synchronization stability for three-phase parallel converters. IEEE Trans. Power Electron. 2016, 31, 26-38.
[CrossRef]

Amin, M.; Rygg, A.; Molinas, M. Self-synchronization of wind farm in an MMC-based HVDC system:
A stability investigation. IEEE Trans. Energy Convers. 2017, 32, 458-470. [CrossRef]

Suul, J.A.; D’Arco, S.; Rodriquez, P.; Molinas, M. Impedance-compensated grid synchronisation for extending
the stability range of weak grids with voltage source converters. IET Gener. Transm. Distrib. 2016,
10, 1315-1326. [CrossRef]

Li, X.; Lin, H. Stability analysis of grid-connected converters with different implementations of adaptive PR
controllers under weak grid conditions. Energies 2018, 11, 2004. [CrossRef]

Blanchard, J. History of electrical resonance. Bell Syst. Tech. ]. 1941, 20, 415-433. [CrossRef]

Agbemuko, A.].; Dominguez-Garcia, ].L.; Prieto-Araujo, E.; Gomis-Bellmunt, O. Impedance modelling and
parametric sensitivity of a VSC-HVDC system: New insights on resonances and interactions. Energies 2018,
11, 845. [CrossRef]

Enslin, ].H.R.; Heskes, PJ.M. Harmonic interaction between a large number of distributed power inverters
and the distribution network. IEEE Trans. Power Electron. 2004, 19, 1586-1593. [CrossRef]

Wang, X.; Blaabjerg, F.; Wu, W. Modeling and analysis of harmonic stability in an AC power-electronics-based
power system. IEEE Trans. Power Electron. 2014, 29, 6421-6432. [CrossRef]

34



Energies 2019, 12, 464

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Pereira, H.A.; Freijedo, ED.; Silva, M.M.; Mendes, V.E; Teodorescu, R. Harmonic current prediction by
impedance modeling of grid-tied inverters: A 1.4 MW PV plant case study. Electr. Power Energy Syst. 2017,
93, 30-38. [CrossRef]

Du, Y;; Lu, D.D.-C.; James, G.; Cornforth, D. Modeling and analysis of current harmonic distortion from grid
connected PV inverters under different operating conditions. Sol. Energy 2017, 94, 182-194. [CrossRef]
Chicco, G.; Schlabbach, J.; Spertino, F. Experimental assessment of the waveform distortion in grid-connected
photovoltaic installations. Sol. Energy 2009, 83, 1026-1039. [CrossRef]

Pakonen, P; Hilden, A.; Suntio, T.; Verho, P. Grid-connected PV-power-plant-induced power quality
problems—Experimental evidence. In Proceedings of the 2016 18th European Conference on Power
Electronics and Applications (EPE"16 ECCE Europe), Karlsruhe, Germany, 5-9 September 2016; pp. 1-10.
Li, C. Unstable operation of photovoltaic inverter from filed experiences. Power Eng. Lett. 2018, 33,1013-1015.
Rocabert, J.; Luna, A.; Blaabjerg, F.; Rodriguez, P. Control of power converters in AC microgrids. IEEE Trans.
Power Electron. 2012, 27, 4734-4749. [CrossRef]

Viinamaiki, J.; Suntio, T.; Kuperman, A. Grid-forming-mode operation of boost-power-stage converter in
PV-interfacing applications. Energies 2017, 10, 1033. [CrossRef]

Wang, J.; Chang, N.; Feng, X.; Monti, A. Design of a generalized algorithm for parallel inverters for smooth
microgrid transition operation. IEEE Trans. Ind. Electron. 2015, 62, 4900-4914. [CrossRef]

Blaabjerg, F.; Teodorescu, R.; Liserre, M.; Timbus, A.V. Overview of control and grid synchronization for
distributed power generation. IEEE Trans. Ind. Electron. 2006, 53, 1398-1409. [CrossRef]

Kolesnik, S.; Sitbon, M.; Agranovich, G.; Kuperman, A.; Suntio, T. Comparison of photovoltaic and wind
generators as dynamic input sources to power processing interfaces. In Proceedings of the 2nd International
Conference Intelligent Energy & Power Syst. (IEPS), Kiev, Ukraine, 7-11 June 2016; pp. 1-5.

Kolesnik, S.; Kuperman, A. On the similarity between low-frequency equivalent circuits of photovoltaic and
wind generators. IEEE Trans. Energy Convers. 2015, 30, 407-409. [CrossRef]

Kolesnik, S.; Kuperman, A. Analytical derivation of electric-side maximum power line for wind generators.
Energies 2017, 10, 10. [CrossRef]

Kolesnik, S.; Sitbon, M.; Batzelis, E.; Suntio, T.; Kuperman, A. Solar irradiation independent expression for
photovoltaic generator maximum power line. IEEE |. Photovolt. 2017, 7, 1416-1420. [CrossRef]

Xia, Y.; Ahmed, K.H.; Williams, B. Wind turbine power coefficient analysis of a new maximum power point
tracking technique. IEEE Trans. Ind. Electron. 2013, 60, 1122-1132. [CrossRef]

Suntio, T.; Leppédaho, J.; Huusari, J.; Nousiainen, L. Issues on solar-generator interfacing with current-fed
MPP-tracking converters. IEEE Trans. Power Electron. 2010, 25, 2409-2419. [CrossRef]

Miki, A.; Valkealahti, S.; Suntio, T. Dynamic Terminal Characteristics of a Solar Generator, it7680.
Available online: https://www.google.com.tw /url?sa=t&rct=j&q=~&esrc=s&source=web&cd=1&ved=
2ahUKEwiLmfHHmM5Xg AhVb7mEKHYNzAtwQFA AegQIBBAB&url=https%3A%2F%2Fieeexplore.ieee.
org%2Fdocument%2F5606786%2F&usg=AOvVaw3fqyKWELX8TcRTwHvS4mp3 (accessed on 25 May 2018).
Miki, A.; Valkealahti, S. Effect of photovoltaic generator components on the number of MPPs under partial
shading conditions. IEEE Trans. Energy Convers. 2013, 28, 1008-1017. [CrossRef]

Wyatt, J.; Chua, L. Nonlinear resistive maximum power theorem with solar cell application. IEEE Trans.
Circuits Syst. 1983, 30, 824-828. [CrossRef]

Suntio, T. Dynamic Profile of Switched-Mode Converter—Modeling, Analysis and Control; Wiley-VCH: Weinheim,
Germany, 2009.

Bakhshzadeh, M.K.; Wang, Z.; Blaabjerg, F.; Hjerrild, J.; Kocewiak, L.; Leth Bak, K.; Hesselbaek, B. Couplings
in phase domain impedance modeling of grid-connected converters. IEEE Trans. Power Electron. 2016,
31, 6792-6796.

Liu, Z,; Liu, J.; Bao, W.; Zhao, Y. Infinity-norm of impedance-based stability criterion for three-phase AC
distribution power systems with constant power loads. IEEE Trans. Power Electron. 2015, 30, 3030-3043.
[CrossRef]

Roinila, T.; Messo, T.; Santi, E. MIMO-identification techniques for rapid impedance based stability
assessment of three-phase systems in dq-domain. IEEE Trans. Power Electron. 2018, 33, 4015-4022. [CrossRef]
Wen, B.; Boroyevich, D.; Burgos, R.; Mattavelli, P.; Shen, Z. Small-signal stability analysis of three-phase AC
systems in the presence of constant power loads based on measured d-q frame impedances. IEEE Trans.
Power Electron. 2015, 30, 5952-5963. [CrossRef]

35



Energies 2019, 12, 464

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Wen, B.; Boroyevich, D.; Burgos, R.; Mattavelli, P.; Shen, Z. Analysis of d-q small-signal impedance of
grid-tied inverters. IEEE Trans. Power Electron. 2016, 31, 675-687. [CrossRef]

Sun, J. Impedance-based stability criterion for grid-connected inverters. IEEE Trans. Power Electron. 2011,
26, 3075-3078. [CrossRef]

Wen, B.; Boroyevich, D.; Burgos, R.; Mattavelli, P.; Shen, Z. Inverse Nyquist stability criterion for grid-tied
inverters. IEEE Trans. Power Electron. 2017, 32, 1548-1556. [CrossRef]

Dong, D.; Wen, B.; Boroyevich, D.; Mattavelli, P.; Xue, Y. Analysis of phase-locked loop low-frequency
stability in three-phase grid-connected power converters. IEEE Trans. Ind. Electron. 2015, 62, 310-321.
[CrossRef]

Tse, C.K. Linear Circuit Analysis; Addison-Wesley Longman: Harlow, UK, 1998.

Aapro, A.; Messo, T.; Suntio, T.; Roinila, T. Effect of active damping on output impedance of three-phase
grid-connected converter. IEEE Trans. Ind. Electron. 2017, 64, 7532-7541. [CrossRef]

Francis, G.; Burgos, R.; Boroyevich, D.; Waqng, F.; Karimini, K. An algorithm and implementation system
for measuring impedance in the D-Q domain. In Proceedings of the IEEE Energy Convers. Cong. & Expo,
Phoenix, AZ, USA, 17-22 September 2011; pp. 3221-3228.

Liao, Y.; Wang, X. General rules of using bode plots for impedance-based stability analysis. In Proceedings of
the IEEE 19th Workshop Control. Model. Power Electron. (COMPEL), Padua, Italy, 25-28 June 2018; pp. 1-6.
Gong, H.; Yang, D.; Wang, X. Impact of synchronization phase dynamics on dq impedance measurement.
In Proceedings of the IEEE 19th Workshop Control. Model. Power Electron (COMPEL), Padova, Italy,
25-28 June 2018; pp. 1-5.

Jessen, L.; Fuchs, EW. Modeling of inverter output impedance for stability analysis in combination with
measured grid impedance. In Proceedings of the IEEE 16th Workshop Control. Model. Power Electron.
(COMPEL), Vancouver, BC, Canada, 12-15 June 2015; pp. 1-7.

Jessen, L.; Gunter, S.; Fuchs, EW.; Gottschalk, M.; Hinrichs, H.-J. Measurement result and performance
analysis of the grid impedance in different low voltage grids for wide frequency band to support grid
integration of renewables. In Proceedings of the IEEE Energy Conversion Cong. & Expo (IEEE ECCE),
Montreal, QC, Canada, 20-24 September 2015; pp. 1960-1967.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

36



energies MDPI

Article

Using High-Bandwidth Voltage Amplifier to Emulate
Grid-Following Inverter for AC Microgrid

Dynamics Studies

Tuomas Messo ¥*, Roni Luhtala 2, Tomi Roinila 2, Erik de Jong 3 Rick Scharrenberg 4 Tommaso
Caldognetto 5, Paolo Mattavelli %, Yin Sun ? and Alejandra Fabian 3
1
2

Department of Electrical Energy Engineering, Tampere University of Technology, 33720 Tampere, Finland
Department of Automation and Hydraulics, Tampere University of Technology, 33720 Tampere, Finland;
roni.luhtala@tut.fi (R.L.); tomi.roinila@tut.fi (T.R.)

Department of Electrical Engineering, Eindhoven University of Technology, 5600 Eindhoven,

The Netherlands; Erik.deJong@dnvgl.com (E.d.].); Yin.Sun@dnvgl.com (Y.S.);
Alejandra.Fabian@dnvgl.com (A.E)

4 DNV-GL, 6812 Arnhem, The Netherlands; Rick.Scharrenberg@dnvgl.com

Department of Management and Engineering, University of Padova, 35121 Padova, Italy;
tommaso.caldognetto@unipd.it (T.C.); paolo.mattavelli@unipd.it (P.M.)

*  Correspondence: tuomas.messo@tuni.fi

Received: 12 December 2018; Accepted: 22 January 2019; Published: 25 January 2019

Abstract: AC microgrid is an attractive way to energize local loads due to remotely located renewable
generation. The AC microgrid can conceptually comprise several grid-forming and grid-following
power converters, renewable energy sources, energy storage and local loads. To study the microgrid
dynamics, power-hardware-in-the-loop (PHIL)-based test setups are commonly used since they
provide high flexibility and enable testing the performance of real converters. In a standard PHIL
setup, different components of the AC microgrid exist as real commercial devices or electrical
emulators or, alternatively, can be simulated using real-time simulators. For accurate, reliable and
repeatable results, the PHIL-setup should be able to capture the dynamics of the microgrid loads
and sources as accurately as possible. Several studies have shown how electrical machines, dynamic
RLC loads, battery storages and photovoltaic and wind generators can be emulated in a PHIL
setup. However, there are no studies discussing how a three-phase grid-following power converter
with its internal control functions should be emulated, regardless of the fact that grid-following
converters (e.g., photovoltaic and battery storage inverters) are the basic building blocks of AC
microgrids. One could naturally use a real converter to represent such dynamic load. However,
practical implementation of a real three-phase converter is much more challenging and requires
special knowledge. To simplify the practical implementation of microgrid PHIL-studjies, this paper
demonstrates the use of a commercial high-bandwidth voltage amplifier as a dynamic three-phase
power converter emulator. The dynamic performance of the PHIL setup is evaluated by identifying
the small-signal impedance of the emulator with various control parameters and by time-domain step
tests. The emulator is shown to yield the same impedance behavior as real three-phase converters.
Thus, dynamic phenomena such as harmonic resonance in the AC microgrid can be studied in the
presence of grid-following converters.

Keywords: DC-AC power converters; impedance emulation; stability analysis; power-hardware-in-
the-loop
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1. Introduction

Three-phase power electronics converters are essential building blocks of AC microgrids. They
are used for interfacing distributed resources, such as photovoltaic generators, fuel cells and wind
generators, electrical energy storage and electrical loads of various types. A conceptual AC microgrid
formed by renewable generation, conventional synchronous generator, local DC and AC loads,
energy storage and possibility for grid connection, is illustrated in Figure 1. The complexity of
the microgrid increases when more sources and loads are replaced by the power electronics interfaces.
Microgrids based solely on power electronic converters can be already found on ships, airplanes
and tractions systems [1-3]. To reach power system with 100 percent renewable energy generation,
the power system should rely on grid-forming converters to regulate AC voltage and frequency [4].
The presence of many different converters, from various manufacturers and with different internal
control parameters, complicates model-based stability and power quality studies of the AC microgrid.
Power-hardware-in-the-loop (PHIL) has been proven to be an effective method to study systems that
are difficult to analyze using analytical or numerical models [5].

Main
Grid
DC/AC / (: )
PV N
AC/AC
wind| R O
Gen. & AC/DC
DC/AC REVZAENE e
Battery| . |— » = Loads
Storage|~ M
o AC
Loads

Figure 1. An AC microgrid in which dynamics are dominated by power electronics converters.

Power quality and stability problems caused by the interaction between the converters and the
grid impedance is currently gaining significant amount of attention in industry and academia [6-8].
The converter-grid interface suffers from resonance if the ratio of converter and grid impedance does
not satisfy the Nyquist stability criterion [9-11]. Moreover, the control performance and stability
margin of a grid-forming converter can be significantly reduced by the load impedance seen at its
output terminals [12]. The most challenging load impedances are RLC-resonant passive load and other
power converters, such as grid-following inverters and active front-ends.

Dynamics of the AC microgrid can be studied using different simulation software,
hardware-in-the-loop (HIL) or power-hardware-in-the-loop (PHIL) simulations and experimental tests
on real equipment. HIL and controller-in-the-loop (CIL) simulations are effective methods to eliminate
critical programming and hardware errors from the power converter control platform before actual
prototype implementation [13]. PHIL tests have gained a lot of attention recently due to the fact that
real converters can be tested in realistic conditions that are also well defined and repeatable. PHIL
tests are no longer restricted to testing scaled-down prototypes since power amplifiers with a rating of
several megawatts are available [14]. Moreover, the equipment in the PHIL test setup can be oversized
to withstand large over-currents and over-voltages to enable reliable and fast protection and to avoid
physical damage to converter under test.

Many papers have studied the use of the PHIL-concept to emulate the impedance of the power
system in order to have an accurate electrical equivalent for the transmission line in order to test
the performance of grid-following inverters [15]. The real grid impedance varies over time, which
makes its emulation using a set of passive components impractical [16]. A three-phase back-to-back
converter is used to emulate transient behavior and different load characteristics of an induction
motor in [17], with a further extension covering saturation effects and experimental results in [18].
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The emulation of an induction machine is considered in [19] using a combination of real-time digital
simulator and back-to-back converter. In [20], a three-phase inverter is used to emulate passive RLC
loads, including the possibility to emulate asymmetrical loading conditions. Furthermore, electrical
emulation of AC loads has been demonstrated recently by several authors [21-24]. A PHIL test bench
is presented in [25] to emulate an RLC-load impedance for unintentional islanding tests. Furthermore,
the impedance behavior of the RLC load is considered and experimental impedance measurements up
to 3 kHz are provided.

A vast amount of literature discusses impedance emulation of different components of the AC
microgrid. However, a grid-following converter is an essential component in AC microgrid as it can
be used as the DC-AC interface between various renewable source or energy storage and the AC
microgrid. To allow reliable studies of dynamic phenomena of the AC microgrid, the PHIL-setup
should be able to represent the small-signal impedance of the loads and sources as accurately as
possible. Several studies have shown how electrical machines, dynamic RLC loads, battery storages
and photovoltaic and wind generators can be emulated in a PHIL setup. However, there are no
studies showing how a three-phase grid-following power converter with its control functions, such
as AC current control, grid-voltage-feedforward and grid synchronization, should be emulated. One
could naturally use a real inverter prototype to represent such dynamic load. However, practical
implementation of a real three-phase converter is challenging and requires special knowledge on, e.g.,
the characteristics of the semiconductor switches, signal conditioning, over-current and over-voltage
protection, auxiliary power circuitry design and electrical safety. Therefore, this paper shows how a
standard laboratory voltage amplifier can be turned into a three-phase power converter, requiring only
a passive AC filter to represent the passive parts of the converter impedance and a real-time simulator
for implementing the control functions to represent the active parts of the converter impedance.

This paper discusses the control design and implementation of a power-hardware-in-the-loop
(PHIL) setup based on a four-quadrant voltage amplifier to emulate the small-signal behavior of
three-phase grid-following converter. The output impedance of the emulator is validated by frequency
response measurements, which is shown to capture the small-signal dynamics caused by AC current
control, grid-voltage feedforward and grid synchronization accurately. Therefore, the proposed PHIL
setup can be applied to study stability and power quality problems caused by dynamic anomalies,
such as harmonic resonance in a AC microgrid with a complex structure, as shown in Figure 1.

The main contributions of this paper are summarized as:

e It is shown how a standard voltage amplifier can be configured to represent a three-phase
grid-following converter in an AC microgrid PHIL test setup.

The output impedance of the emulator concept is verified by frequency response measurements.
The emulator is able to represent the effects of current control, phase-locked-loop and grid voltage
feedforward in its output impedance behavior.

e It is demonstrated how the internal dynamics of the voltage amplifier can be merged
numerically to the dynamic model of the emulator, to necessitate accurate design of control
loops and to develop the small-signal impedance model for validation of the frequency response
measurements.

Section 2 describes the implementation and control design of the PHIL setup. Section 3 derives
the small-signal impedance model, which is used for validation. Section 4 shows that the impedance
emulator can replicate accurately the effects of phase-locked-loop, current control and grid voltage
feedforward. Conclusions are derived in Section 5.

2. Emulating Converters Using a Laboratory Voltage Amplifier

Practical tests were carried out in the Flex Power Grid laboratory of DNV-GL, located in Arnhem,
the Netherlands. The laboratory is equipped with a 16-channel voltage / current amplifier. The amplifier
has several output stages, which were configured in groups of three, as illustrated in Figure 2. Each
amplifier can operate in four quadrants, thus each can generate or absorb real and reactive power.
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Figure 2. Six output channels of the power amplifier configured as two groups.

The exact parameters and internal control functions of the amplifiers were not known. Therefore,
dynamic characterization had to be carried out before attempting to emulate the impedance of a
grid-following converter. The output stages Out-1A to Out-1C were used to emulate the output
terminals of a three-phase grid-following converter and output stages Out-2A to Out-2C were
configured to emulate a three-phase current/voltage sink to generate the nominal loading conditions
for the emulator. The rated power of a single amplifier was 35 kVA. Thus, the maximum power of the
emulator was 105 kVA.

The closed-loop frequency response of amplifier group 1 was first identified, over which
the control loops, mimicking inverter control dynamics, were later designed. A synchronous
reference frame was realized using a real-time simulator from OPAL-RT. Transformation between the
natural (abc) reference frame and the synchronous (dq0) reference frames was achieved using the
transformation matrices defined in Equations (1) and (2). The principle of the measurement setup is
shown in Figure 3. The frequency response of the lower amplifier group was measured by injecting
a sine-sweep perturbation to its reference voltage vector vqq1ref and by using a frequency response
analyzer to extract the frequency response from the reference to the actual amplifier output voltage
vector v4q1. The amplifier was loaded by amplifier group 2, which was configured to act as a current
sink. The phase-to-ground voltage was set to 230 Vs and grid frequency to 50 Hz.

o4 cos (6s)  cos (65 — 27”) cos (65 - 47”) v,
Oq | =3 | —sin(6s) —sin (6s — 27”) —sin (05 - %’f) Up (€]
20 1 1 1 Uc
2 2 2
Va ) cos (6s) sin (6s) 1 04
vp | =5 | 05— ) sin(B-F) 1| | o @

Ve 3 cos (95 — %”) sin (05 — 47”) 1 00

Figure 4 shows the measured frequency response from the reference values to actual voltages
produced by the amplifier as solid lines. According to the manufacturer, the amplification stays within
+1.5 dB up to 5 kHz and the gain experiences its largest magnitude (4 dB) at 17 kHz. However,
under loaded condition, the +1.5 dB point was located roughly at 2.5 kHz and the maximum
measured amplification was 9.3 dB. Thus, rather than rely on the declared characteristics, it is
important to measure the amplifier frequency response in the actual test setup, since the operating
point may alter the final response. Otherwise, the designed control loops of the inverter emulator
will be erroneous. Moreover, the actual bandwidth may differ because the amplifiers were used
in a three-phase configuration. The bandwidth of the amplifier was considered sufficient since
grid-following converters usually employ current control with bandwidth of less than 1 kHz. As a
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comparison, the 2 kHz current control bandwidth of the induction motor emulator in [18] was

considered sufficient.
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simulation

1

Hardware i2-ref(i=a,b.c)
DC Y l
/" AC
DC - DC Vi(i=abie)
O-@— -
AC

Internal VC abc
Vilref(i=abo)
0,
Viql
Real-time
Viqleref simulation

Figure 3. Test setup to measure closed-loop frequency response of the voltage amplifier under

loaded condition.

Figure 4 shows the measured cross-coupling frequency responses as dashed lines, i.e., from
reference of the d-component to produced g-component and reference of the g-component to produced
d-component. The magnitude of both cross-coupling frequency responses was roughly —30 decibels.
Thus, the amplifier itself can be considered not to cause significant cross-couplings between the d
and q components. The measured frequency responses were later used to design control loops to
necessitate accurate emulation of a grid-feeding converter. That is, the frequency responses in Figure 4
were transformed into numerical frequency response vectors and used in solving the dynamic model
of the impedance emulator.
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Figure 4. Measured frequency response of amplifier in internal voltage control mode when it is loaded
by 50 Apeax AC current.

The main objective of this study was to use the voltage amplifier to emulate a grid-following
three-phase converter. A 2 mH three-phase inductor was connected to the output of the amplifier,
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as illustrated in Figure 5. The inductor was needed to emulate the passive impedance properties caused
by a real AC filter. Moreover, the inductor served as a decoupling impedance since both amplifier
groups were internally controlled as voltage sources. The secondary purpose of the decoupling
impedance was also to avoid over-currents during turn-on of the voltage amplifiers. The reference
voltages for amplifier group 1 can be interpreted as three-phase switch control signals of the emulated
inverter and reference voltages for amplifier group 2 as grid voltages.

Real-time simulation

Hardware

Real-time simulation

Figure 5. Test setup to verify the emulated impedance.

The output current of the emulator can be derived in the synchronous reference frame, assuming
ideal voltage sources, and given as in Equation (3), where 71, is the resistance of the inductor and ws is
the fundamental frequency of the AC microgrid.

d.dq_1 dq
ait =7 (

.d .. d d
Vil =i —jawsip T — vzq) 3)

Dynamic model of the voltage amplifier can be represented in dq-domain using the measured
frequency responses of Figure 4 and given as a transfer matrix according to Equation (4).

{ o ] _ [ Gaa (je)  Gaa () } { o } @

Uq1 qu (]w) qu (]w) ql

]

Since Equation (3) is linear, the dynamics of the voltage amplifier in Equation (4) can be substituted
into Equation (3) to obtain the linearized state-space of the PHIL setup. Inductor currents 7y 4; and 7111
were selected as state variables, reference values of amplifier 1 égef and érqef were selected as control
variables, voltages produced by voltage amplifier 4 and 94 2 were considered as grid voltages and

inductor currents were selected as output variables. s denotes the derivative operator in the frequency
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domain. It should be noted that the amplifier dynamics are substituted into the state space model as
numerical frd-type data vectors.

A
A 49 N
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2 - ry o
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B et )
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Ggd (jw)/L  Ggq(jw)/L —1/L 0 g
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. — -,
id _ 1 0 iLdl (6)
iq | |01 ILq1

Transfer function matrix can be solved from Equations (5) and (6) according to the well known
formula, G = C (sI — A)'1 B 4+ D, where the matrix D is zero. The result is a 2 x 4 matrix that contains
the frequency responses of the emulator at open-loop according to Equation (7). It should be noted that
the transfer functions are essentially in numerical form, since the actual measured frequency responses
were embedded in the state-space in Equation (5).

G

CAref
Ziod _ Geodd (](,d) Gcoqd (]w) ~lodd (]w) _Yoqd (]w) ﬁrqef 7)
log Gcodq (jw) Geoqq (jw) _Yodq (jw) —Yoqq (jw) ﬁgol

ﬁgq

Current control is implemented in the synchronous reference frame using two PI-controllers.
The overall control block diagram is shown in Figure 6 where it is evident that the control dynamics of
d- and g-component are coupled. Two loop gains can be solved from the block diagram and given as
in Equations (8) and (9), where G.q and Gcq are the controller transfer functions and Gpisa first-order
low-pass filter. Control design was done using loop-shaping method due to the fact that the transfer
functions exist only in numerical form [26]. Control parameters are collected in Table 1.

Gcoqd Gcodq ch ch G12
Tad = GedGipGeodd — = ®)
dd cd Vlp“codd 1+ ch Glp Gcoqq
Gcoqd Gcodq Ged ch G12
Taq = GeqGipGeoqq — : ©)

1+ G Glp Geodd

The blue curve in Figure 7 shows the measured control loop gain of the current d-component
Tqq compared with the numerical frequency response solved from Equation (8). The behavior of the
g-component is essentially the same and not shown here. The control loop has crossover frequency of
500 Hz and phase margin of 59 degrees. During the measurement, the amplifier was connected to a
second group of amplifiers, which were used to form stable grid voltages as in Figure 5. The measured
loop gain matches with the frequency response derived in Equation (8). Thus, the emulator can be
used to accurately capture the dynamics from AC current control of the grid-following inverter.
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Figure 7. Modeled (solid) and measured (dotted) loop gain of d-current control for two different

parameter settings.

Three-phase converters synchronize their output currents with the grid voltages, thus a
phase-locked-loop is implemented. Figure 8 shows the measured loop gain of the PLL and
the numerical frequency response obtained from Equation (10), where Ggelay is a third-order
Pade-approximation of the control system delay Tgelay = 0.5/ fsw. The designed crossover frequency
The measured PLL loop gain follows exactly the
analytical model and, thus, the emulator can be used to emulate the effects of different grid

was 20 Hz and phase margin 65 degrees.

Magnitude (dB)

Phase (deg)

-90
-180

-270

-360

Frequency (Hz)

Table 1. Parameters.

Vie 220V Kpee 64 Kgq 0..10

Pac 25kW  Kiee 2018 Kgg 0..10

Ws 27-50 Hz KP-pll 0.35 L 2mH

fsample 20 kHz KI-pll 219 . 200 mQ)

synchronization algorithms.

Vy Kipn
Ton = -~ <KP—pll + TP> Gdelay
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Figure 8. Modeled (solid) and measured (dotted) loop gain of the phase-locked-loop.

Figure 9 shows the response of AC currents to a symmetrical voltage dip of 25 percent.
The currents are well regulated with a peak value of 50 A, which indicates that the system is not
susceptible to transients and can be safely operated. A special note should be made regarding the
small DC current flowing between the different amplifier groups. The DC current flow is caused by the
fact that at DC there are two voltage sources in parallel with very small resistance in between. Thus,
even small DC offset between the amplifier reference value may produce large DC current. In [19], an
isolation transformer is used to cut the path of circulating DC current. However, in this work, the main
goal was to find how accurately the grid-following converter impedance can be emulated, without
the effect of transformers, cabling, etc. Moreover, for the used hardware, the DC component presents
no problem, since each amplifier group can operate at nominal apparent power in all four quadrants
at DC. For future application of these results, it is advised that an isolation transformer (or step-up
transformer) is connected between the impedance emulator and the rest of the PHIL setup.
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Figure 9. AC waveforms during a sudden symmetrical voltage dip of 25 percent with well-designed
current control.

Performance of the current control was compared to a case where current control was intentionally
deteriorated by reducing the crossover frequency and phase margin, corresponding to the loop gain
illustrated in Figure 7 in red. Figure 10 shows the two cases where reference of the current d-component
was suddenly changed from 10 to 50 A. It is evident that the voltage amplifier can reproduce the
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waveforms that are characteristic of sufficient and insufficient phase margin in the current control.
Poorly damped oscillation in the step response is a symptom of low phase margin in the current control
loop gain (35 degrees).
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Figure 10. Step response of currents in dq-domain with well-designed (upper) and poorly designed

(lower) current control.
3. Small-Signal Admittance Model and Verification of the Emulator

A grid-following converter is operated under AC-current control mode. From the point-of-view
of circuit analysis, the converter should be modeled as a Norton-equivalent current source (or sink
depending on the direction of power flow). Thus, in this section, the output admittance model is
derived and the output admittance of the emulator is measured. However, the admittance can be
easily understood as the inverse of impedance, i.e., for an ideal current source its output impedance is
infinite and admittance is zero.

The current dynamics can be written using transfer matrices and vector-notation as in
Equation (11) or, in short, as in Equation (12). Accordingly, a linear equivalent circuit can be drawn as
in Figure 11. The control variable ¢’ can be given in the control system reference frame by including
the grid voltage feedforward and by taking into account the effect of the phase-locked-loop according
to the small-signal relations in Equation (13) or by using transfer matrices as in Equation (14) [27].

; - CAref
oq q a1)

Geodd Gcoqd

Gcodq Gcoqq
Yodd Yoqd 23gd
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! bY Ton 0 b,
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{x/][x Ty | o z&o} (13)
q q V4 <Tpu> oq
Xl =X+ GpHXVO (14)
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Figure 11. Equivalent small-signal circuit with control system.

The control variable can be given in the control system reference frame as in Equation (15),
where the controller transfer matrix and feedforward gain matrix can be given as in Equations (16)
and (17), respectively.

¢ = Gip (Ge (itsf — i} ) +Kav) (15)
R

G = “O : (Kpee + 5 (16)

Ky = Kgd K(:fq (17)

By applying Equation (13) for each variable, the control variable ¢ can be given in the ideal grid
reference frame according to Equation (18).

C :Glp (Gcir‘ff - Gcio + Kfsz)
(18)
+ Gpn <GlpKffV2 = GpGelo — Vl) V2

-1
Yo = (I + GlpGCOGC> [Yo - GlpKfcho + GpllGCo (GcGlpIO - GlpKff‘lo + C)] (19)

Substituting the control variable in Equation (12) and solving the admittance yields in
Equation (19), where the matrices I,, V, and V; include the steady-state operating point of AC
current and voltage on both sides of the inductor. The matrices are required for transforming the
variables between the ideal grid reference frame and the control system reference frame, and are given
in the Appendix A. The emulated inverter was controlled at unity power factor, the reference value of
the current d-component was 50 A and for the g-component was zero. However, it was observed that
small amount of reactive power was flowing between the amplifiers and the actual steady-state value
for current q-component was —2 A. The small reactive power exchange was presumably due to the
internal capacitor of the voltage amplifier.

Figure 12 shows the admittance components given by the analytical model in blue solid line and
the actual measured admittance in red dots. Moreover, the black line represents admittance identified
from a switching model of a three-phase inverter with equivalent electrical and control parameters.
The switching model was implemented using the SimScape software package in MATLAB Simulink.
Thus, the black line represents the admittance that would be expected from a real converter. The
cross-coupling admittance terms Ygq and Yyq are order of magnitude smaller than the direct and
quadrature components Yqq and Yqq. Therefore, their effect on stability and power quality are minor
and the deviation in the accuracy is irrelevant [28]. In the following, the accuracy of the emulator is
determined by examining the d- and q-components.
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The emulated admittance follows the expected value very precisely up to 500 Hz, which, not by
coincidence, places about the crossover frequency of the current control, as shown in Figure 7. The
PHIL setup can emulate all the admittance components precisely, including the cross-coupling terms.
However, at frequencies higher than 1 kHz, there is a deviation between the expected admittance
and the measured admittance. This is likely caused by the unknown output filter and internal
active damping or feedforward control of the voltage amplifier. In fact, it is natural to expect the
voltage amplifier to reduce the output impedance (increase admittance) outside the emulated control
bandwidth. However, the PHIL setup can be concluded to replicate the admittance precisely up to the
current control crossover, which is enough to characterize most of the impedance-based interactions,
i.e., those caused by grid synchronization, grid voltage feedforward and current control.
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Figure 12. Comparison of expected and measured admittance.

4. Effect of Different Control Functions

The phase-locked-loop (PLL) has been shown to make the g-component of inverter impedance
resemble a negative resistor below the PLL crossover frequency [27]. Figure 13 shows the measured
admittance q-component with different PLL crossover frequencies. In each case, the PLL was tuned
for a phase margin of approximately 65 degrees. The measured admittance in solid line gives precisely
the same frequency response as the model, which is shown as the dotted line. Thus, the PHIL setup
emulates the behavior of the PLL very precisely and the negative resistance region is extended with the
increasing PLL crossover frequency. Thus, the PHIL is suitable for studying low-frequency instability
caused by grid synchronization, such as the instability in weak grid condition or interaction between
several parallel inverters.

To further demonstrate that the emulator represents the effect of the phase-locked-loop
correctly, measurements from a low-power photovoltaic inverter prototype are provided in Figure 14.
The prototype includes an LCL-type filter and is discussed further in [29]. The phase-locked-loop
causes a negative conductance part to the admittance term, which can be seen at frequencies below the
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bandwidth of the PLL as a constant magnitude and 180-degree phase shift. Moreover, the magnitude
of low-frequency admittance is given by the ratio of d-components of the current and voltage, which
at the unity power factor is approximately Iac/ Vac. Both the admittance measured from the proposed
emulator setup and admittance measured from a real inverter have these properties, as summarized
in the figure. The difference in magnitude at low frequencies can be explained by different power
rating and at high frequencies the prototype differs in current control parameters and AC filter design.
However, the effect of the PLL is identical in both cases, since the PLL crossover is set to 20 Hz.
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Figure 13. Admittance q-component with different phase-locked-loop crossover frequencies.
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Figure 14. Admittance q-component measured from emulator and 2.7 kW PV inverter prototype.

The AC current control aims to make the inverter resemble more closely an ideal current source.
In practice, the current control decreases the inverter output admittance below the crossover frequency,
by introducing a parallel capacitive output admittance [26]. Figure 15 shows the measured admittance
with three different current control crossover frequencies, with identical phase margin. It is evident
that increasing the current control crossover frequency makes the admittance smaller, thus making the
inverter to behave more closely as an ideal current source. The PHIL setup can, therefore, be used to
characterize problems caused by low-bandwidth current control.
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Figure 15. Admittance d-component with different current control crossover frequencies.

Grid voltage feedforward is often used to further decrease the inverter output admittance to
mitigate the effect of background harmonics. Figures 16 and 17 show the measured admittance d- and
q-component with different values of feedforward gain. Ideally the proportional feedforward gain
of a three-phase two-level inverter would be selected as the inverse of DC side voltage, which in the
figures is referred as the 100-percent gain. As can be seen in Figure 16, the admittance d-component
decreases with increasing feedforward gain as in a real inverter. However, using high gain can make
the admittance lose its passive characteristics, as indicated by the red curve, which is why the value
of feedforward gain is usually limited. That is, the admittance is determined passive only at the
frequencies where the phase-curve stays within 4= 90 degrees.

As can be seen in Figure 17, the feedforward does not affect the admittance q-component at
low frequencies, where the PLL dominates the admittance behavior. The effect of increasing the
feedforward gain on the admittance q-component can be clearly seen in Figure 17 around few hundred
hertz, where the admittance decreases when the feedforward gain approaches the nominal value.
However, with the nominal value, i.e., 100 percent, the admittance loses its passive characteristics over
a much wider bandwidth than what is caused by the PLL, since the phase curve rises above 90 degrees
around 100 Hz. This happens regardless of the fact that PLL crossover is only 20 Hz.
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Figure 16. Admittance d-component with different gains for grid voltage feedforward.
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To further validate the ability of the emulator setup to replicate the effect of grid voltage
feedforward, measured admittance q-component is compared to measurements from the 2.7 kW
prototype PV inverter. The admittances are shown in Figure 18 for the emulator setup on the left
and for the PV inverter on the right. Even though the admittances cannot be directly compared due
to different sizing and parameters of the PV inverter, it is clear that the grid voltage feedforward
decreases the magnitude of the admittance at frequencies higher than the PLL crossover frequency.
Thus, the emulator setup correctly replicates this effect.
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Figure 18. Admittance g-component with and without the grid voltage feedforward: from the proposed
emulator (left); and from PV inverter prototype (right).

Based on the frequency response measurements, the power-hardware-in-the-loop can be
effectively used to emulate the most important features of inverter admittance, including the effect
of current control, phase-locked-loop and grid-voltage feedforward. Therefore, the PHIL setup
is an attractive approach for stability and power quality analysis of future power systems with
ever-increasing complexity, such as the AC microgrids. The steps to configure a voltage amplifier to
emulate the small-signal impedance of a grid-connected converter can be summarized as:

e  Characterize the internal small-signal dynamics of the amplifier, i.e., the transfer function from
reference voltages to the actual voltages, and transform the measured frequency responses as
frd-type data vectors as in Equation (4).
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e  Select and appropriate L or LCL-type AC filter to necessitate current control and to decouple
the voltage amplifier from the rest of the AC system, i.e., to prevent hazardous over currents
during turn-on.

e Include the measured frequency responses Gqq (jw), Gqd (jw), Gqq (jw) and Gqq (jw) in the state
space representation in Equation (5) and solve numerically the open-loop transfer functions as in
Equation (7).

e  Tune the PI-controllers to regulate AC current d- and g-component to have the intended phase
margin and crossover frequency using Equations (8) and (9).

Tune the phase-locked-loop based on the loop gain transfer function in Equation (10).
Verify the dynamic step response and output admittance of the emulator setup corresponds to the
admittance given by the admittance model in Equation (19), as in Figures 12-17.

5. Conclusions

AC microgrids are becoming more common to energize local loads due to increased availability of
distributed generation. AC microgrids conceptually comprise several grid-forming and grid-following
power converters, renewable sources, energy storages and local loads. Power-hardware-in-the-loop
(PHIL)-based studies have gained a lot of interest recently since they allow effortless dynamic tests
of AC microgrids with full penetration of renewable energy generation. In a PHIL setup, different
components of the microgrid exist as real devices or electrical emulators, or can be simulated using
real-time simulators. An example of a PHIL-based simulator is an electrical photovoltaic emulator
based on a linear amplifier or switching DC-DC converter. For accurate, reliable and repeatable
results, the PHIL-setup should be able to represent the dynamics of the microgrid loads and sources
as accurately as possible. Several studies have shown how electrical machines, dynamic RLC loads,
battery storages and photovoltaic and wind generators should be emulated in a PHIL setup. However,
there are no studies showing how a three-phase grid-following power converter with its internal
control functions should be emulated. One could naturally use a real inverter prototype to represent
such dynamic load. However, practical implementation of a real three-phase converter is much
more challenging and requires special knowledge on, e.g., the characteristics of the semiconductor
switches, signal conditioning, over-current and over-voltage protection and auxiliary power circuitry
design. Therefore, this paper shows how a commercial laboratory voltage amplifier can be turned
into a three-phase power converter, requiring only a passive AC filter and real-time simulator. Thus,
researchers without special knowledge on design of inverters can study the dynamics caused by
grid-following inverter-type loads in AC microgrids.

This paper discusses the control design and implementation of a power-hardware-in-the-loop
(PHIL) setup based on a four-quadrant voltage amplifier to emulate the small-signal behavior of
three-phase converter. It is shown by frequency domain measurements that the admittance of the
PHIL-emulator follows precisely the expected impedance value within the current control bandwidth.
Therefore, the PHIL setup can be applied to study stability and power quality problems in an AC
microgrid. The effect of various control functions on the impedance, such as current control, grid
synchronization and grid voltage feedforward, are successfully demonstrated.
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Abstract: To prepare for the future high penetration level of renewable energy sources, the power
grid’s technical boundaries/constraints for the correct operation of powerelectronics interfaced
devices need to be further examined and defined. This paper investigates the challenge of integrating
Voltage Source Converters (VSC) into low inertia power grids, where the system frequency can vary
rapidly due to the low kinetic energy buffer available, which used to be provided by the rotational
inertia of synchronous generators. The impact of rate of change of frequency (ROCOF) on the PLL
dynamics and its subsequent influence on the VSC power stage output is explained. The Bonaire
island network is presented as case study. The performance of the VSC is analyzed under a fast
ROCOF event, which is triggered by a short circuit fault. A down-scaled experiment is used to
validate the Bonaire island network simulation results. It shows that the phase angle error measured
by the synchronous-reference frame phase-locked loop (SRF-PLL) is proportional to the slope of the
ROCOF and inversely proportional to its controller integral gain constant.

Keywords: ROCOF; PLL; error; low inertia; VSC

1. Introduction

A weak grid is characterized as an AC power system with a low short-circuit ratio (SCR) and/or
inadequate mechanical inertia (IEEE standard 1204-1997 [1]). Some recent studies [2-10] on the
voltage-sourced converter (VSC) integration into a weak grid address only a weak grid with a high
grid impedance, whilst the challenges associated with low inertia is seldom discussed. With the
increase in renewable penetration in the AC power system, the system frequency stability margin
decreases as the system inertia decreases. This leads to rapid frequency variations in low inertia
power grids. Typically, for a large inter-connected power system, the total kinetic energy buffer
provided by all the synchronous generators in the system is large. In this case, local disturbances
(e.g., generator trip, load rejection, short circuit fault etc.) cause only mild frequency variation thanks
to the total system mechanical inertia. However this is not the case with low inertia power grids,
such as the Bonaire island grid. In Figure 1, a fault occurs in the 12 kV network and it is cleared after
roughly 400 ms. From Figure 1, the frequency (red) plummets from 50 Hz to 46 Hz within 400 ms (i.e.,
ROCOF = 10 Hz/s) whilst the active (blue) and reactive power (green) consumption in the network
jumped during the fault.
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Figure 1. Fast rate of change of frequency (ROCOF) Event Triggered by a 12 kV short circuit fault on
the Bonaire island grid—(red) system frequency y-axis on the right side, (blue) system active power
consumption, (green) system reactive power consumption [11].

Inspired by this event and expected future challenges associated with battery storage,
grid frequency support in a power grid with high penetration of renewable energy sources, this paper
investigates the impact of fast rate of change of frequency (ROCOF) on the grid-connected VSC
phase locked loop (PLL) dynamics. Although the ROCOF phenomena has already been mentioned
in several papers concerning the design and analysis of the PLL alone for the anti-islanding
detection [3,12,13] and the inertia emulation [14], the power grid mechanical inertia coupling is
not considered. This paper explains the origin of the fault-induced fast ROCOF in the low inertia
power grid. Thereafter, the mechanical inertia coupling is investigated using the case study of the
Bonaire island, where the network model is validated and the mechanical inertia is represented
by synchronous generator model in EMTDC/PSCAD. The case study results of the Bonaire island
power grid is further verified by down-scaled experiments and the challenges associated with the
fault-induced fast ROCOF on the grid-connected VSCs are discussed.

This paper is organized in four sections. Section 2 begins with the definition of the feedback
control system error after which the PLL steady state error is derived. In Section 3, a detailed 850 kW
VSC model created in EMTDC/PSCAD is introduced. Its stability is studied using a pole-zero diagram.
In Section 4 the VSC dynamics under a fast ROCOF event is studied. First by considering the grid
as a simple voltage source behind a given short circuit impedance. Then the VSC dynamic model is
integrated into the validated Bonaire island power network model, where the mechanical inertia of
diesel generators are also considered. With the coupling of the mechanical inertia, this case study
investigates the VSC behavior under the fast ROCOF event triggered by a three-phase cable fault at
the 12 kV level. A down-scaled experiment is performed to verify the EMTDC/PSCAD simulation
results concerning the fault induced ROCOF in the Bonaire island power network. Finally, conclusions
are drawn in Section 5.

2. PLL Modelling and Analysis

To understand the impact of fast ROCOF on the PLL dynamics, the definition of control system
error is introduced first. Then the small signal dynamics of PLL is derived analytically with its steady
state error expressed as a function of ROCOF frequency slew rate and PLL control integral gain
constant (i.e., K;). Despite the innovative concepts and implementations proposed in the literature,
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the basic PLL structure remains largely unaltered [15,16] but enhanced with input signal filtering
(e.g., bandpass filter realized by Second Order Generalized Integrator (SOGI)) and adaptive frequency
tracking capability. In this section the PLL is implemented with the synchronous-reference frame (SRF)
commonly used for the majority of three phase grid-connected applications.

2.1. Feedback Control System Error

For a typical three-phase SRF-PLL, its small signal transfer function is shown in Figure 2.

Figure 2. Phase locked loop (PLL) small signal closed loop transfer function diagram.

In Figure 2, Aq is the grid voltage space vector small perturbation projected on the g-axis of
the SRF with respect to the steady-state operating point (i.e., g equals to zero), Aw represents the
PI controller output in rad /s, Af is the phase angle output, and Vy, is the grid voltage space vector
projected on the d-axis of the SRF when the perturbation Ag is small. In the per unit system, V, can be
normalized to 1, and Figure 2 can be simplified as shown in Figure 3.

Figure 3. Feedback control system with input and output error definition.

To assess the small signal dynamic performance of a given feedback transfer function, the input
error E(s) is defined as the difference between input R(s) and its closed loop feedback B(s) i.e.,

E(s) = R(s) = B(s) = R(s) — C(s)H(s) 1)
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The relationship between input error and output error can be written as:

E'(s) = )

2.2. PLL Steady State Error

For the PLL feedback transfer function with H(s) = %, (2) provides the theoretical basis to explain
the PLL steady-state frequency output error and phase angle output error. As the VSC power stage
output depends on the accurate phase angle output from the PLL, we are thus interested in the phase
angle output under the fast ROCOF event. When the system frequency is changing rapidly due to
power system disturbances (e.g., generator trip, load change, faults etc.), the system frequency £ (¢)
and phase angle 6(t) deviation can be written as a function of time as follows:

f(t) - Kmmpt (3)

1
0(t) = E1<mmptz 4)
where the f(t) and (t) are the frequency and phase angle as function of time, ¢ is the time, and Kz
defines the ramp rate of frequency deviation. Following the input error definition (1), the steady-state
phase angle error can be calculated by applying the final theorem and having s — 0:

1
1+ Gopen(s)H(s)

Kramp 1
= lim 5
50 82 ]+%(Kp+§) ®)

limsE(s) = lim sR(s)
s—0 s—0

Kmm
= lim —"
s—0 K

Similarly the output frequency steady-state error can be calculated by inserting (5) into (2):

. , T E(S) T SKmmp -
EEE =M EG T K

0 (6)

From (5), it can be seen that the phase angle will have a steady state error, which is a function of
the ROCOF ramp rate Kymp and PLL controller integral gain K;. For a given ROCOF event, the Kyap
is largely fixed by the system inertia and the shortage/surplus of power caused by the transient event,
hence the PLL output steady state phase angle error is determined by the integral gain K;. To minimize
the steady-state phase angle error during the fast ROCOF event, it is therefore beneficial to keep the
PLL integral gain constant K; high.

2.3. System Stability and PLL Controller Bandwidth

To allow for the rapid fundamental grid frequency tracking and phase angle determination,
the PLL can be designed with a high control bandwidth. Yet, it is common practice to design the PLL
with slow dynamics for stable operation. This is especially true under the high impedance power grid
condition, where slower response of the PLL can filter out the terminal voltage variation caused by
the active/reactive power injection [4] and limit the spurious harmonic current injection as a result
of background voltage harmonics. Additionally, Wang et al. [17] points out that a high PLL control
bandwidth could trigger harmonic instability of the VSC power stage output when the negative
resistance region caused by the PLL impedance shaping effect intersects with the grid resonance point.
Hence it is vital to design the PLL with slow dynamics in the high impedance grid for the overall
VSC stable operation. Revisiting the conclusion from Section 2.2, one should opt to design the PLL
with a high integral gain constant (K;) yet low control bandwidth. From the control engineering
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textbook [18], the controller bandwidth is defined as the frequency, where the close loop gain equals to
—3 db. The closed loop transfer function of A can be expressed as:

Gprra = a0 _ _GH
Ag  1+GH
Kps + Ki @
T2y Kps + K;

If the closed loop second order system (7) is represented in terms of its closed-loop roots natural
damping frequency (w;) and damping factor (&) [19]:

Kps + Ki
s2 + Kps + K;
28wys + w?
$2 + 2Cwps + w2

Gprre =

®)

K
Z( . According to [18], when ¢ = 0.707 (optimal damping) the closed-loop

where w, = v/K;and & = 5

bandwidth (wy,,) of the seconci order system depicted in (8) can be approximated by its closed-loop
roots natural damping frequency (wy). Since w, = /K, it is thus inevitable to have high steady-state
phase angle output error under the fast ROCOF event when the PLL control bandwidth is kept low.
Two sets of PLL parameters with 45 degree phase stability margin are proposed in Table 1. The PLL;,,
parameter set operates a PLL with low control bandwidth (i.e., wy;, ~ 2.8 Hz). PLLy;¢; parameter set
operates a PLL with high control bandwidth (i.e., wy,, ~ 28 Hz).

Table 1. PLL Parameters Selected for the Study.

Bandwidth (wpy,) K, K;

PLLjyp 84 100
PLLygs 84 10,000

In the Section 4, the PLL parameters proposed in Table 1 and its influence on the VSC power stage
output will be studies under a fast ROCOF event.

3. VSC Modelling and Analysis

To allow a holistic analysis of the impact of the ROCOF on the VSC power stage output considering
the PLL dynamics, a generic switching VSC model of a 850 kW wind turbine is introduced in
this section.

3.1. VSC Simulation Model

The main control system and the electrical parameters chosen for the 850 kW VSC are shown
in Table 2. A typical cascaded control scheme is assigned to the 850 kW VSC simulation model as
shown in Figure 4, where the outer loops are realized by two parallel PI controllers regulating the
DC bus voltage and the reactive power output to a constant and inner-loop is realized by using
proportional resonance (PR) controllers regulating the inverter side current dynamics. The reference
value is indicated with * in their superscript. In Figure 4, v. is the filter capacitor instantaneous phase
to neutral voltage in the abc frame, 71 is the inverter side instantaneous current in the abc frame, i; and
; are the current control loop references in-phase and quadrature with the grid voltage (i.e., vc) in dg
frame, P; and Qq are active and reactive power calculated at the filter capacitor side, v,;. and v} are
the DC voltage and its reference setpoint respectively. K, is the proportional gain of the PR controller
and wy is the frequency at which the PR controller resonant.

i
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Figure 4. Voltage Source Converter (VSC) inner and outer control loop diagram for the study [20].

Table 2. VSC Main Parameters.

Parameter Value  Unit
Rated Power 850 kW
DC Link Voltage V. 800 Volts
DC Link Capacitor Cy, 20 mF
AC Voltage Vys 400 Volts
L Inverter Side Inductor 80 wH
R Resistance of Ly 0.001 Ohm
L, Grid Side Inductor 80 nH
R, Resistance of Ly 0.001 Ohm
Cy Filter Capacitor 425 uF
Ry ESR of C¢ 0.01  Ohm
Sampling Time T 100 us
Switching Frequency fsw 5000  Hz
PR Proportional Gain K, 1 p-u.
PR Integral Gain K; 250 p-u.
PR Bandwidth w, 2 pu.
DC Proportional Gain Ky, 1 pu.
DC Integral Gain Kjy, 100 pu.
Q Proportional Gain Kg 1 pu.
Q Integral Gain K;g 100 p-u.
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3.2. VSC Stability Analysis

When the bandwidth of the inner and outer control loops are selected properly, then the inner
loop and outer loop of the VSC control system can be considered as decoupled. From the VSC system
stability point of view, the inner current control is directly interacting with the output filter circuit with
a fixed operating point (i.e., reference signal received from outer control loop), hence the small-signal
stability of VSC can be analyzed by deriving its closed-loop transfer function of current controller
(Figure 5) and plotting it in a pole zero map (Figure 6). Figure 5, G;.(z) depicts the proportional
resonance controller in Z domain with 10 kHz sampling time:

Figure 5. VSC Z Domain Current Control Loop Transfer Function Diagram.

2K;w, To=100 ps

G = Z{K 229 et 2
ie(2) {Kp+ 5 + 2wes + @2 i

©)
where w, is the fundamental frequency output from the PLL, and w, is the bandwidth of the
proportional resonance controller. Gy, (z) is half of the v4. voltage (i.e., 800/2 = 400 Volts) for a
two-level VSC with bipolar switching:

G, (,) = 400 (10)

U4c(2)
G4(z) indicates one sampling cycle digital computation delay:
Ga(z) =z" (1)

The LCL filter transfer function block Y,,(z) can be written as:

Yop(z) = Z{ L 12)
Lf(s) + W ZOH
L(s) = Lis + Ry
G0 =25 1+ Ry 4

Lg(S) =Ls+ Ry

The parameters used in (9), (10), (12), (13) can be found in Table 2. In Figure 6, the proportional
resonance controller parameters are calculated in proportion to the gain constant K (K, = 1-K;
K; = 250 - K), where K varies from 0 — 2 in step of 0.1. From the pole zero map, it indicates that
when K = 2 the current controller is critically stable. When K = 1 is chosen, the dominant pole
is approaching the optimal damping (¢ = 0.707) [18] and found the balance between the transient
response speed and the overall system stability.
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Figure 6. VSC Z-domain pole zero map of the inner current control loop.
4. Simulation and Experimental Results

This section presents the case study results of PLL dynamics under fast ROCOEF. The detailed
VSC model is firstly connected to a simple test network represented by an ideal voltage behind a
short-circuit impedance, where the emulated fast ROCOF is triggered as a frequency ramp-down event.
Next the VSC model is integrated with the validated Bonaire network model, and a fault-induced fast
ROCOF event is triggered by applying a 400 ms three-phase fault on the 12 kV cable. Time domain
simulation results under the fast ROCOF events are presented and a vector diagram based analysis is
carried out to explain the phenomena. A down-scaled experiment is performed to verify the simulation
results with Bonaire island power network.

4.1. Simulation Results—Simple Test Network

In this section, the detailed VSC electromagnetic transient model developed in Section 3.1 is
connected to a simple test network model, where an ideal voltage source is connected in series behind
a short-circuit impedance (Figure 7). To study the impact of a fast ROCOF on the PLL dynamics and
the VSC power stage output, the ideal voltage source is triggered by a frequency ramp-down event
(ROCOF =10 Hz/s), where the mechanical inertia coupling is not considered.

Figure 8 presents the simulation results with a simple test network. The emulated frequency
ramp-down event is shown by the green curve in Figure 8b, where system frequency starts to decline
at 2 s and it settles at 46 Hz in 0.4 s (ROCOF = 10 Hz/s). Two sets of PLL parameters (see Table 1),
namely the PLL with the high and low control bandwidth, are calculated on the same event. Looking
at Figure 8b,c, the PLL with a high controller bandwidth (blue) tightly follow the frequency variation
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(Figure 8b) with negligible phase error (Figure 8c) whilst the PLL with low controller bandwidth
(red curves in Figure 8b,c respectively) exhibit inferior dynamic performance during the fast ROCOF
event. Surprisingly the VSC power stage output (dashed line in Figure 8a) with low PLL bandwidth
does not deviate significantly from its power set-point despite a significant phase angle error (red
curve in Figure 8c).

L
-

Figure 7. VSC dynamics under fast ROCOF connected to a simplified network.

Figure 8. Simulation results with a simplified network and different PLL parameters (see Table 1)—(a)
VSC output (b) PLL frequency tracking (c) PLL phase angle tracking.
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In Figure 9, the direct (I}, f) and quadrature (I,;‘, . f) current reference is shown. For the case
with a high PLL controller bandwidth, its current controller reference point is maintained the same
during the fast ROCOF event (solid line in Figure 9). However, this is not the case when the PLL
controller bandwidth is low. In order to maintain the VSC output power during the fast ROCOF event,
the phase angle error introduced by the PLL will be counteracted by the outer controller loop which
constantly regulates the direct (I3, f) and quadrature (Iq*r . f) current reference (dotted and dashdotted
line in Figure 9).

Figure 9. Current controller reference signal from dual outer loop controllers—PLL with low bandwidth
(dash line), PLL with high bandwidth (solid line).

A detailed explanation of the fast ROCOF impact on the PLL dynamics and the subsequent VSC
power stage output can be made by the vector diagram shown in Figure 10. Take the PLL with low
controller bandwidth for example, when the fast ROCOF event initiates, a phase angle error (Aq) occurs
between the actual grid voltage vector (Us1) and the d-axis of rotating frame. Both i; and i; will project
in phase and quadrature component on the actual grid voltage vector (Us;). Effectively, this indicates
the coupling of the active and reactive power in the control, and this can be compensated by the outer
loop power flow controllers. In fact, the PI controller embedded in the outer loop controller increase
the PLL controller from type II to type III making it capable of maintaining VSC power stage output
despite the large phase angle error.

Figure 10. Vector diagram illustrating PLL dynamics under fast ROCOF.
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4.2. Simulation Results—Bonaire Island Power System

In this section the simple test network is replaced by a simplified Bonaire island network
(see Figure 11) with 5 diesel generators in service supplying a total system load of 12 MW /6 MVAr
lumped at the main 12 kV distribution substation, technical details related to the network structure,
the dynamic diesel generator controllers, and the validation results are included in [21]. For the
simplified Bonaire island network model, the inertia aspect is included in the PSCAD generator model.
Similar to the actual fault record in Figure 1, where the fast ROCOF is induced by the 12 kV system
fault, here for simplicity a balanced three-phase fault on the 12 kV system (400 ms fault clearing time,
20% voltage dip) and the dynamic behavior of a generic 850 kW wind turbines model is observed
under a fault induced fast ROCOF event.

Figure 11. Single line diagram of Bonaire Island power system.

Figure 12 demonstrates the simulation results when the VSC is coupled to the simplified Bonaire
island network. A simulated three phase 12 kV cable fault causes the total system consumption to
increase (Figure 12b) and the system frequency decreases sharply from approximately 50 Hz to 47.5 Hz
in 400 ms (Figure 12c). When the fault occurs in the network (for 20% voltage dip), the grid-connected
VSC will run into the low voltage ride through (LVRT) mode and inject active/reactive power per
grid code requirement. With reference to [7,22,23], anti-windup will freeze the outer loop controller
integral input (i.e., set to 0) and the inner current controller current reference (I, e&I;E ode) 18 calculated
according to the grid code requirement (see Figure 13). For this study, the LVRT strategy sets the
Lieoqe = 1.0 pu and I;wde = 0.0 pu for the maximum active power delivery.

In the case of a fault induced fast ROCOF, the LVRT strategy will fix the current controller reference
given by the grid code requirement. For the PLL with a low control bandwidth, the large phase angle
error will effectively cause the coupling of active and reactive power control as explained in Section 4.1
with the vector diagram (Figure 10). For the LVRT strategy with maximized active power delivery, the
results from Figure 12a indicates that the VSC output with a low PLL control bandwidth (dashed line
in Figure 12a) delivers less active power and consumes additional reactive power from the grid during
the fault induced fast ROCOF event.
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4.3. Experimental Results

A down-scaled experimental setup is built to verify the analytical /simulation results concerning
the fast ROCOF effect on the PLL dynamics. Chroma 61845 has been used to emulate the low inertia
grid condition of Bonaire island power system. The VSC is implemented by a Danfoss FC103P11KT 11
converter and the control algorithms are programmed in dSPACE1007. The parameters of the inverter
are summarized in Table 3 and the experimental setup is shown in Figure 14.

Figure 12. Simulation results with Bonaire island power network using different PLL control
bandwidths—(a) VSC power output (b) Total active/reactive power consumption (c) System frequency
measured by the diesel generator mechanical speed.
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Figure 13. LVRT strategy for 850 kW voltage source converter.

Table 3. Paramters of inverter for experiment verification.

Parameter Value Unit
Rated Power 2 kW
Grid fundamental frequency 50 Hz
DC Link Voltage V. 730  Volts
DC Link Capacitor Cy, 1500 ng
AC Voltage Vys 400 Volts
Ly Inverter side inductor 1500 uH
Lt Equivalent grid-side inductor (L, + Lg) 1500 uH
Cy Filter capacitor 5 uF
Inverter control sampling frequency fs 10 kHz
Inverter switching frequency fsq 10 kHz

In this down-scaled experiment, a three-phase fault (20% voltage dip and 10 Hz/s ROCOF) is
emulated by the regenerative grid simulator Chroma 61845 and cleared after 400 ms. Figure 15a
demonstrates the experimental results when the inverter is operated with the low bandwidth PLL
parameters (see Table 1). The inverter is firstly operated in normal operating condition with 2 kW
active power output and 0 kVA reactive power output. Then the three-phase fault is initiated and
cleared after 400 ms. During the fault, the frequency decreased from 50 Hz to 46 Hz (i.e., 10 Hz/s
ROCOF), and the g-axis voltage deviated from zero indicating a large 6 angle error.

VsC Grid simulator

&= PWM
+O0— — —_r N e
Vdc im A v : 1 —_ :// e I8 2 o
- 00— —Y - —_ e NI

i i R I
1 Ve |TIT g
C
dSPACE-1007
i&v, =5
PWM &= J—

Figure 14. Single line diagram of bonaire island power system.

Figure 15b shows the experimental results when the inverter is operated with the high-bandwidth
PLL parameters (see Table 1). For the LVRT strategy with maximized active power delivery,
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experimental results confirm that the VSC output with a low PLL control bandwidth (Figure 15a)
will deliver less active power and consumes additional reactive power from the grid. With increased
renewable energy penetration, less active power delivery in the low inertia grid will not only threaten
the frequency stability but also worsen the transient frequency nadir. Additionally, extra consumption
of reactive power from the grid during the fault condition will hinder the voltage recovery following
the fault clearance.

Figure 15. Experimental results with fault induced ROCOF of 10 Hz/s—(a) Inverter response during
fault induced fast ROCOF with low bandwidth PLL parameters, (b) Inverter rersponse during fault
induced fast ROCOF with high bandwidth PLL parameters.

5. Conclusions

Based on the fault record in the Bonaire island grid, this paper investigates a low inertia power grid
scenario, where the system frequency varies rapidly due to the low kinetic energy buffer provided by
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the synchronous generator’s mechanical inertia. For a PLL with low controller bandwidth, the phase
angle error can effectively be counteracted by the outer loop PI controller regulation. However,
for the fault induced fast ROCOF as recorded in the Bonaire island power grid, the existing LVRT
strategy shown in the literature will freeze the outer loop PI controller and calculate the current
controller reference directly according to the grid code requirement. Simulation results in a simplified
Bonaire island network indicate that the VSC with a low PLL dynamics delivers less active power
to the grid whilst it consumes additional reactive power during the fault induced fast ROCOF.
A down-scaled experimental setup was used to verify the analysis/simulation results of the simplified
Bonaire network.
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Abstract: Owing to the good trade-off between implementation and performance, fixed-step direct
maximum power point tracking techniques (e.g., perturb and observe and incremental conductance
algorithms) have gained popularity over the years. In order to optimize their performance,
perturbation frequency and perturbation step size are usually determined a priori. While the
first mentioned design parameter is typically dictated by the worst-case settling time of the
combined energy conversion system, the latter must be high enough to both differentiate the
system response from that caused by irradiation variation and match the finite resolution of the
analog-to-digital converter in case of digital implementation. Well-established design guidelines,
however, aim to optimize steady-state algorithm performance while leaving transients nearly
untreated. To improve transient behavior while keeping the steady-state operation unaltered, variable
step direct maximum power point tracking algorithms based on adaptive perturbation step size were
proposed. This paper proposes a concept of utilizing adaptive perturbation frequency rather than
variable step size, based on recently revised guidelines for designing fixed-step direct maximum
power point tracking techniques. Preliminary results demonstrate the superiority of the proposed
method over adaptive perturbation step size operation during transients, without compromising the
steady state performance.
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1. Introduction

Energy produced by a photovoltaic generator (PVG) is mainly dependent on a single (referred to
as the "energy generating') parameter: Solar irradiation. In addition, PVG power is load dependent
and affected by temperature. As a result, the PVG power curve is characterized by a single
maximum power point (MPP) on a single unit level for a specific set of environmental variables.
Consequently, generalized electrical characteristics of a PVG are represented by a family of power
curves for a range of solar irradiations and temperatures [1]. Upon variation of one or both
environmental variables, locations of MPP current and voltage—and hence power—change. Such a
behavior calls for instantaneous maximum power point tracking (MPPT) in order to optimize PVG
economical utilization [2].

Comparison of different MPPT algorithms presented in the literature so far may be found [3-11].
Owing to their inherently generic nature and relatively simple implementation, direct non-model-based
techniques, such as perturb and observe (PO) [12,13], incremental conductance [14,15] and extremum
seeking or ripple correlation control [16-20], are probably the most widely applied MPPT methods.
While well-established, fixed step versions of MPPT algorithms suffer from the well-known trade-off
between transient and steady-state operation [21]. In order to tackle this drawback, adjustable (or
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adaptive) step size versions of non-model-based algorithms have been proposed [22-38], in which the
step size is adjusted, typically in proportion to the derivative of PVG power with respect to control
variable. Indeed, such algorithms demonstrate superiority over the fixed step versions, achieved at
the expense of more complex implementation. It is interesting to note that the performance similarity
of fixed step direct non-model-based algorithms versions have been revealed [39,40], while the
equivalence of major variable step size MPPT algorithms has been demonstrated [41].

Consider, without loss of generality, a photovoltaic energy conversion operating under a
single-loop direct non-model based MPPT. For example, the interfacing power converter (IPC) duty
cycle is the perturbed variable (see Figure 1a). A small perturbation Ad is injected into the system every
T, seconds. Following a T-lasting transient, the corresponding change in generated power is observed
either at the PVG or load side (see Figure 1b), and the next perturbation polarity (in fixed step versions)
and size (in variable step versions) is determined so that the operation point is driven towards the
MPP. It was shown in References [13,21] that the maximum perturbation frequency (reciprocal of T})
is limited by settling time of the generated power transient induced by the perturbation while the
minimum perturbation step size depends on the maximum expected irradiation variation rate and
sensing resolution. Recently, the authors of References [42,43] have refined the above design guidelines,
proving that the maximum perturbation frequency should be designed at the short-circuit operating
point while the minimum perturbation step size should be designed at the maximum power point,
both corresponding to standard test conditions.

T
generated
power
TP
Ad duty
cycle
(a) typical combined PVG-IPC system (b) short-time system dynamics

Figure 1. Photovoltaic energy conversion under direct non-model based maximum power point
tracking (MPPT) technique

Once the design guidelines briefly reviewed above are respected, stable three-point behavior
is ensured in steady-state [21]. It is therefore commonly assumed that if the selected T, is too
small, the MPPT algorithm can be confused and the operating point may become unstable, bringing
disordered or chaotic behaviors into the system. On the other hand, selecting a T}, that is too long
penalizes MPPT convergence speed and efficiency. Therefore, in order to improve the performance
of the fixed-step based MPPT algorithm, variable step size methods should utilize adaptive step size
while keeping the perturbation frequency constant. Increasing the perturbation step size when the
operation point is far from the MPP and decreasing it in the MPP vicinity is, therefore, the main concept
of such algorithms. Unfortunately, step size increase yields correspond to an increase of transients.
In addition, because MPP voltage is nearly independent of irradiation, variable step MPPT algorithms
tend to be confused upon irradiation changes [21]. On the other hand, applications of direct non-model
based MPPT algorithms with a perturbation period much lower than the settling time of the system
response were reported in References [44,45]. It was shown that faster responses to irradiance changes
were achieved, yet steady-state oscillations were larger than those for the perturbation frequency
dictated by design guidelines. Nevertheless, experimental investigation alone was conducted without
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a solid analytical background. The only attempt made to vary the perturbation frequency followed by
a theoretical framework was made in Reference [46]. However, the effect of the PVG on the system
dynamics was completely disregarded and, therefore, the presented outcomes are not consistent
with the design guidelines above. The effect of PVG on generated power dynamics is extremely
significant [47,48] and must be considered during MPPT algorithm design, since the boundary value
of the perturbation frequency is dependent on PVG parameters.

Inspired by the promising results demonstrated in References [44,45], this paper proposes to
combine the advantages of operating with high perturbation frequency values during transients and
the design-guideline-imposed values of the perturbation frequency in steady state, while maintaining
the step size at minimum value, as dictated by the fixed-step algorithm design guidelines. Such a
concept yields a fixed-step variable-perturbation-frequency MPPT algorithm. The proposed technique
has the ability of accelerating the transients caused by either system initialization away from MPP or
sudden irradiation changes while maintaining accuracy during a steady-state regime. Preliminary
results demonstrate the superiority of the proposed approach over fixed-step and fixed-frequency
methods, as well as over variable-step approaches.

The rest of the paper is organized as follows: A review of PVG properties is briefly given in
Section 2. Combined PVG-IPC-load dynamics are derived in Section 3. The principle of adaptive step
MPPT algorithms is given in Section 4, followed by the proposed concept of adaptive perturbation
frequency algorithms in Section 5. An example comparing the performance of different approaches is
discussed in Section 6. The conclusions are drawn in Section 7.

2. The Photovoltaic Generator

A generalized PVG equivalent circuit is shown in Figure 2a [49]. It consists of a photo current
source ip; a current source ip, representing the current of k parallel-connected semiconductor diodes,

o-Eulonl ) )
where Ij; and & symbolize the reverse saturation current and ideality factor of the k-th diode, and V'
denotes thermal voltage; equivalent capacitance is cpy, and the equivalent shunt and series resistances
are rsy and g, respectively. The equivalent capacitance cpy is small and its value may be neglected
since it is typically offset by the value of IPC input capacitance. Equivalent circuit components are
environmental variables dependent as follows: the photocurrent ip depends on both irradiation
and temperature; the diode current ip is temperature dependent and irradiation independent.
The resistances are typically considered independent environmental variables, even though rsy

is given by

possesses some irradiation dependence.

(a) Detailed. (b) Norton.

Figure 2. Photovoltaic generator (PVG) equivalent circuit.

All the equivalent circuit parameters may be estimated either from experimental measurements
or extracted from the manufacturer’s datasheets [50,51]. Consequently, the detailed PVG equivalent
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circuit may be rearranged into a simplified dynamic Norton representation, as shown in Figure 2b.
Norton and detailed equivalent circuit parameters are related as

. .o r
Tpo =715+ rSH‘ ‘I’D, ipp = Zpisl;l}!l L )
with 5
(%
po
D= = 3
D= 50 ®3)

representing the equivalent dynamic resistance of ip. It may be concluded that the value of PVG
dynamic resistance r,,, depends on both environmental variables and is also influenced by the operating
point. In cases where a typical single-diode equivalent circuit is considered (i.e., for k = 1 in Equation
(1)), PVG dynamic resistance may be reformulated into

I'SH
Tpp = 1's + - n ’ 4)
I p—Ip—ip
1 W< 27;;: eXp(rSH(” i ’1\/)))

aVr

where W(:) stands for the Lambert-W function. According to the analysis in Reference [31], the practical
PVG dynamic resistance at short circuit (SC) and open circuit (OC) conditions may be approximated as

Tpolse = s ®)
and

Tpoloc = s, ©)
respectively, since W(x) << 1 for x << 1, W(x) >> 1 for x >> 1 and rgyy >> rg. It is then concluded that in
PVG, dynamic resistance generally resides within the [rs, rsy] region of values throughout the whole
operation range. Therefore, for any MPP, the following holds;

rpoloc < Tpolmpp < Tpolsc: @)

3. Photovoltaic Generator (PVG) Power Dynamics in a Combined PVG-IPC-Load System

Referring to the systems in Figures 1a and 2b while defining PVG dynamic conductance as Y, =
1/rpv, combined small-signal system dynamics are given by [52,53]

d

5 — Zin » Tai 5 Gcz
Opo = 157, Y, ot + 152,750 00 + 152, Vo @®
P 1o Ypli 50 YwGe g

PO T T+Z, Yo PR T T Z5,Yp0 00 T T4 Z5 Vo

where d denotes the IPC duty cycle; G, T,;, and Z;,, symbolize the IPC control-to-input-voltage
transfer function, output-to-input voltage transfer function, and input impedance, respectively.
The temperature effect is disregarded in Equation (8) due to its relatively slow dynamics. The resulting
small signal PVG power dynamics are given by [42]

ﬁpv = Ipvﬁpv + va;pv + ;pvﬁpv )
with (Ipy, Vpo) representing the PVG operating point, further rearranged as

1.1,

b~ R b 1
Ppo = Vo Ryo  Tpo Opo rpvvpv (10)
with v
va = Tw 11)
po
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representing PVG static resistance. Taking into account the following static and dynamic

resistances relation

Tpo >> Rpo, Opo << Opo| ppp

Tpo = Rpp,  Opo = Upvl MPP (12)
oo << Rpo, Opo >> Upo| yp

The small-signal dynamics of PVG power may be approximated as

IpoOpo,  Vpo < Vpopypp

_ 1y ~
Ppo = Ié!’”v””’ Opo = Opol ypp - 13)
PU A
— B, Upy > U
Fu Oy Opo > Opol MPP

The generalized control-to-input-voltage transfer function of the combined PVG-IPC-Load system
may be obtained from Equation (8) as

pv( ) o Gei “J% (1 + S/szesr)

! = = — . 14
c 14+ ZinYpo 021 20 potwns + w} (14)

While the parameters values in Equation (14) depend on IPC topology, the structure of Equation
(14) is IPC topology independent. Therefore, in case of a small-signal duty cycle perturbation given by
ts) = 24, (19)

S

corresponding generalized PVG voltage response is given in Laplace and time domains by

2
Wy

1 s+ ngvwn B — (16)
s 824520 powy + w

bpo(s) =d -G = —Voad

and
1 G2 [ —20 o]
Oy (1) = VoAd| 1 — =
Z/p\( ) (©] ( ,717@2”;,

exp(—Cppwnt) sin

wgt + tan™! { 17%% }} ), 17)

C!’z" Wz-esr

respectively, with

wg = wny/1 =3, (18)
and
0<Cpp <1 (19)
The practical assumption w,..s >> wy, further simplifies Equation (17) as
. 1 .
Opo(t) = VoAd | 1 — ——= exp(—{pownt) sinb(t) |, (20)
-2,
where

L . @1)

0(t) = wgt +tan~1{ Y —
Tpo
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Combining Equation (20) with Equation (13) yields

—IpVoAd (l + \/1%—@% exp(—Cpownt) - sin G(t)), po << Opo|pipp

Ppo(t) ~ (Vocad)*

1 ; ~
Rpo (1 - mexp(épvwnt)‘sme(t)> B UP”‘MPP ’ 22)

va

Vo Vod .
) (1:|: \/117@‘?(_@?0“’"” -smG(t)), Vpo >> Upo| ypp
“bpv

Settling the time of the PVG power transient, imposed by duty cycle perturbation, is then dictated
by the corresponding envelope behavior, given by

7Ip,,VOAd(1:t 1 exp(fgp,,w,,t)>, Vpp << UP'”|MPP

1-23,
env(ppo(t)) ~ {  WoedD (145 1 ~Zpownt) + —Ly exp(—2Zpownt ~ 23)
ppo(t)) ~ Rpo . exp(—Cpownt) + T exp(—20pownt) |, Vpo & Opopypp

Tpo

Vi Vod
&(1 + \/#exp(—gpvwnt)),v,w >> 0y ypp
2

The corresponding settling times are then obtained as

é;mlwn IH(A V 1- g%y)/ Upo << UPU|MPP
Tp ~ — gpvlw” ln(%1 /1— wa), Vpo UPU‘MPP . (24)
1
Cpown h’l(A V 1- g%”)’ Upo >> UpU|MPP

It should be noted that since {y, is dependent on r,, (the two are inversely proportional), settling
times must be evaluated considering Equations (5)—(7). Typically, settling time increases monotonically
with the decrease of {y (i.e., with the increase of PVG dynamic resistance). Therefore, Tp|oc <
Talppp < Talge, and the longest settling time is expected at an SC condition, establishing the
operating point for perturbation frequency design in MPPT algorithms with a fixed perturbation
frequency. The value of a reciprocal of perturbation frequency should then obey [42]

Tp > Talgc- (25)

4. Maximum Power Point Tracking (MPPT) with Adaptive Step Size

MPPT methods with adaptive step are based on directly or indirectly defining an objective
function given by [22,34]
_ va[k] - va[k —1] _ Appo
Y = = —ak =1~ ad (26)
where k is the sampling instant. Since

>0, vpo << Vpoppp
ylk] =0, vpy = Z’ﬁv|MPP ’ 27)
<0, Upo >> Upolpypp

The way of adjusting the duty cycle is as follows:

increased, ylk] >0
decreased, ylk] <0 . (28)
maintaind, ylk] ~ 0
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Thus, the typical strategy of adapting the duty cycle perturbation at the (k + 1)th sampling instant
is given by
dk+1] =dk] + N - y[k]. (29)

with N referred to as the scaling factor. The size of
AdlK] = N - y[K] (30)
must be kept between two bounds,
Adpmin < Ad[k] < Admax, (31)

selected as follows. The value of Ad,,;, should be such that the corresponding imposed steady-state
PVG power difference, Apyy, is higher than the steady-state PVG power difference caused by irradiation
change during MPPT algorithm perturbation interval to satisfy [21]:

'Tp

>| : K . ‘G
1 Lpu h s
$ mpp TP (32)

Admin = —
min Go\ H- va

{MPP + Ypo|pipp”
where the value of the MPP voltage corresponds to standard test conditions, K, = ?)ZTP: denotes the
PVG material constant, Gy signifies the DC gain of the duty cycle to PVG voltage transfer function in
1 azirm

2% | vipp
highlight that since Equation (32) depends on environmental conditions, the combination of parameters
leading to the highest value of Ady,i, must be utilized, taking into account the worst case of irradiation
change rate. It should be emphasized that in addition to irradiation variations, finite resolution of the
utilized analog-digital converter (ADC) should also be considered upon selection of Ad,,;, [21]. On the
other hand, the selected value of Admax must keep the PVG voltage within a feasible operation range
for all expected operation conditions, satisfying [21]:

Equation (14), Gs represents the solar irradiation change rate, and H = . Itis important to

AP, pumax

Admax = N ,
e A vamax

(33)

In fixed-step MPPT algorithms, the high value of Ad leads to accelerated convergence, traded off
for steady-state accuracy (see Equation (22)) since higher values of Ad impose higher power deviations
around MPP in steady state. It was shown in [41] that Equation (29) is the discrete-time version of
integral-based adjustment

d(t) =d(t—T)) + ~ / y(1)dr, (34)

i.e., the size of Ad is adjusted according to the objective function value. Unfortunately, while the
method of choosing Ad,,;,, is relatively simple, the selection of Adyqy is often based on a trial-and-error
approach, and the value resulting from this process is suitable only for a given system operating under
specific operating conditions. Moreover, it is well-known that the Perturb-and-Observe algorithm is
confused by sudden irradiation changes, causing significant transients. In some cases this confusion
is partially cured by Incremental Conductance which does not solve the issue completely [15] and
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is additionally prone to noise due to its inherent differentiation operation. Lastly, note that the
steady-state value of power perturbation is given by (cf. Equation (22))

—IpvVoAd, vy << Upo|yypp

R - (VbcAd)® ~
Appy(t) ~ Rpw 7 U0 % Z’ﬁ?’|MPP , (35)
Vou VoAd
e O > Opolypp

ie, Appo ~ Ad when the operating point is away from the MPP and App, ~ (Ad )* when the
operating point is in the vicinity of MPP in addition to being operating region dependent. When Ad is
increased, corresponding overshoots also rise, aggravating unwanted transients. Therefore, it would
be desirable to keep the duty cycle at Ad,,;,, or slightly above at all times while increasing the algorithm
convergence during transients by other means.

5. Maximum Power Point Tracking (MPPT) with Adaptive Perturbation Frequency

Consider a time-domain generalization according to Equation (15)
d(t) = Ad - u(t —ty) (36)

with Ad < 0 (for demonstration purposes only, without loss of generalization) denoting a step-like duty
cycle perturbation at arbitrary t = t). Observing the corresponding time-domain PVG power response
Ppo(t — to), it may be concluded from Equation (22) that

<0, Vpo << Vpolppp
ﬁpv(t) >0, Vpo = Vpo|ppp , 37)
>0, Upo >> Upolypp

for any ¢ > ty. This means that in case the PVG operating point is not in the vicinity of MPD, the sign
of power perturbation induced by duty cycle perturbation does not change and may be theoretically
detected for any f > fy. On the other hand, the steady-state value of the PVG power would not
be accurately estimated if sampled before t = ¢y + T,. Therefore, it is proposed to keep the duty
cycle perturbation constant at Ad,,;;, to obtain maximum accuracy in steady state while adjusting the
reciprocal of perturbation frequency (instead of Equation (28)) as

decrease Ty below Tp|gc, ylk] >0
decrease Ty below Ty|ge, ylk] <0 . (38)
maintain Ty = Tplge,  y[k] =0

A possible strategy of adapting the reciprocal of perturbation frequency at (k + 1)th sampling
instant is given by
Tlk+1] = T,k + M- y[k (39)

with M referred to as a scaling factor. The size of T, should be kept between two bounds,
Tymin < Tplk] < Talsc (40)

with the lower boundary selected using a similar line of thinking as the selection in Ad,,;,, above.
In general, the value of Ty, will also be dictated by irradiation-induced variation and system
resolution. In-depth investigation is left for future work, as only the concept of variable perturbation
frequency is introduced here. The proposed algorithm is expected to be less confused by sudden
irradiation changes than the variable step one, since the duty cycle remains unchanged. The increase of
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algorithm convergence time during transients is achieved by means of enlarged perturbation frequency.
Moreover, the steady-state value of power perturbation is given by (cf. Equations (22) and (35))

—IpVoAdmin, Vpo << Vpol ypp

o (Vo Adiin)* ~
Appo(t) vamm . Opo ™ Opolppp ’ (41)
vaVOdmin

© Upo >> Upolypp

T'po
i.e., the resulting Ap, is now operating region dependent only, since Ad does not change.

6. Example

Consider the system utilized for perturbation frequency design guideline verification in
References [42,43], consisting of:

- A 14.6 W PVG with a maximum power point current of I,o| mpp=0-9 A, amaximum power point
voltage V0| mpp = 162V, a short-circuit current of 1 A and an open-circuit voltage of 19.2'V for
values of environmental variables given by Gs = 500 W, T = 45 °C. Under these conditions, shunt
and series PVG resistances are estimated as rgyy &~ 1000 Q) and rg ~ 0.91 ();

- A 100 KHz pulse width modulated boost power stage operating as IPC, terminated by a 26 V
voltage source.

The system is shown in Figure 3 with the rest of the relevant parameters values indicated.
PVG voltage vy, and current iy, are the measured variables. Output per-unit PVG characteristics are
depicted in Figure 4. Note that rP”lMPP: 18Q) so that 7’,!,z,|oC < sz,|MPP << Tr’vlsc' as predicted by
Equation (7).

Figure 3. Boost-interfacing power converter (IPC)-based solar energy conversion system.

Figure 4. Output per-unit photovoltaic generator (PVG) characteristics.
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The following settling times were revealed in Reference [42] for A = 0.05:

5.6ms, vpy, << UPU|MPP
Ty ~ 3.3ms, Vpo A Upo|yipp (42)

1.5ms, vpp >> UV”|MPP

Thus, T, > 5.6 ms should be selected. In order to estimate Adyy,, the following parameters were
used: material constant K, = 1.9 mA, saturation current I = 1.097-1019A, and ideality factor 7 = 1.0,

with an irradiation change rate Gs 0f 100 W/m? /s and a 12-bit ADC with 3-V full-scale voltage span.
The resulting minimum duty cycle perturbation step size was obtained as Adp,in, = 0.021. Selecting,
for demonstration purposes, T, = 5.7 ms and Ad = 0.025, Figure 5 demonstrates the results of sweeping
the converter duty cycle. It may be concluded that the PVG power curve is sampled with settling
times matching Equation (40). Moreover, the claim that the direction of PVG power induced by duty
cycle perturbation at f = ty does not change for any t > ¢, is well evident. For Vpp < Upo | Mvpps Negative
Ad yields positive Ap,, while for vy > Upy| wppr Negative Ad yields negative Apjy, as predicted by
Equation (23).

o
®

duty cycle
o
[e2)

0.4
0-2 1 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

15 —P,, et 1
g - = PVGpower curve
« 101 7
)
3
o
Q5

1 ! | | ! | |

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
time [s1

Figure 5. Duty cycle sweeping results.

In order to perform a demonstrative comparison of the system performance under different
values of duty cycle and perturbation frequencies, the system was initialized away from MPP under
300 W/m? irradiation to observe initial convergence to the MPP. Next, the irradiation was increased to
500 W/m? at t = 0.17s to examine the corresponding response of the MPPT algorithm.

In the first case, the constant duty cycle constant perturbation frequency MPPT algorithm with Ad
= Adpin = 0.021 and T = Ty g = 5.6 ms was applied. The results are shown in Figure 6. The system
converges to the MPP corresponding to 300 W /m? irradiation after ~120 ms and then oscillates around
the MPP in three discrete steps, as predicted in [21]. Upon irradiation change, the system converges
to the new MPP almost instantaneously due to the fact that the MPP voltage is nearly insensitive to
irradiation [54]. Therefore, the converter duty cycle should not change significantly upon irradiation
variation. This is evident in Figure 6.
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Figure 6. Performance under the constant duty cycle and constant perturbation frequency values of Ad
=0.021, T, = 5.6 ms.

In the second case, the constant duty cycle constant perturbation frequency MPPT algorithm with
Ad =5-Ndpin = 0.1 and T, = T |gc = 5.6 ms was applied, and the duty cycle was significantly increased.
The results are shown in Figure 7. The system converges to the MPP corresponding to 300 W /m?
irradiation after ~25 ms—five times faster than in the previous case, as expected—and then oscillates
around the MPP in three discrete steps. Nevertheless, the differences between corresponding levels of
PVG power and MPP power are much higher than in the previous case, resulting in significant steady
state power losses. Moreover, upon irradiation change, the system does not instantaneously converge
to the new MPP, since the duty cycle moves away from its optimum region due to confusion and then
returns in about 200 ms.

Figure 7. Performance under the constant duty cycle and constant perturbation frequency values of Ad
=0.1,T, =5.6 ms.
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In the third case, the constant duty cycle constant perturbation frequency MPPT algorithm
with Ad = Adpin = 0.021 and Ty = 0.1- Tp | = 0.56 ms was applied, and the perturbation frequency
was significantly increased. The results are shown in Figure 8. The system converges to the
MPP corresponding to 300 W/ m? irradiation after ~12.5 ms—ten times faster than in the first case,
as expected—and then oscillates around the MPP in five, rather than three, discrete steps, entering
chaotic mode [21]. Consequently, the differences between corresponding levels of PVG power and MPP
power are higher than in the first case, resulting in higher steady state power losses. Upon irradiation
change, the system instantaneously converges to the new MPP and oscillates around the MPP in three
discrete steps, as desired. It may be observed that the power response never settles following a duty
cycle perturbation, as predicted.

Figure 8. Performance under constant duty cycle and constant perturbation frequency values of Ad =
0.021, Tp = 0.56 ms.

In the fourth case, the variable duty cycle constant perturbation frequency MPPT algorithm with
(cf. Equation (31)) Adpin = 0.021 < Ad < 0.1 = 5-Adpyin and T, = Ty |gc = 5.6 ms was applied. The duty
cycle was adapted according to Equation (29). The results are shown in Figure 9. The system converges
to the MPP corresponding to 300 W/m? irradiation after ~60 ms (two times faster than in the first
case yet two times slower than in the second) and then oscillates around the MPP in three discrete
steps, similar to the first case. However, upon irradiation change, the system undergoes a significant
transient and settles in the new MPP only after ~300 ms. This transient is probably the main drawback
of perturbative MPPT algorithms with variable step size.

In the last case, the constant duty cycle variable perturbation frequency MPPT algorithm with
(cf. Equation (40)) Ad = Adpin = 0.021 and 0.1 Tp|gc = 0.56 ms < T, < Ty|gc = 5.6 ms was applied.
The perturbation frequency was adapted according to Equation (39). The results are shown in Figure 10.
The system converges to the MPP corresponding to 300W/m? irradiation after ~40ms (three times
faster than in the first case yet three times slower than in the third) and then oscillates around the MPP
in three discrete steps, similar to the first case. Upon irradiation change, the system converges to the
new MPP after a transient lasing a single perturbation period (5.6 ms) and then oscillates around the
MPP in three discrete steps, as desired.
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Figure 9. Performance under the variable duty cycle and constant perturbation frequency values of
0.021 < Ad <0.1, Ty =5.6 ms.

Figure 10. Performance under the constant duty cycle and variable perturbation frequency values of
Ad=0.021,0.56 ms < Ty < 5.6 ms.

It may then be concluded that the constant duty cycle variable perturbation frequency MPPT
algorithm seems to present a better trade-off between steady-state and transient performance
than the fixed step fixed perturbation frequency and variable step fixed perturbation frequency
MPPT algorithms.
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7. Conclusions

In this paper, the concept of using an MPPT algorithm with an adaptive perturbation frequency
instead of the commonly used variable step size was proposed. The analytical background was
presented, based on recently revised design guidelines for designing fixed-step direct maximum
power point tracking methods. Where possible, it is proposed to keep the step size at a minimum
at all times while increasing perturbation frequency during transients and keeping it unchanged
(equal to the maximum allowed by design guidelines) in a steady state. Such an approach helps to
eliminate algorithm confusion during sudden irradiation changes and prevent excess transients caused
by operation with an increased perturbation step. Preliminary results demonstrate the superiority
of the proposed method over adaptive perturbation step size operation during transients, gained
without compromising steady state performance. Since only the concept of variable perturbation
frequency is introduced here, in-depth investigation is left for future work, to yield comprehensive
design guidelines by deriving the lower bound of perturbation step time analytically, based on both
system parameters and the behavior of environmental variables.
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Abstract: Peak-current-mode (PCM) control was proposed in 1978. The observed peculiar behavior
caused by the application of PCM-control in the behavior of a switched-mode converter, which
operates in continuous conduction mode (CCM), has led to a multitude of attempts to capture the
dynamics associated to it. Only a few similar models have been published for a PCM-controlled
converter, which operates in discontinuous conduction mode (DCM). PCM modeling is actually
an extension of the modeling of direct-duty-ratio (DDR) or voltage-mode (VM) control, where the
perturbed duty ratio is replaced by proper duty-ratio constraints. The modeling technique, which
produces accurate PCM models in DCM, is developed in early 2000s. The given small-signal models
are, however, load-resistor affected, which hides the real dynamic behavior of the associated converter.
The objectives of this paper are as follows: (i) proving the accuracy of the modeling method published
in 2001, (ii) performing a comprehensive dynamic analysis in order to reveal the real dynamics of the
buck converter under PCM control in DCM, (iii) providing a method to improve the high-frequency
accuracy of the small-signal models, and (iv) developing control-engineering-type block diagrams to
facilitate the development of generalized transfer functions, which are applicable for PCM-controlled
DCM-operated buck, boost, and buck-boost converters.

Keywords: peak-current-mode control; dynamic modeling; duty-ratio constraints; discontinuous
conduction mode

1. Introduction

Peak-current-mode (PCM) control of switched-mode converters was publically introduced
in 1978 [1,2], and it quickly became a very popular control method because of the beneficial features
that it provides in converter operation and protection, as discussed in [3]. A huge number of modeling
approaches has been proposed since the introduction of the PCM control in continuous conduction
mode (CCM), as discussed and referenced in [4]. It has been recently shown in [4] that the accurate
dynamic models of PCM-controlled converters, which operates in CCM, can be obtained by developing
such duty-ratio constraints that include the duty-ratio gain (Fn,), which becomes infinite at the
mode-limit duty ratio (i.e., the maximum duty ratio after which the converter enters into harmonic
mode of operation). Such models can be found, for example, from [4-8]. Only a few similar analytical
models applicable for discontinuous conduction (DCM) are published [9-14].

The models in [9] are derived assuming that the inductor current does not exist as a state
variable (i.e., no feedback from the inductor current is considered), because all the energy in the
inductor is dissipated within the cycle, as assumed in [15]. This assumption is not valid, because the
time-averaged inductor current does exist and it is a continuous state variable as discussed explicitly
in [16]. A modeling technique is introduced in [10], which produces duty-ratio constraints with
infinite duty-ratio gain (Fn,) at the mode limit between the DCM and CCM operation but the models
are load-resistor affected, which modifies the dynamics of the converter significantly, as discussed
in [4,17]. The models presented in [11] are given in an implicit form including the load-resistor effect,
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which makes the model validation a challenging task, because the unterminated small-signal transfer
functions cannot be recovered based on the given equivalent circuits. A discrete-time-modeling
approach is presented in [12] for a buck converter including also PCM control in DCM, but it does
not give any explicit transfer functions for comparison. The average and small-signal behavior of
PCM-controlled boost converter based on numerical analysis methods is provided in [18] but no
explicit analytic transfer functions are presented either. The unterminated PCM state spaces are given
in [13] (pp. 139-144) and in [14] (pp. 222-224) for a buck converter based on the method introduced
in [10], but the transfer functions are not solved for comparison.

As discussed in [4], the experimental verifications do not usually prove the validity of the
models especially at the high frequencies due to the existence of un-modeled circuit elements at
the input and/or output terminals, which affect the measurements either through the source or
load-effect phenomena [14] (pp. 38-40). A good example of such a phenomenon can be found,
for example, from [19] (cf. Figure 16 in [19]). Figure 1 shows the experimentally measured (red line),
the analytically predicted (black line), and the simulation-based (blue line) frequency responses of the
control-to-output-voltage transfer functions of a direct-duty-ratio (DDR) controlled buck converter
analyzed in this paper [20]. The effect of the external circuit elements is explicitly visible, especially,
in the behavior of the phase at the higher frequencies (cf. red line, >10 kHz). The predicted (black
line) and simulation-based (blue line) frequency responses have very good match with each other.
The ability to predict correctly the high frequency phase behavior (i.e., >1/10th of switching frequency)
is a quite important feature of the small-signal models from the control-design point of view. Therefore,
it is well justified to perform the model validation by using Matlab™ Simulink environment, where
all the circuit elements are perfectly known.

Figure 1. Measured (red line), analytically predicted (black line), and simulation-based (blue line)
control-to-output-voltage frequency responses of direct-duty-ratio (DDR)-controlled buck converter
operating in discontinuous conduction mode (DCM) at the input voltage of 20 V.

The investigations of this paper show that the modeling method in [10] will produce highly
accurate unterminated small-signal models, when the parasitic circuit elements are taken into
account. If the parasitic elements are omitted then the accuracy of the simplified models is not
acceptable, especially, at the low input-voltage levels. The investigations show clearly also that an
unterminated buck converter will become unstable in open loop at M ~ 1/2, where M denotes V(/Viy.
The load-resistor-affected instability will take place at M ~ 2/3 as predicted earlier in [10,11] as well as
demonstrated explicitly in [21]. The existence of the right-half-plane (RHP) pole requires to designing
the output-voltage feedback-control loop to have the crossover frequency higher than the RHP pole
for stability to exist. The RHP pole will move into higher frequencies along the increase in M and D
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(i.e., duty ratio) requiring careful selection of the feedback-loop crossover frequency for ensuring the
stability of the converter. Therefore, the new findings concerning the location of the RHP pole have
real scientific as well as practical values.

The rest of the paper is organized as follows: Section 2 introduces briefly the PCM-modeling
method developed in [10] in a generalized unterminated form, and provides the corresponding
explicit transfer functions for a buck converter. Section 3 presents the validation of the
developed small-signal models by utilizing Matlab™ Simulink-based switching models, and the
pseudo-random binary-sequence-based frequency-response measurement technique introduced
in [22,23]. The conclusions are provided finally in Section 4.

2. PCM-Control Modeling

The accurate small-signal modeling method of DCM-operated direct-duty-ratio (DDR) or
voltage-mode (VM) controlled converters was establish in the late 1990s in [24,25] and later elaborated
in a more convenient form in [16]. It is claimed in [26] that the small-signal models in [25] are not
accurate enough, but the paper does not explicitly provide the required correction elements to improve
the model accuracy. The small-signal models in [24,25] are load-resistor affected, which will hide
the unterminated dynamic behavior of the converter, especially, at the low frequencies as well as
which affects also the location of the low-frequency system poles [17]. Therefore, we will apply the
methods presented in [16] for obtaining the small-signal DDR state space with the parasitic circuit
elements included, which is utilized also in the corresponding PCM modeling. Figure 1, in Section 1,
proves explicitly that the method described in [16] produces highly accurate unterminated small-signal
models, when all the parasitic elements are included in the model. The duty ratio is generated in
a DRR-controlled converter by means of a fixed pulse-width-modulator (PWM) ramp signal. In a
PCM-controlled converter, the duty ratio is generated by means of the up slope of the instantaneous
inductor current. As a consequence of this, the small-signal state space of a PCM-controlled converter
can be found by developing proper duty-ratio constraints of the form [4,10,14]:

‘{:Fm(fc_z%fi) (€]
i=1

where F, denotes duty-ratio gain,x. the control variable (i.e., control current (ic,)), and g, the feedback
or feedforward gain related to variable x;, which can be either a state, or input variable of the converter
as well as 1 the number of input and state variables [4]. The modeling is finalized by replacing the
perturbed duty ratio (d) by (1) in the linearized state space of the corresponding DDR-controlled
converter [4,10,14]. The hat over the variables in (1) indicates that the corresponding variables are
small-signal variables. This notation method is applied in rest of the paper.

2.1. Generalized Duty-Ratio Constrains in DCM

Figure 2 shows the inductor-current waveforms, the control current (ic,), and the inductor-current
compensating ramp (.) during one switching cycle in DCM under dynamic conditions. According
to [16], the real state variables, which will produce the dynamic behavior of the converter up to half the
switching frequency, are the time-averaged values of the instantaneous variables (i.e., inductor currents
and capacitor voltages), where the averaging is performed within one cycle. The time-averaged
variables are denoted in this paper by (x;). Figure 2 shows that at the time instant t = (k + d)T;) the
variables in Figure 2 are linked together by:

n
ico — medTs = Z<1L) + Aiy, 2)
i=1

which is known as the comparator equation, because the associated PWM comparator will change
state, when the condition determined by (2) is valid [13]. The only unspecified variable in (2) is A7,
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(cf. Figure 2), which can be solved by applying the definition of the time-averaged inductor current
(e, (i) att = (k+d)Ts:
. myd(d +dy)T.
(i) = 1(#1)5 )
where d; can be solved based on the inductor-current waveforms in Figure 2 as dy = m1d/m; [10].
Thus Aip, can be given by:

2
Ail, = mydT, — (i) = mydT, — T0m +m2)d Ty

pT 4)
and the corresponding comparator equation in (2) by:
. . d(my +m
leco — mCdT5 = <ZL> + m]dTS(l — (;Tzz)) (5)

where m; and mjy denote the absolute values of the up and down slopes of the inductor current as
denoted in Figure 2.

Figure 2. Inductor-current waveforms in DCM including the control current (i¢,) and compensation
ramp (11¢).

The coefficients in the small-signal duty ratio constraints in (1) can be found by substituting the up
and down slope of the inductor current with their topology-based values in (5) as well as linearizing (5)
at a certain operating point. The linearization requires to applying the partial-derivative-based method
due to the highly nonlinear nature of the comparator equation in (5) for obtaining the required
coefficients in (1) (cf. pp. 60, 61, [14]). Thus the duty-ratio gain (Fy) can be given in a generalized form
(Note: In this case, only the duty ratio (d) is a variable, and all the other variables are constant) by:

1
Fn = (6)
My (Mp—D(My+M
TS(MC 1(Ma—D(M;+ 2)))

2

which indicates that Fr, becomes infinite, when the duty ratio (D) equals:

My My
D—
My + M, + M1 (M + M)

: Mc (7)

Equation (7) defines the mode limit for the converter operation at the switching frequency, where
the first term denotes actually the mode limit between the DCM and CCM operation [14], because
the only operational condition in DCM, where DM; — D'Mj equals zero, is the boundary between
DCM and CCM (i.e., the boundary conduction mode (BCM) [11]). It equals symbolically the same
value, which defines the mode limit at D = 0.5 in the PCM-controlled converter in CCM, when
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M. = 0 [4]. Figure 3 shows the inductor-current waveforms, when the converter is driven into the
harmonic modes of operation. The figure shows definitively that the buck converter can adopt both
even and odd harmonic modes as discussed also in [10]. The reason for the existence of the odd
harmonics is actually the existence of an RHP pole in the converter open-loop dynamics. In case of
CCM operation, only the even harmonic modes are possible as explained in detail in [4]. In DCM
operation, the mode-limit duty ratio does not either equal the average duty ratio of the harmonic
operation as it does in CCM operation [4].

Figure 3. Simulation-based inductor-current behavior in harmonic modes in a peak-current-mode
(PCM)-controlled buck converter.

Equation (5) can be developed in terms of duty ratio (D) for a second-order converter with M. = 0
as [13]:
M1 (M + Mp)Ts
2M,

where Al = I, — Ir.. According to (8), we can compute that Al _nin will be limited to:

D> -~ MTs-D—AlL =0 (8)

_ MiMpT;
AILfmm - Z(Ml +M2) (9)
at the duty ratio of:
__M
Dmax = M + M, (10)

which equals D in (7) (i.e., the first term). At the higher duty ratios, Equation (8) does not have any
more real-valued solutions indicating that the converter enters into harmonic operation mode as
shown in Figure 3.

The steady-state comparator equation in (8) can be developed further in terms of the
input-to-output gain (M) (i.e, M = V,/Viy), and K (i.e., K = 2L/Ts/Req and Req = Vo/Io). Tt
should be observed that M; and M, denote the inductor current up and down slopes as absolute
values, and they have to be expressed as a function of M according to the behavior of the corresponding
converter. In addition, the duty ratio (D) has to be replaced by the converter specific formula, which
can be given for the buck converter as D = My/K/(1 — M) [11]. These procedures yield for the buck
converter as:

M — M2 4 k[ R g 0 11)
2Vin
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Equation (11) can be further developed as:

2\?2 3I0R; 2

(m-3) (M_<4vm>>° w2
which indicates that there exists a double root at M = 2/3 in (11), which means that there are no
real-valued solutions for M > 2/3 in open loop, as discussed also in [11,12] as well as explicitly
demonstrated in [21]. It is explicitly proved in [10] that the mode limit at M = 2/3 does not exist,
when the output-voltage feedback loop is closed. The dynamic analysis will reveal that the mode limit
at M = 2/3 produces an RHP pole (i.e., the converter is unstable), which does not take place in the
CCM converter. Therefore, the output-voltage feedback can remove the RHP pole when its control
bandwidth is higher than the RHP pole. The boost and buck-boost converters do not have similar
anomalies as the buck converter has in the open-loop behavior as discussed also in [11]. Equation (11)
is actually load-resistor affected, and therefore, it does not correctly predict the location of the actual
RHP pole in a buck converter as will be shown later in Section 2.3.

2.2. Small-Signal Model of DDR-Controlled Buck Converter in DCM

The averaged complete (i.e., including all parasitic elements) state space of a DDR-controlled
buck converter shown in Figure 4, which operates in DCM, can be given according to [14,16] by:

din) _ d((om)+(Ri—Ro) (i) +Vp) _ 2(in) = Rilin)+(vc)—rclio)+Vp
dt L dTs " (vin) —Ra(iL) —(vc) +rc (io)
d{oc) _ (L) _ (o)
dt C C
(i) = SF ((0i) — Ro(ir) — (vc) + rclio)) (13)

Ry=ro+rq+rcRy=rp+rgs+rc

from which the operating point can be derived by setting the derivatives to zero and denoting the
circuit variables (i.e., voltages and currents) by capital letters yielding:

o - ((rLtra)Io+Vot+Vp)
L= lolin = (VinLJf(":l*”ds)IoJrVEI)D) o

Vo =Vc (14)

D= \/21,10, Vot+Vp+(ri+ra)lo
Ts  (Vin—Vo—(rLt7ds)lo) Vin+Vo+(ra—ras1) o)

The small-signal state space can be derived by linearizing the averaged state space in (13) by
applying the partial-derivatives-based method (cf. pp. 60, 61, [14]) at a certain operating point (14)
yielding (15):

0 Az A Ay ? Ve 7
G = T TOct T+ Tho + 7d
doc _ 1, _ o
dat — C C (15)

fin = —BlefL — B]'ﬁc + Blﬁin + B1ycfo + Ieﬂi

N ~ dd
by = B¢ +rcCHE
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where:
Vot Vb+(2R1—rc)ls  Rolo(Vot Vb +(Ri—rc)lo)
A1 =D(Rp — Ry) + gk 22 -
1 (R2 = R) + 5 | ¥ ~Vo- (Rarclo (Vin—Vo—(Ra—1¢) 1o )2
A, — 2LL Vin+Vb+(R1=Rp) Io
27 DT (Viy—Vo— (Ro—rc)Io)?
(Vin—Vo—(R2—1¢)lo)
Az = D + 2Ll Vot Vp+(Ri—rc)lo (16)
DT5 \ (Vin—Vo—(Ra—1c)1o)
A, — 2Llrc VintVp+(R1—Ry) o
4 = TDT. 2
s (Vin—Vo—(Ra—rc)lo)
D2T.
Bi = 4*
and:

Ve = Vin + Vi + (R1 — Ry)lo + 2o (Jtiptfuzrcle )
le = DLTS (Vin = Vo = (Ro —1¢) o)

R1 =r,+rqtrc

Ry =1, +r14s+1C

17)

Figure 4. The power stage of the DDR-controlled buck converter in DCM.

2.3. Small-Signal Models of PCM-Controlled Buck Converter in DCM

The power stage of the PCM-controlled buck converter including the resistive load and the values
of components are given in Figure 5, where the power stage equals the power stage in Figure 4. The
generalized comparator equation for the second-order converters has been given earlier in (5), and the
inductor-current up and down slopes, which are valid for a buck converter, are given explicitly in (18).
According to (5) and (18), the corresponding unterminated duty-ratio constraints can be computed to
be as given in (19) and in (20), respectively:

my = <vin>*R2(iL>Z<UC>+7C<i0>
Rl o livaw (18)
My = 1<1L>+<PC)L re(io) +Vp
d = Fn(ico — qLiL — 4cOC — GinBin — olo) 19
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where:
Fn = !
m 7 Mot Vin=Yo~(Ry—rc)Io) (Vo Viy ~DVig +(D'Ry +DRy —rc) o)
s( M+ L(Vo+Vp+ (R —rC)To)
_ DT, D2T, (R1 = R2)Vo — (Ry — R2)(2R2 — ) o
L =1="T R+ srmvpr (ki—rohe) | 4 RilVint(Ri—Ro)Io) (Vin—Vo—(Ra—rc) o)
Vo+Vp+(R1—rc)lo
g = D (1 D (Vo (R —Rlo) (Vi (R ~Ra)l) (20)
L 2 (Vo Vo+(Ry—rc) o)
w=DBq_D. ZVin7V0+(R172Rz+rC)IO)
din = 7 2 Vot Vo+(Ri—rc) o
_ DTerc (1- D, (‘/in+(R1*RZ)IO)(Vin+VD+(Rl*RZ)IO))
o= "1 2

(Vot Vb +(R1—rc)lo)’

Figure 5. The power stage of the PCM-controlled buck converter in DCM.

In Equation (20), R; and R; are defined in (17), and M. denotes the inductor-current compensation
ramp in A/s. As discussed in the beginning of this section, the PCM state space can be obtained
from the DDR state space in (15) by replacing the perturbed duty ratio by (19). As an outcome of this
process, the small-signal state space valid for a PCM-controlled buck converter operating in DCM can
be given by:

i
t

a
=

,A1+FZ\qI.Ve ;L _ A2+F21‘ICVE e + ArF?aanVeﬁm + ArFinane . Fvae o

2 1

doc _ i
dt C
fin = —(BiRy + quLle)fL - (Bl + quCIe)ﬁC +(By — quinle)ﬁin + (Birc — quole)fo + Fm[efco

b = 9 + rcCle

e

(1)

where A;_4 and By are defined explicitly in (16) and V,, and I in (17) as well as Fr, 41, ge, Gin and g
in (20), respectively.

The transfer functions representing the dynamics of the converter can be solved by applying
proper software packages such as, for example, Matlab™ Symbolic Toolbox. The symbolic-form
transfer functions representing the input-side dynamics (i.e., the control-to-input-current transfer
function, the output-current-to-input-current transfer function, and the input impedance) are
very long, and thus only the transfer functions representing the output-side dynamics (i.e.,
the control-to-output-voltage transfer function (Geo—o = 0o/ ico)s audiosusceptibility (Gio—o = ¥o/0in),
and output impedance (Zo—o = 90/1o)) are given explicitly in this paper in (22).
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Usually, the DCM state spaces are given omitting all the parasitic circuit elements as a function
of M and K (cf. pp. 222-224, [14]). We will show later in Section 3 that the simplified transfer
functions do not represent correctly the dynamic behavior of the buck converter analyzed in this
paper, and therefore, they are not given here. We will use the simplified transfer functions, however,
in certain cases for providing better physical insight into the converter dynamics, when performing
approximate analyses.

The three transfer functions comprising the output dynamics of the PCM-controlled buck
converter in DCM are given in (22). The unterminated denominator (A) of the transfer functions
is given in (23). The load-resistor-affected denominator is given in (24):

PCM __ SL+A1—Ag+FnVe(qL+q0)
AZPM — shtAimActtaVe(itao) (1 4 g C)

AGEM — AsFuinVe (1 4 o) (22)

10—0

AGPM — %(1 +srcC)

co—o0

where the unterminated denominator A equals:

> A1+ Fm‘]LVe Ay + quC Ve
s°+s L + IC (23)

As discussed in [11], the PCM-controlled converters are highly damped converters, which means
that the poles of the system are highly separated (i.e., the low-frequency pole (wp.F) lies close to origin,
and the high-frequency pole (wp.yF) lies close to infinity). Thus the poles can be approximated from
(22) with quite high accuracy by utilizing the properties of a second-order polynomial, and the high
separation of the poles, which yield (Note: the last simplified terms in (24) are computed assuming
M. = 0):

AptFmgcVe o 1-2M =1

WpLF N A VelC N TTM | RegC
Ay +FnqLVe D Req
L

(24)

~ .
N —57

M—

wp_Hp ~ —

D L
where M = V,/Vip and Req = Vo/lp as well as D = M/K/(1—-M) and K = 2L/Ts/Req
(cf. p. 164, [14]).

Equation (24) shows explicitly that w1 r becomes an RHP pole, when M > 0.5 (i.e., the minus
sign becomes a plus sign), and it moves into higher frequencies in RHP, when M and D increases.
wp-HF stays always as a left-half-plane (LHP) pole, because M > D, and it moves towards infinity,
when M and D increases.

The full-order load-resistor-affected denominator can be given according to (25) but it does not
give enough information to understand the effect of the load resistor on the system poles:

ArtFmqiVe | (A1=Ag+FmVe(qLtqo))rc
iﬂ e + m Ve o )+

S+ sl + e

Ax+FngcVe + A1 —Ag+Fm Ve (qL+40)
LC LCRy,

Equation (26) is derived from (25) by omitting the parasitic circuit elements as well as by
transforming it into a more customary form according to [10]:

K
1 Reqy/1=m +2EnVi 1 R 1 K 1
2| — il I S 1o+ 2mVin( e +ac)  @6)
- L

R.C E(RT 1-M

95



Energies 2018, 11, 1267

from which the simplified system poles can be solved at fully resistive load (i.e., Rp = Req) as:

o I Pt 2EVn(g ta0) it (@-3m)
p-LF 1 Reqy/TXy +2FmVin ﬁJrLDRCqC ReqC(1-M)
Regct— 1

27)

K
o~ — | L RV 2V} (1 D Ra) D Ry
p-HE ~ ReqC L ~ T\ ReqC D" L)~ "M-D L

Equation (27) shows that the load-resistor-affected low-frequency pole moves into RHP, when
M > 2/3, which complies with the instability condition predicted by Equation (12) in Section 2.1.
The high-frequency pole equals the high-frequency pole in (24) and stays an LHP pole.

The load-resistor-affected denominator of transfer functions derived from the equivalent circuit
representing the dynamics of the buck converter in [11] is explicitly given in [10] as:

1 Req(1—M) 1 2-3M
2 eq
Teall =) L 2
° +s<1zeqc+ L(172M)> LC 1-2M (28)
from which the system poles can be approximated to be as:
~ 2-3M
Wp-LF & ~ RyC(1—M)
N 1, Rg1=M)y _  Reg(1—M) (29)
Wp-HF ~ _(ch + Ti2m )~ = L(I—2M)

When studying carefully the system poles in (29) then it is obvious that the high-frequency pole
becomes an RHP pole when M > 0.5, and the low-frequency pole becomes an RHP pole when M >2/3.
In practice, this means that the converter should be unstable under resistive load already when M >
0.5 but the converter has not been observed to behave like that. This means that the modeling method
introduced in [11] does not provide correct second-order transfer functions.

The behavior of the system poles is presented in Table 1 in case of the converter in Figure 5, where
the high separation of the poles is clearly visible. In addition, the table shows that the instability
will take place already at the input voltage of 21.6 V, where M < 0.5 due to the contribution of the
power-stage losses. The determining factor in the appearing of the open-loop instability is that the
zeroth-order coefficients in (23) and (25) become negative, which indicates that one of the roots of (23)
and (25) lies in RHP. This happens, because the feedback gain g¢ (i.e., the output-capacitor-voltage
feedback gain) (cf. Equation (20)) is negative. Actually, the missing of the negative sign of the
first-order term indicates that the low-frequency pole is an RHP pole. It is obvious that the appearance
of the instability can be controlled by the inductor-loop compensation (M), which will reduce Fy,
(cf. Equation (20)). This form of instability has not been reported earlier even if comprehensive analyses
have been performed, for example, in [12]. The reason for this is that the load resistor affects the
location of the poles as is visible in the load-resistor-affected poles given in (27) as well as in Table 1
(i-e., two right most columns) [17]. The investigations of this paper show that the load-resistor-affected
RHP pole appears in vicinity of M =2/3 as discussed in [10-14] and derived explicitly in Section 2.1
(Equation (12)) and in (27). The power-stage losses will shift the appearance of the instability into an
operating point, where M < 2/3 as clearly visible in Table 1. The instability in vicinity of Vi, ~ 17 V is
also clearly visible in Figure 3 as the second-harmonic mode of operation.

The entries in Table 1 are computed by using the complete models. The coarsely approximated
load-resistor-affected system poles in (27) (i.e., the last terms) yield wp.LF = —126 Hz and Wp-HF =
—307 kHz at the input voltage of 20 V. The coarsely approximated unterminated system poles in
(24) (i.e., the last terms) yield wp.1r ~ 0 Hz and wp.yr = —307 kHz. These figures indicate that the
simplified models will not predict accurately the location of the system poles.
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The input-to-output transfer function (GPEMy (known also as audiosusceptibility in [11]) in (22)

10—0

can be nullified by providing M. such that A3 — Fingin Ve = 0. The approximate value of M. can be

computed to be:
_MOA-M)V;
M=""m 1 (30)
which complies with the value given in [12] (note: the definition of M. in [12] differs from the definition
of M. in this paper; when the difference is taken into account, the values are equal).

Table 1. Behavior of the system poles (wp_Lp & wP_HF) as a function of M and D withM.=0,V, =10V,

and I, = 2.5 A.
Vi M D Wp-LF Wp-HF (UII:_LLH wg_LHF
50V 0.2 0.117 —87 Hz —160 kHz —210Hz —160 kHz
30V 0.333 0.218 —56 Hz —188 kHz —180 Hz —188 kHz
216V 0.463 0.344 1.2Hz —233 kHz —123 Hz —233 kHz

20V 0.5 0.388 10Hz —253 kHz —67 Hz —253 kHz
175V 0.57 0.489 114 Hz —311 kHz —12Hz —311 kHz
172V 0.58 0.505 133 Hz —323 kHz 57Hz —323 kHz

2.4. Generalized Small-Signal Transfer Functions Applicable for Buck, Boost, and Buck-Boost Conveters

The set of PCM transfer functions, which are valid for the buck, boost, and buck-boost converters,
can be developed in a generalized form from the block diagrams presented in Figure 6 based on the
generalized duty-ratio constraints in (31). In Figure 5, the transfer functions denoted by the superscript
‘DDR’ corresponds to the set of transfer functions of the corresponding DDR-controlled converter. The
coefficients of (31) do not equal exactly the coefficients given in (20), because the output voltage is used
as such in computing the inductor-current slopes as Figure 6 explicitly implies. The coefficient H,
denotes a series resonant circuit, which is placed in the inductor-current feedback loop, for correcting
the high-frequency phase behavior of the transfer functions (cf. [4]). Hs; is given in (32), where
wsr = 27 fs and { = 0.5 in case of buck converter. The series-resonant circuit in (32) differs significantly
from the series-resonant circuit utilized in [4], where ws; = 71fs and { = 0. The validity of the proposed
Hyg; in case of PCM-controlled DCM buck converter is discussed in more detail in Section 3.

Figure 6. The control-engineering-type block diagrams for computing the general transfer functions
representing (a) the output dynamics, and (b) the input dynamics of the basic second-order converters
in DCM.
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d= Fr]?x(fco - ‘fEHsrfL - ‘fgmﬁin - E]Eﬁo) (31)
2 2
Hsr:1+s—€+s—2 32)
Wsr wsr

The general set of transfer functions, which is valid for the buck, boost, and buck-boost converters,
can be given as shown in (33) (the output dynamics) and (34) (the input dynamics), respectively:

EmaP HsrB . -ppr B, 90 HC\ ~ppR
GPCM by (1+ 1.7\ >Gi0—ome(qin+ LA )Gco—o
io—0 = By T+ Lo+ Ly
FmqPHsrB FmqB Hs
ZPCM _ B _ (L) Z90%+ = Gl (33)
o—o T 7T 1+L+Ly
GPCM _ %o _ FRGa%
c0-0 = 7. = T+LctLy
2 B ~DDR B B
PCM _ &n _ yDDR _ ImGi—o (B | arHsC B 9 Hsr\ ~DDR
o = it = Yo — Tt in A + (46 + A7) Gioo)
B DDR B B
PCM _ iy _ DDR | ImGi—o (B | rHscy»DDR _ qpHse
oi—o f - Toi—o + T+L+Ly ((qo + AZc )Zo—o A ) (34)

2 DDR
PCM _ im _ ImGg—y
ci—o — 1+Lc+Ly

Ico

where L. and L, denote the inductor-current and output-voltage loop gains (i.e., GIP% and

GDPPR denote the control-to-inductor-current and control-to-output-voltage transfer functions of the
DDR-controlled converter) given in (35):
L.= quEHerPLD,IE,

Ly = FngBGRPR

co—o0

(35)

and Z¢ denotes the impedance of the output capacitor, as wellas A = 1, B = 0, and C = 0 for a buck
converter, and A, B, and C are defined in (36) for boost and buck-boost converters, respectively:
_ DT,

D2T,
A=1-— B= Vi
2L (rL+7’ds) L mC oL

DT,

(36)

The duty-ratio constrains applicable for (32) and (33) can be obtained from (19) by setting rc = 0 as:

FB ~ Fp
a0~ qu

L (37)
Jin ~ qin
98 = qc

as well as GBPR and GRPR for computing GISM in (33) can be given for a buck converter as:
I V. i Ve(1
GRoR — Lo Ves  gpor Do Ve(ltsreC) (38)

lco L(SZ-‘—S%‘F%) come lAco LC(SZ-‘FS%‘F ?%)
where the coefficients A, are given in (16) and V, in (17), respectively.

3. Simulink-Based Model Validation

As stated earlier, the applied Simulink models for a buck converter are explicitly given in [27].
The principles of the frequency-response-measuring method is described in [22,23]. The method is
realized as a Simulink m-file for measuring the frequency responses from the switching models based
on Simulink. The pseudo-random binary-sequence technique [22,23], which is utilized in measuring
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the frequency responses, will produce increased distribution in the data points, when the injection
frequency approaches half the switching frequency [4]. The used component values are defined in
Figure 5 (Section 2.3). In the presented frequency responses, the inductor-current sensing resistor (Rs) is
assumed to be 1 () instead of 36 mQ (cf. Figure 5) (note: R; affects the gain of the control-related transfer
functions by multiplying the corresponding transfer functions with 1/ Rs [4]), and the inductor-current
compensation M. = 0. As stated in [10,12], the inductor-current-loop compensation is not required
in a DCM-operated converter similarly as it is a necessity in CCM-operated converter, because the
absolute mode limit will take place in the boundary between the DCM and CCM operation, and the
DCM converter has to be designed accordingly. The converter in Figures 4 and 5 is designed to operate
in DCM up to D = 0.75 (i.e., Kerit = D' = 2Lf5/ Req = 0.25; cf. [11]).

3.1. Open-Loop Validation

Figure 7 shows the set of control-to-output-voltage transfer functions, where the simulated
transfer functions are denoted by dashed lines (i.e., unterminated: red and load-resistor affected: blue).
The solid black lines denote the predicted transfer functions, respectively. The operating point of
the converter corresponds to M = 0.5. The red responses in Figure 7 indicate that the unterminated
converter would be unstable in open loop due to the existence of an RHP pole (i.e., the zeroth-order
term in the denominator has become negative, which has caused a change of 180 degrees in the
phase behavior at the low frequencies). The dashed blue line (i.e., the load-resistor-affected response)
indicate that the load resistor has shifted the appearance of the RHP pole to the higher values of M
compared to the unterminated case. Figure 7 shows also that the simulated phase behavior deviates
from the averaged-model-based prediction as it does in PCM-controlled CCM converter as well [4].
The phase deviation starts already in vicinity of 10 kHz (i.e., at 1/10th of switching frequency). In CCM,
the phase deviation is observed to start at 1/5th of the switching frequency [4]. This kind of phase
deviation has not been reported earlier to take place in a PCM-controlled DCM-operated converter.
As Figure 7 indicates, the predicted and simulated responses match very well. The unterminated Geo—o
is solved computationally according to G.,_, = (1+ Zo—o/Ry) - GEOEO by means of the corresponding

simulated responses (i.e., Z,_, and GEOL?O) [4].

Figure 7. The control-to-output-voltage transfer function as unterminated (G o) (red dashed line)
and as resistor-load-affected (GEOL,O) (blue dashed line) at the input voltage of 20 V. The predicted
responses are denoted by solid black line and the simulated by dashed line, respectively.

Figure 8 shows the simulated (dashed red line) and predicted (solid black line) control-to-
output-voltage transfer functions, when the high-frequency extension (H) in Equation (32) with
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wsr = 27 fs (ie., fs denotes the switching frequency) and { = 0.5 (i.e., { denotes the damping factor)
have been taken into account in the prediction.

Figure 8. The unterminated control-to-output-voltage transfer function (Geo—o) (measured: dashed
read line, predicted: solid black line) at the input voltage of 30 V. The high-frequency extension (Hgr)
(Equation (32)) is added into the prediction.

The match between the simulated and predicted responses is very good. In case of PCM control
in CCM, the wer = 7fs and { = 0, respectively, for obtaining similar match between the simulated and
predicted responses as in [4].

Figure 9 shows the simulated (dashed lines) and predicted (solid black lines) output impedances
of the converter at the input voltages of 20 V (read color) and 30 V (blue color). The figure shows that
the average-model-based prediction matches well also at the high frequencies. The same phenomenon
takes place also in PCM-controlled CCM converter as shown in [4]. The absence of the excess phase
shift is caused by the output-terminal capacitor, which removes the internal high-frequency behavior
from the output impedance (cf. [4]). The open-loop instability at M = 0.5 is also clearly visible in the
output impedance. The output impedance can be measured directly even if the converter is loaded
with a resistor or whatever load impedance.

Figure 9. The output impedance (Z,_,) (measured: dashed lines, predicted: solid black line) at the
input voltage of 20 V (red color) and 30 V (blue color). The high-frequency extension (Hs;) (Equation
(32)) is added into the predictions.
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Figure 10 shows the comparison of the predicted frequency responses of the control-to-output-
voltage transfer functions when the predictions are based on the simplified models (solid lines:
20 V (red) and 50 V (blue)) and on the complete models (dashed lines: 20 V (red) and 50 V (blue)).
The responses show that both the models predict the responses with equal accuracy at high input
voltage but the prediction accuracy of the simplified model is quite poor at the low input voltages.

Figure 10. The predicted frequency responses of the control-to-output transfer functions at the input
voltage of 20 V (red lines) and 50 V (blue lines). The solid lines denote the responses predicted by
means of the simplified models and the dashed lines the responses predicted by the complete models.

3.2. Closed-Loop Validation

The output-voltage loop was designed to have the crossover frequency of 10 kHz and the phase
margin (PM) of 60 degrees by using Type-2 controller shown in (39). The controller design was
performed at the input voltage of 50 V. The controller zero (w,) was placed at 1/ \/E, and the
high-frequency pole (wp) at 7tfs /4, which require to use the controller gain (Kc.) of 851,138 to obtain
the crossover frequency of 10 kHz, respectively:

_ Kee(145/wy)

Gee = s(1+4s/wp) (39)

Figure 11 shows the simulated (dashed lines) and predicted (solid black lines) output-voltage loop
gains at the input voltage of 20 V (magenta color), 30 V (blue color), and 50 V (red color). The figure
shows also that the converter is stable at 20 V, because the crossover frequency is much higher than
the frequency of the RHP pole (cf. Table 1 for the low-frequency-pole locations). The figure shows
clearly that the crossover frequency and PM does not change along the changes in the input voltage.
This behavior is characteristic to the PCM control as discussed in [4]. Figure 7 indicates that the
control design can be performed by using the load-resistor-affected GE(,EO, when the output-voltage
feedback-loop crossover frequency is placed at the frequencies of 1/10th of switching frequency or
higher. In case of output-current-feedback control, it is required to use unterminated models, because
the load resistor affects, especially, the high-frequency part of the transfer function as discussed and
demonstrated in [4,17].
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Figure 11. The simulated (dashed lines) and predicted (solid black lines) output-voltage loop gains
at the input voltage of 20 V (magenta color), 30 V (blue color), and 50 V (red color), respectively.
The high-frequency extension (Hs;) (Equation (32)) is added into the prediction.

4. Conclusions

The investigations of this paper show evidently that the method to model the dynamic behavior
of a PCM-controlled converter in DCM, which was published in 2001 [10], yields very accurate
predictions, when the parasitic circuit elements and the high-frequency extension proposed in this
paper are included. In addition, the investigations show that the phase behavior of the DCM-operated
PCM-controlled converter exhibits also excess phase shift at the high frequencies but the phase-shift
behavior differs from that of the CCM-operated converter [4]. In addition, the buck converter
will be unstable in open loop (i.e., an RHP pole appears), when M > 0.5, which differs from the
earlier predicted instability condition at M > 2/3. The stability can be ensured in closed loop by
designing the crossover frequency of the feedback control loop to be higher than the RHP pole.
The PCM-controlled DCM-operated converter does not need to be compensated either, because the
mode limit between the basic switching frequency and the second-harmonic modes of operation will
take place at the boundary between the DCM and CCM mode of operation. The mode limit will take
place, because the duty-ratio gain becomes infinite at the DCM-CCM-mode boundary similarly as the
CCM converter at D = 0.5 without the inductor-current-loop compensation. This paper proposes also
useful control-engineering-type block diagrams for solving the generalized transfer functions, which
are applicable for buck, boost, and buck-boost converters in DCM similarly as presented in [4,13,14]
for the PCM-controlled converters operating in CCM.
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Abstract: This study summarizes an analytical review on the comparison of three-phase static
compensator (STATCOM) and active power filter (APF) inverter topologies and their control schemes
using industrial standards and advanced high-power configurations. Transformerless and reduced
switch count topologies are the leading technologies in power electronics that aim to reduce system
cost and offer the additional benefits of small volumetric size, lightweight and compact structure,
and high reliability. A detailed comparison of the topologies, control strategies and implementation
structures of grid-connected high-power converters is presented. However, reducing the number
of power semiconductor devices, sensors, and control circuits requires complex control strategies.
This study focuses on different topological devices, namely, passive filters, shunt and hybrid filters,
and STATCOMSs, which are typically used for power quality improvement. Additionally, appropriate
control schemes, such as sinusoidal pulse width modulation (SPWM) and space vector PWM
techniques, are selected. According to recent developments in shunt APF/STATCOM inverters,
simulation and experimental results prove the effectiveness of APF/STATCOM systems for harmonic
mitigation based on the defined limit in IEEE-519.

Keywords: FACTS devices; active power filter; static compensator; control strategies; grid-connected converter;
SPWM; SVM

1. Introduction

Electricity is an indication of comfortable life, and the demand for this energy source is increasing.
Development in power industries increases the number of linear and nonlinear loads in each system.
In nonlinear load conditions, many solid-state switching converters draw reactive power and
current harmonics from the AC grid. These nonlinear loads generate harmonics, which produce
disturbance and directly influence human life. Nowadays, each piece of equipment, power system,
and service, such as furnaces, computer power supplies, communication systems, renewable energy
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systems, electrical power generations, and high-voltage systems, requires a continuous power supply.
Researchers and different power companies are continuously exploring solutions to power quality
problems [1], such as harmonics, system imbalance, load balancing, excess neutral current, and power
system grid intrusions. Evidently, the increasing demand for nonlinear loads produces harmonics
in the power system, thereby resulting in poor power quality. Flexible AC transmission system
(FACTS) devices, such as static compensators (STATCOMSs) and active power filters (APFs), are the
most dominant technologies available for industrial and commercial purposes and are deemed the
solution to this power quality problem [2—4].

In the past, harmonic grid problems were solved using passive filter (PF) devices [5]. These filters,
together with low-cost solutions for power quality issues, are considered the initial stage of development
in mitigating current harmonics [6,7]. APFs are considered the second stage of development and
an effective solution to overcome the limitation of PFs. However, the size, cost, and rating of APFs
are considerably increased by the increasing demand for power system capacity [8,9]. To overcome
the issues of shunt APFs, a third stage of development consists of hybrid power filter (HPF) devices,
which comprise hybrid combinations of PFs with shunt APFs [10]. Furthermore, HPF technology
is evaluated in the fourth stage of development as a unified power quality conditioner (UPQC) [11].
Previous research [12,13] on power quality improvement has led to important developments in FACTS
devices, namely, the static volt-ampere reactive (VAR) compensator (SVC), dynamic voltage restorer (DVR),
and distribution STATCOM (DSTATCOM) [14-16]. Such improvements compensate for the mitigation
problems related to power quality, including poor load power factor, load harmonics, imbalanced load
conditions, and DC offset in loads.

Many shunt APFs are impractical for wuse for high-power-rating components.
Therefore, transformerless and reduced switch count topologies are the leading technologies in
power electronics that aim to reduce system cost and concurrently provide such benefits as small
volumetric size, light weight, remarkably compact structure, and high reliability. Modern APF topologies
are rapidly replacing the standard ones because of their effective performance, efficient response,
and favorable cost and size attributes. Nevertheless, reducing the number of power semiconductor devices,
power conversion circuits, sensors, and control circuits requires complicated control strategies [17,18].

Despite the importance of decreasing the number of power components, no study focuses on
reduced switch count topologies and complex control strategies in shunt APFs and STATCOMs [19].
The present study focuses on the comprehensive review of advanced reduced switch count
topologies, specifically SAPFs and STATCOMs, control schemes for reconfigurable voltage-fed-type
inverters (VSIs). The control structures and possibilities of implementing grid-connected power
converters in different reference frames are discussed and compared. Furthermore, the overview of
the complete control schemes and enhanced control strategies, including the most appropriate control
strategies, such as sinusoidal pulse width modulation (PWM) and space vector PWM techniques,
are presented. Comparisons and characteristics of operating reduced switch and leg count VSIs are
concluded according to a well-surveyed literature summary. Finally, a summary and recommendations
for future research are highlighted.

2. Harmonics and International Standards

The amount or penetration of harmonics had previously been largely increasing, thereby affecting
the performance and efficiency of the system [20]. Harmonics are generated in the system because
of non-linear or critical loads. Harmonics exist in a power grid or power distribution network in
the form of series and parallel resonances generated by harmonic current loads, which increase the
source voltage and current total harmonic distortion. However, modern technologies in power quality
improvement mitigate current, voltage, active and reactive power, voltage zero-crossing, and other
issues, such as harmonics, voltage sags and swells, notches and flickers, spikes and glitches, and voltage
imbalance [21].
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Harmonic sources are generally classified into two types on the basis of system impedance,
namely, current and voltage types [22]. A diode rectifier with smoothing inductor is categorized as
a current harmonic source because it produces the current harmonics at the source side, which is
the input of the rectifier. A diode rectifier with smoothing capacitor is a voltage harmonic source,
which is affected by the AC-side impedance and generates harmonics at the output of the inverter.
Two international standards of IEEE-519, namely, IEEE Recommended Practices and Requirements
for Harmonic Control in Electrical Power Systems and IEC 61000-3-2 [23,24], provide limitations
and guidelines for manufacturers and power utility companies that are connected to the power grid.
These standards address harmonic issues, such as current harmonics, power quality, grounding,
and voltage harmonics.

3. Methods for Mitigating Harmonics

Different methods are adopted to mitigate harmonic contents in power grid-connected APF
systems [25]. PFs, APFs, and STATCOMs are improved technologies that solve harmonic power
quality problems [26].

3.1. Shunt PFs

PFs were introduced to mitigate harmonic compensation as an initial solution to power quality
issues in the power distribution network. This technology presents a simple economical solution
that consists of different series and parallel combinations of inductors, capacitors, and damping
resistors [27]. Figure 1 shows the commonly used PF configuration [28].

ER ER IC
. 1.

Figure 1. PF structures: (a) single-tuned; (b) first-order high-pass; (c) second-order high-pass; (d) LCL;
and (e) LLCC filters.

Each operation is influenced by the fundamental source impedance. The filtering characteristics
depend on the values of the inductance and capacitance sets. The operation is tuned according to
the required harmonic order, such as first, second, and third order, to track the requisite harmonics.
Studies have presented many PF design techniques, such as series, shunt, single-tuned, double-tuned,
low-pass, high-pass, bandpass, LCL and LCC filters. The PF configurations are installed in series with
the power distribution system to provide high impedance and cancel the flow of harmonic current.
PFs are generally coupled with a thyristor-controlled reactor to improve harmonic mitigation and
reactive current component compensation. Some of the key practical limitations are as follows:

107



Energies 2018, 11, 1491

- PFsrequire a separate filter for each harmonic current, and their filtering range is limited.

- PFsallow only one component (either a harmonic or a fundamental current component) to pass
at a time.

- Large amounts of harmonic current saturate or overload the filter and cause series resonance with
the AC source, thereby resulting in excessive harmonic flow into the PFs.

- PFs amplify source-side harmonic contents because of the impedance in the source of parallel
and series negative resonances between the grid and the filter [29].

- The design parameters of PFs in an AC system depend on the system operating frequency,
which changes around its nominal value according to variable load conditions.

- PFs only eliminate frequencies to which they are tuned, thus resulting in limited compensation,
large size, and tuning issues.

3.2. Shunt APFs

APFs were introduced and investigated as a solution to the limitations of PFs. An APF consists of
an active switching device and passive-energy storage devices, such as inductors and capacitors,
which provide superior compensation characteristics, including voltage and current harmonics,
voltage imbalance compensation for utilities, and current imbalance compensation for consumers.
APFs mitigate reactive power, neutral current, changing line impedance, frequency variation, voltage
notch, sudden voltage distortion, transient disturbance, and voltage balance and improve the power
factor of voltage and current in medium-power systems [30].

Different APF topologies and control methodologies have been proposed and progressively
investigated as a perceived solution to critical issues in high-power load applications [31,32]. APFs are
classified into many categories in accordance to subsequent measures. The circuit structure of an APF
commonly includes a voltage-source PWM inverter with a DC-link capacitor. Evidently, current-source
APFs are superior in terms of compensating current dynamics. However, voltage-source APFs perform
better than current-source APFs in terms of filter losses and PWM carrier harmonic reduction. Table 1
shows the survey results for shunt and series APFs [11].

Table 1. Comparison of active power filters (APFs) in power quality improvement techniques.

Category Shunt APF Series APF

Connection with system Parallel with distribution system  Connected in series with distribution system

Action Current source Voltage source

Voltage ratéd at full lqad ratmg Current rated at full load rating
. . Current rating comprises partially - R

Filter rating . " Voltage rating is partially compensated

harmonic and partly reactive
voltage component
current Components
Harmonic load current filtering M{ant%on of voltage harmon}cs, sag, and swells
- . . Mitigation of current harmonics
Functioning Compensation for reactive current

Compensation of reactive current

Mitigation of current unbalance L
& Mitigation of current unbalances

Source impedance exerts no effect
on compensation for current
source loads.

Source and load impedance exert no effect on
compensation for voltage source loads.

Characteristics
of compensation

Injected current may cause excess

Application

current when applied to a voltage
source load.

A low-impedance parallel branch (for improvement of
power factor) when working with current source load

Load considered

Nonlinear/inductive current
source loads or harmonics
containing current source loads

Nonlinear/capacitive voltage source loads or
harmonics containing voltage source loads

The basic compensation principle of shunt APFs is eliminating the current harmonics generated by
critical loads. Generally, APFs are installed in a shunt position near the nonlinear load to compensate
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for the effect of harmonic nonlinearity [33]. APFs eliminate harmonics by injecting reactive or
compensating current at the point of common coupling (PCC) into the power network. Each APF
generates inverse harmonics as a mirror image to the nonlinear load harmonics, thereby canceling the
harmonics and leaving the fundamental component to make the source current purely sinusoidal, as
depicted in Figure 2 [28].

Line current Load current

M
Ls Lac — R
Y Y Y\ Y Y'Y —
PCC —oun
f\J [ Y Y Y\ Y Y Y Iarmonic source current-type
= AC Mai Y'Y YN —
- am
— Ci>R
J h Filter current N
IFi LF Ilarmonic source voltage-type
Diode Rectifier
Var Non Linear Load

Active Power Filter T c
(APF) Vae de

Figure 2. Basic compensation principle of the SAPE.

3.3. STATCOM

FACTS devices are increasingly required in modern transmission systems for high-power
transfers [34]. Two types of FACTS devices, namely, SVCs and STATCOMs [35], can restore active
power current and dynamic reactive power compensation [36]. These devices consist of the modular
unit of the voltage source converter (VSC) equipped with insulated-gate bipolar transistors (IGBTs)
for rapid switching and controlling using the PWM scheme. A STATCOM is a shunt device that is
connected with PCC to provide voltage support and active and reactive power, increase transient
stability and improve damping. A brief detailed classification of the FACTS devices is shown in
Figure 3 [37,38].

At the distribution level, STATCOM devices are operated as an active filter to achieve harmonic
filtering, power factor correction, neutral current compensation, and load balancing [39]. APFs are
an advanced technology that offers faster dynamic response, smaller size, lower system cost, and higher
performance under low-voltage oscillations than SVC devices. Energy storage devices improve
power quality and provide rapid controllable transient response to the bus voltage by injecting or
absorbing the corresponding amount of reactive power into or from the system. Such devices maintain
the minimum values of amplitude, phase, and frequency to control voltage flickers during fault
events. In addition, the inconsistent flow of reactive power between the supply power grid and the
loads is prevented [40]. Table 2 presents the best available solution for the specific compensation
challenges [41-43].
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Conventional FACTS-Devices
(switched) (fast, static)
R, L, C, Transformer Thyristor-Valve Valtage Source
Converter (VLC)

Shunt Switched Shunt StaticVar Stag;ns)/r:r:]ggrws
Devices Compensation (L, C) Compensation (SVC) (STApTCOM)

—>| TCR - Thyristor Controlled Reactor

Shunt Capacitive Compensati on

—>| TSR - Thyristor Switched Reactor

Shunt I nductive Compensation

—>| TSC - Thyristor Switched Capacitor

—>| M SC -Mechanically Switched Capacitor

Static Synchronous
Series Compensator
(S58C)

Series Switched Series Thyristor Controlled Series
Devices Compensation (L, C) Compensator (TCSC)

TCSR - Thyristor Controlled SeriesReactor |

TSSC - Thyristor Switched Series Capacitor |
TSC - Thyristor Switched Capacitor |
Series Capaditors |

Unified/Interline Power
Flow Controller
(UPFC/IPFC)
1

Shunt and Series Phase Shifting Dynamic Flow
Devices Transformer Controller (DFC)

STATCOM + SSSC coupled via a common DC voltage link. |<J

Shunt and Series HVDC Back to Back HVDC VSC Back to Back
Devices (HVDC B2B) (HVDC-VSC B2B)

Figure 3. Overview of the major FACTS devices.

The following sections discuss the high penetration of renewable energy sources in the electrical
power grid system for reactive power compensation and harmonic mitigation problems.

3.3.1. Multilevel PV-STATCOM Applications in Grid-Connected Systems

The conventional two- and three-level inverter configurations are not suitable for photovoltaic (PV)
applications in high-power-rating systems [44,45]. Many configurations are inefficient in harvesting
maximum power, have a low utilization factor, and require a large AC filter at the output for high
power quality. A grid-connected solar PV power conditioning inverter conventionally requires
a transformer for galvanic isolation to match the grid voltages with the inverter output. The concept
of PV-STATCOM systems is required to regulate real and reactive power through the converter and
mitigate the limitations of conventional PV inverters [46]. The cascaded H-bridge (CHB) inverter
in multilevel PV-STATCOM:s is an advanced configuration for high-solar-power applications and

110



Energies 2018, 11, 1491

has isolated input DC sources and no additional DC power source requirement for STATCOM
devices [47,48].

Table 2. Comparison of the advanced technology solution for the reactive power compensation challenges.

SVCPLUS . Synchronous
Technology MSC(DN)/MSR svC (STATCOM) Hybrid STATCOM Condenser
Provision of
short-circuit
Fast dynamic Fast dynamic Fast dynamic power, inertia,
- Compensation of compensation and compensation and compensation and dynamic
Application : .
predictable load voltage recovery voltage recovery voltage recovery compensation,
during faults during faults during faults and voltage
recovery
during faults
Switching Limited switching only ~ Unlimited switching Unlimited switching ~ Unlimited switching S;S:;‘;ﬁug
v/1 No response Good Superior under Superior under Good
characteristic P overvoltage performance voltage performance  voltage performance overload capability
Adjustable by MSC Adjustable by Symmetrical output: ~ Unsymmetrical output: ~ Adjustable by

Control range

and MSR ranges

branch ranges

Adjustable range

Adjustable range

generator size

Inbuilt redundancy in

Inbuilt redundancy

Inbuilt redundancy in

Depending

Redundancy No inbuilt redundancy . . power modules and in .
thyristor valves in power modules . on solution
thyristor valves
. TCR is source of Harmonically Harmonically B
Harmonics Susceptible harmonics—AC self-compensated—no  self-compensated—no Not susceptible

to harmonics X . to harmonics
filters required

filters required filters required

2-5 cycles, depending

Response time
P on breaker

2-3 cycles 1.5-2 cycles 1.5-2 cycles seconds

Operation Very low, depending Low, primarily visual Very low, primarily Very low, primarily Low, inspection

and maintenance on breaker inspection visual inspection visual inspection every 3—4 years

]1\_/?\5/:; ato 0% 0.3% of the rated output  0.15% of the rated 0.15% of the rated ~1% of the rated
o

output power power output power output power output power

Availability >99% >99% >99% >99% >98%

In the study of [49], a PV inverter operated as a STATCOM for the optimal use of the system,
provided active power during daytime, when solar energy is available, and provided reactive
power when irradiation was low. Similarly, in several studies, PV inverters operated as STATCOMs
during daytime to provide the reactive power compensation in a distribution utility network [50,51].
However, the performance of the system depends on the rated capacity of the inverter, the constant
DC-link voltage, and the maximum power point (MPP) instant time tracking in the distribution utility
network [52]. In the study of [53], a PV-STATCOM was adopted with active power filtering against
power quality issues in the PV system, such as transient voltages, voltage flickering, and harmonics.
Therefore, a PV-active filter-STATCOM is designed for harmonic mitigation and continuous regulation
of reactive power for grid applications.

In the study of [54], a SHAPF based on a cascaded H-bridge multilevel inverter (CHB-MLI) was
tested for high-power PV applications with reduced filter size, maximized PV cell power extraction,
and improved utilization factor through reactive power compensation. With advanced level controls,
the PV-STATCOM system can be adopted for active filter applications. Furthermore, PV-STATCOM
inverters improve the stability of voltage-sensitive loads during grid fault conditions [55]. In the study
of [56,57], a PV-STATCOM without a DC-DC converter was tested; reduced switch count configurations
controlled the DC-link voltage through the operation of STATCOM, and the PV-STATCOM system
improved the utilization factor and power quality by compensating the reactive power reference in
the range of 0-1 P.U. with reduced system size and cost. In study [58] emphasized the necessity of
multifunction PV inverters and different active and passive controls in resolving power quality issues.
Furthermore, three different controls, namely, abc, d—q, and alpha-beta controls, were discussed
A brief
review of anti-islanding techniques and power quality issues were discussed in the study of [60].

with a comparison of suitable topologies on the basis of consumer applications [59].
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A comprehensive review of power quality, stability, and protection and the negative impacts of PV
systems due to voltage parameter control and static compensation techniques in the power distribution
grid were discussed in the studies of [61,62]. Meanwhile, [63] investigated a CHB-based inverter and
modular multilevel converters for STATCOM applications and compared reactive power controls for
large PV applications [64].

Independent DC links make CHB-based inverters a suitable candidate for PV and STATCOM
applications because of the following advantages: (a) a small filter produces low THD; (b) an output
transformer is unnecessary because of the increased number of modules, which extend the output
voltage level with low rating; (c) the cost and size of the power components are reduced by the
low-voltage-level operation; (d) the cost and size of the power components and auxiliary equipment are
reduced because the voltage levels in each module are low. A modified selective harmonic elimination
PWM (SHE-PWM) technique was discussed in the study of [65] for a transformerless STATCOM that
was tested using the CHB configuration for grid applications [66,67]. The independent DC-link sources
in PV-STATCOM applications reduce system cost. Therefore, the CHB-MLI multilevel configuration
with phase-shifted modulation techniques is suitable for large-scale systems [68]. An advanced
selective swapping scheme was adopted in a 154-kV 21-level CHB inverter-based STATCOM system
to reduce the issue of DC ripple voltage [69].

In the study of [70,71], a sinusoidal voltage waveform was achieved using SHE-PWM.
Furthermore, in the study of [72], the sensors at the DC-links were eliminated by adopting the control
due to the nonlinear parameter uncertainties presented for the CHB-MLI in the study. Zero-sequence
voltage and negative sequence current schemes were tested under one- and two-line faults for
a CHB-based STATCOM to reduce switching losses [73]. Another active power balance control scheme
was tested to regulate the reactive power for a CHB inverter; the positive- and negative-sequence
control components were monitored for DC-link voltage balance under the balanced or imbalanced
conditions of the grid voltage [74]. Therefore, a PV-STATCOM inverter operates on two AC-source
controllers at the same frequency level. The sources with high voltage amplitude provide reactive
power to the other sources. In this study, the magnitude of the inverter output depends on the reference
reactive power signal. Similarly, the sources with leading phase angle provide active power to the
other sources. In conclusion, the STATCOM can be used to eliminate harmonics and compensate for
lagging and leading VAR.

STATCOM devices aim to provide rapid load voltage regulation along the controllable exchange
of reactive power in the system, as well as achieve power quality improvement, reactive power control,
voltage regulation, power swing, and improvement of transmission line capacity during power
system faults [75]. However, many other power converters, such as DSTATCOMs [76], UPQCs [77],
and DVRs [78], also eliminate harmonics and imbalance issues in the generation and utilization
of the system [79,80]. A DSTATCOM is a synchronous voltage generator or a static synchronous
compensator with a coupling transformer, an inverter, and an energy storage device similar to that of
the configuration of a STATCOM. The DSTATCOM injects or absorbs uninterrupted capacitive and
inductive reactive power into or from the distribution system [81].

The AC-controllable VSC can be used as a multifunction STATCOM with modified control
structure to provide harmonic elimination, reactive power, and load imbalance compensation under
nonlinear loads and non-ideal main voltage conditions. The potential applications of STATCOM
devices such as APFs, are tested for active power filtering, and reactive power supplies are considerably
attractive to distribution engineers [82]. Table 3 demonstrates reactive power-compensating devices
against various control parameters that are related to the said devices [83,84]. These parameters are
automatic voltage control, STATCOM, SVC and thyristor-controlled series capacitor.
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Table 3. Comparison of control parameters affected by reactive power-compensating devices.

Parameters Static Capacitors Capacitor & Reactor Bank ~ AVC STATCOM SVC TCSC UPFC
Reactive power ** Hrt o okt ikt e .
Active power B *t * * ot
Voltage stability s % % hkk *kk ok kR
Voltage control 3 % e hkk sk *% sk
Flicker control * okt . .
Harmonic reduction * .
Power flow control ek .
Oscillation damping * okt ot . .

High number of “*” is preferred.

3.3.2. Wind Turbine STATCOM (WT-STATCOM) Applications in Grid-Connected Systems

The evolution of power electronic technology has created two generation of FACTS devices in
wind farms. These devices are classified into two generations, namely, the old thyristor-type and the
advanced VSC-type [38,85], and are used to mitigate voltage instability, reactive power problems [86],
and harmonic distortion to improve the power quality of the network [87].

The thyristor-based FACTS devices in wind farms are SVCs. The main structure of the SVC
consists of capacitors and inductances that are controlled by thyristors. The STATCOM consists of
a main component of modular VSC, which is equipped with IGBTs that are controlled by PWM.
Figure 4 shows the structure of an induction generator-based wind turbine and a STATCOM that
is connected to a grid and a wind turbine terminal [88]. A coupling transformer is installed to
provide galvanic isolation and to control the flow of reactive power during steady- and transient-state
conditions [88]. With these modified control strategies, the STATCOMs are superior to other mitigation
methods, such as SVCs and series-saturated reactors during normal and transient conditions [89].

Vece Vyid

X

Transfor mer [
_ l | vl =
Wind turbine | |
Vecc |
I VSC I A
| Control
I [*— sysem
| sratcom l I A
> | Ve
— |_C| o I
Capacitor Inductor l_ —_— ; JE— |

STATCOM

Figure 4. The structure of the WT based FSIG connected to STATCOM.

An energy storage system (ESS) with STATCOM provides a new robust decentralized control
operation for high-wind-power applications [90]. The controller operates on the linear quadratic
output-feedback method and provides a promising solution for high-wind-power systems [91].
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Another robust STATCOM control was presented [92], and it controls the active and reactive
power and pitch angle of wind turbine induction generators for improved low-voltage ride through
(LVRT) capability. The limitation of this control is the enhanced torque produced inside the induction
machine, which produces a high maximum torque and stresses the drivetrain during fault recovery.
Therefore, an advanced indirect torque control (ITC)-based control is used to limit the maximum
torque of the STATCOM controller [93].

In another study [94], the STATCOM and SVC were compared in terms of LVRT development.
The STATCOM, which is 15% cheaper than the SVC, is the more economical solution. In conclusion,
SVC devices have limited capabilities at low voltage levels. However, advanced STATCOMs can
maintain reactive power output over a wide range of voltages with a smaller structure and faster
control response than SVC [94].

Generally, a STATCOM FACTS device is installed for an entire wind farm [86,95], multilevel
full H-bridge whereas an SVC-type thyristor-controlled resistor (TCR) device is installed for a single
wind turbine. Besides reactive power regulation, these FACTS devices provide isolation and firewall
protection to wind turbines against the effects of grid disturbances and connect the wind turbines with
low X/R ratio or weak grids [96]. A study [97] therefore used a hybrid electrolyser and fuel cell system
to control the ramp rate of wind turbine power and enhance the voltage quality at the PCC. The system
stopped the inrush power flows in the electrolyser and the fuel cell path by controlling the frequent
start-up and shutdown of the fuel cell stacks, which are effects associated with the grid-connected
wind farms. STATCOM-based control methods [98] are adopted to regulate grid reactive power and
maintain a suitable level of voltage sag on the grid and prevent the wind turbine from disconnecting
from the grid during faults. The unified power flow controller is one of the most advanced FACTS
devices used in wind applications and consists of two power converters. One converter controls
as a STATCOM and the other operates as a static synchronous series compensator to control power
flow with the limitation of high cost [99,100]. During grid faults, the reactive power demand can
be compensated by an external dynamic STATCOM and an ESS [101], such as hybrid battery—super
capacitor energy storage [102]. The ESS system with STATCOM provides a promising solution for
wind power system applications [91].

4. Standard Classification of Shunt APFs

Generally, APFs are classified into two categories, namely, DC and AC power filters. DC-APFs are
designed with a thyristor configuration for high-power drives [55] and high-voltage DC systems.
An AC-APF configuration consists of active solutions, such as active power quality and line
conditioners and instantaneous reactive power compensators for current and voltage harmonics.
Shunt APFs are classified under three categories, namely, topology-, converter-, and phases-type
configurations. Topology-type filters can be delegated as shunt, series, and hybrid APFs (HAPFs),
as shown in Figure 5.

Converter-type filters are classified as VSI and current-fed-type inverters (CSI). Figure 6a illustrates
the configuration of the CSI-APF, a bridge structure topology that consists of a diode that is connected in
series with a semiconductor self-commutating switching device (IGBT) [28]. The diode is used for reverse
voltage blocking with the interfacing DC energy storage inductor in the system. This topology shows high
value losses and requires high-value installed AC power capacitors. Furthermore, the dynamic response
time is slow, and additional complex control is required to regulate the harmonic current.

114



Energies 2018, 11, 1491

Power Rating & Speed
Response

REDUCED <« Power Connection
COMPONENTS

l APF
| |

D R N S

Low Power Medium Power High Power Shunt APF Series APF Hybrid APF | vrgc |
Application Application Application
(<100KVA) (100kVA-10MVA) (>10MVA)
Shunt AF +
l l Series AR
i Series AF +
3-Phase 3-Phase | [Capaciior|[Standard |[ Lattice || Voltage e
N Parallel PF
System System Inverter || Switched || Structure || Regulator

1-Phase
System

3-Phase
System

|

Parallel AF+
Parallel PF

Inverter

10us-1s response 105 response |
)

Serics AF +

(3-Phase C ) || (3-Phase Cq Voitage Source Parallel PF
l l tnverrer
10us-10ms 100us-10ms 10us-10ms . .
response response response APF: Active Power Filter
c (1-Phase ((Jxl-l hase c (3-Phase PF: Passive Filter
) ) )

Figure 5. Hierarchical structure of APF classifications.

Nonlinear Nonlinear
Load Load
AC Main ilc AC Main ilc
Active Power | - Active Power _|
Filter Filter
L] @ L (o)
Vdce Vde

Figure 6. (a) Current-fed- and (b) voltage-fed-type inverters.

The VSI-APF is illustrated in Figure 6b. This inverter is installed at the load tail in the power
network and fed from the energy storage capacitors. This category is more widely used than
CSI-APFs and present advantages on PWM-CSI, such as easy installation, simple circuit, low
cost, and convertibility to multistep versions with low switching frequencies. These inverters
are generally used to eliminate current harmonics, compensate reactive power, and improve
imbalanced current. The load phase-type connection is contingents upon three configurations, namely,
two- (single phase), three- (three-phase without neutral), and four-wire (three-phase with neutral)
configurations [103]. Furthermore, in terms of connections with main power systems, VSIs are divided
into three configurations, namely, series, shunt, and arrangements of series and parallel as UPQC [58].

Figure 7a shows series APF topology [104]. The PWM waveform is injected in the system on
an instantaneous basis to maintain a pure sinusoidal voltage waveform across the load. A matching
transformer is used near the load end to eliminate voltage harmonics. This transformer balances
the load terminal voltage and reduces the negative sequence voltage helping in controlling the
voltage regulation and harmonic propagation caused by resonance in three-phase electric utilities.
This configuration is less used in the industry than other configurations to address the limitation
of handling high load currents, high system current ratings, losses, and filter sizes. Table 4 shows
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a critical technical and economic comparison of the power quality improvement techniques found in
cited publications regarding shunt APFs [105].
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Load Load
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AC Mains C
AC Main NT\(\ an L
Shunt Passive

. 1 Filer
Active Power| _I Series Active; _I
Filter Filter
O D
«— «—
Vdc ® Vde ®

Figure 7. (a) Series and (b) hybrid APFs.

Table 4. Comparison of APFs in terms of power quality improvement techniques.

Attributes Types of Filter

Passive Filter Active Filter Hybrid Filter DSTATCOM UPQC
Reactive power compensation Poor Good Good Excellent Excellent
Harmonic suppression Fixed Adjustable Fixed Adjustable Adjustable
Resonance May exist No No No No
Load compensation Not provided Not provided Not provided Excellent Good
Power rating of power converter - High small Highest small
Power converter switches - 6 4,6 4,6,12 4,6,8,12,18,24
Total cost Lowest High Moderate High Highest

Cost depends upon the amount of switches.
Shunt Hybrid APFs

HAPFs are low-cost systems that compensate harmonic and voltage regulations. Such a system is
a combination of passive and active filter devices, as depicted in Figure 5b. HAPFs are arranged into
three topology configurations, namely, the combinations of parallel APF with shunt PF, series APF
with shunt PF, and APF in series with shunt PF, as shown Figure 8a—c. In the series APF with shunt
PF, the active filter is connected across the series to provide high impedance and isolation path for
the harmonics to follow in the shunt PF. This configuration is commonly tested in medium-voltage
level systems to provide reactive power, voltage harmonic compensation, and three-phase voltage
balancing [106].
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Figure 8. Cont.
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Figure 8. (a) Shunt APF with shunt PF; (b) Series APF with shunt PF; and (c) APF connected in series
with shunt PE.

Table 5 summarizes the utilization of shunt APF and HAPF configuration for specific
applications [11]. In the shunt APF with shunt PF configuration, both components are connected in
shunt position to the main power supply. The shunt APF cancels the low-order current harmonics
left by the shunt PF. Both systems are used to eliminate the fundamental reactive power and
high-order load current harmonics in high-power systems. Nevertheless, such a system uses a large
amount of passive components. Thus, this system is limited to single-load system applications.
The series-connected APF with shunt PF is used in medium- and high-voltage applications, in which
the DC-link voltage is maintained constant by the APF circuit. Moreover, PFs maintain the fundamental
voltage component of the grid to a minimum value to reduce system size, cost, and voltage stress on
active switches during filtering [107].

Table 5. Selection of shunt and hybrid APFs for specific applications.

Number Application Types of Filter
Series Shunt Hybrid Filter Hybrid Filter
Active Filter Active Filter (Active Series and (Active Series and
Passive Shunt) Active Shunt)
1 Voltage harmonic compensation * * *
2 Voltage flicker reduction * * *
3 Removing voltage sags * * * *
4 Improving voltage regulation * * * *
5 Reactive power compensation * * *
6 Current harmonic compensation * * *
7 Neutral current compensation * *
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Table 5. Cont.

Number Application Types of Filter
8 Improving load balancing *
9 (1+4) * *
10 (1+2+3+4) * *
11 (1+4+5+6) * *
12 (1+5) * *
13 (5+6) * * *
14 G+6+7+8) *
15 5+6+8) * *
16 6+8) *
17 (5+7+8) *

nn

indicates the filter system can preform the mention operation.

Circuits are further classified into three additional categories on the basis of the number of phase
configurations, namely, single-phase two-wire (1P2W), three-phase three-wire (3P3W), and three-phase
four-wire (3P4W) systems [108]. These circuit categories are applied at high frequency in low-,
medium-, and high-power systems, respectively [68,109]. 1P2W filters are further classified as
passive—passive [69], passive-active [70], and active-active systems [71,110,111]. Similarly, 3P3W
filters are divided into passive—passive [72], passive-active [73], and active-active systems [67].
Finally, 3P4W filters are further classified as passive—passive, passive-active, and active-active
systems [67,112]. Operating a three-phase power supply in a single-phase load system results in
imbalanced neutral current and reactive power load problems. Therefore, many limitations are
addressed by the four-wire hybrid configuration. However, the capacitor midpoint switch type is
adopted for low-rating applications and the four-leg switch type is for controlling the neutral in the
HAPF applications. Some of the practical limitations of shunt APFs are as follows:

- The initial installation cost is high.

- The control structure and design are considerably complex. Moreover, the increased harmonics
and losses complicate filter control.

- With rapid dynamic current response and high-power rating system demand, the APF presents
a design trade-off.

5. Advanced Classification of APF/STATCOM

Cost reduction is an important aspect in designing power converters, particularly in
low-power-range industrial applications, such as power filters, variable-speed motor drives,
uninterruptible power supplies, and static frequency changers [113]. Table 6 shows the results of
testing a reduced number of power converters or inverters for minimizing losses and increasing
system feasibility [114-117]. Moreover, the attributes and parameters of different DC-AC inverters
are compared. On the basis of the total number of switches or reduced switch count configuration,
modified APF inverters are classified as AC-AC power converter, parallel inverter, and split DC-leg
inverter topologies.
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Table 6. Comparison of different DC-AC power inverter topologies.

. Electrical Efficiency .
Topologies Isolation (%) Advantages Disadvantages
Single bus inverter with .- )
two paralleled half bridge No - -Minimum component count  -Large dc filter components
Dl.ml bu.s inverter with two split half No - -Reliability and flexibility -High component count
bridge single
Lo . -Complex control; for
phase 3 wire inverter Yes - -Small passive component . S
non-isolated circuit
Dual phase inverter with transformer Yes - -Boosting capability -Higher cost and size
Three-phase PWM inverter Yes ~98% -Simple design and control -
High frequency link inverter Yes ~96% -Boosting capability _nghly complex; higher cost
and size
-Boosting capability; save .
Z source inverter No ~98% cost, no need for extra Com}:‘vlex'control, current
stress is high
dc/dc converter
-Low power density; needs
LLCC resonant inverter No ~95% -Lower current ripples; soft  large volume and weight of

resonant filter
magnetic components

switching techniques

5.1. AC-AC Power Converter Topology

Figure 9a illustrates the system configuration of 3P3W AC-AC APF power converter topology
that is connected with the distribution network and three-phase nonlinear harmonic-producing loads.
The H-bridge converter circuit, represented by “H” is connected with a single DC-link capacitor
(C4c) [118,119]. This circuit consumes different numbers of switches installed in series and shunt and
hybrid combinations of SAPF systems. The compensating current is injected into the AC distribution
network at the PCC by coupling AC inductors or transformers [120]. The 3P3W AC-AC APF-VSI
configuration consists of six and nine semiconductor devices, compared with the twelve switches in
the conventional circuit [121-123]. The H-type APF topology, together with the DC-link capacitor,
successfully reduces heavy switching power loss and minimizes voltage stress on active switches.
However, this topology exhibits drawbacks in the form of DC-link voltage imbalance and minimum
adept DC-link voltage [124].
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Figure 9. (a) AC-AC inverter topology and (b) control block of the proposed hybrid power filter based
on SSTL inverter.

A six-switch inverter circuit, which consists of a two-leg inverter coupled with a single DC-link
capacitor, is presented [125]. The number of semiconductor devices is reduced from a two-leg
nine-switch inverter to a low-cost two-leg six-switch inverter circuit. The six- and nine-switch APF-VSI
is connected in series with two passive LC filters in shunt position to the AC power transmission
line without installing any matching transformer. The improved compact circuit design displays
higher compensation results than the conventional 3P3W APF-VSI. A combination of feedback and
feed-forward control loops is adopted as an advanced control scheme [126,127]. Figure 9b illustrates
the control block diagram, which controls each unit and consists of three subsystems [128], which are
a top and a bottom inverter unit and a shared control unit. Each PF is tuned at different harmonic
frequencies to mitigate the 5th and 7th harmonics at the top inverter and the 11th and 13th harmonics
at the bottom inverter. This PF also maintains the balance of DC-link voltage compensation. To reduce
the DC-link current through the DC side of the system, a capacitor is installed between the DC-link
poles and the PCC [129]. However, the shared control unit operates with PLL scheme, which consists
of a simple and robust voltage pre-filter. This unit generates a quasi-square wave, thereby proving its
advanced compensation and harmonic contents compared with those of conventional APF systems.
Additionally, the H-bridge modular structure type reduces manufacturing cost and presents rapid
production rate and high reliability. The controller should track a single capacitor voltage, thereby
reducing the complexity of the voltage regulation, and requires additional voltage sensors in terms of
multilevel inverter configurations [130,131].

5.2. Parallel-Inverter APF Topology

A dual-hybrid converter stage or parallel-inverter topology is depicted in Figure 10 [132].
In this topology, the rectifier and inverter are coupled with a parallel DC-link storage device in
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the APF topology but maintains a large number of switching devices. The conventional coupled
back-to-back H-bridge inverter is a well-established, low-voltage configuration used in many industrial
applications [133,134]. This inverter usually consists of twelve switches. On the contrary, the improved
configuration eliminates four switches from each inverter, thereby reducing the total number of
switches to eight; the scheme is adopted to eliminate a single leg in each power converter by connecting
the third phase to the negative terminal of the individual VSI [135]. The new configuration increases
system reliability and decreases voltage stress across the active switches.

Yk > —> R
PCC Transmission Line Y
. . Y

Cr Cr
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S
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Figure 10. Parallel inverter topology.

A large-value DC capacitor is needed for stabilizing voltage balance across the DC-link capacitors
and producing reactive power in high-power dynamic load systems. However, the DC-side energy
storage component is the main limitation contributing to circuit failure. The DC energy storage
components shorten the lifespan of the converter [136]. In addition, these components are expensive
and largely fail in a power electronic circuit. Many factors, such as dissipation of heat, degradation
of energy parameter, and high value of voltage capability, contribute to the high failure rate. The DC
energy storage component is arranged in the aluminum electrolytic capacitors, which act as filters
and energy buffers to the AC voltage ripples in the APF system. The aging of the aluminum
electrolytic capacitors increases its internal resistance and contributes the most to frequent damage
in operation [137]. In addition, these capacitors are expensive, large, and heavy and primarily cause
power converter failure.

Switch reduction leads to a complex control and structure design for stopping the flow of
zero-sequence current that circulate between the two power converters. Hence, the most suitable
solution is installing a transformer or isolating the DC capacitors [135]. The parallel inverter
topology presents limitations in the form of an oversized DC-link capacitor, restricted amplitude
sharing, and limited phase shift at the output terminals. To overcome the issue of switching
losses and electromagnetic interferences due to high switching frequency, soft switching techniques,
such as zero-voltage transition and zero-current transition schemes, are adopted [138]. A control
technique is implemented on the basis of feed-forward and feedback loops, as shown in Figure 9b.
The low-frequency inverter (LFI), tuned at 550 Hz, mitigates low-order harmonics, and maintains
the DC-link voltage and reactive power demand on the system constant. In the arrangement,
the high-frequency inverter (HFI), tuned at 750 Hz, eliminates the remaining high-level harmonics.
The control block functions in two loop modes, namely, feed-forward loop, which controls the
LFI and improves the dynamic response from the system, and feedback loop, which operates
the HFI and obtains high steady-state and harmonic compensation results. The Clarke and Park
transformation technique is adopted to determine the cosine and sine components. The synchronous
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reference frame (SRF) method is used to generate the reference current for the parallel APF inverter
topology [139]. Table 7 compares mainstream power converter topologies according to different
topology parameters [140,141].

Table 7. Comparison of mainstream power converter topologies.

Nine Switch

Seies pppatogyrestures  Reonfir  VSC 21 Convenr Comener  ACAC
Converter

1 Need controlled switches None Less Less Large Large Least
2 Circuit configuration Simple Simple Simple Complex Complex Simple
3 Cost Very low Moderate High Very high high Low
4 DC-link capacitor Yes Yes Yes Yes No Yes
5 Operational stages Two Two Two Two One One
6 Waveform quality Good Better Better Best Better Depends
7 Harmonic distortion High Moderate Low Least Low Depends
8 Switches losses None High High Low Low High
9 Conduction losses Low Low Low Highest High Low
10 Reliability High Low High Low High Low
11 Bi-directional power flow No Yes Yes Yes Yes Yes
12 Control complexity Easy Moderate Moderate Col;An(;)sltex Cidn(;; ‘ complex

5.3. Split DC-Leg Inverter Topology

Split DC-link topology provides a neutral common point for three-phase VSI, 3P3W, and 3P4W
systems [142,143], and uses two connector pairs to split the single leg, thus providing a neutral
path or midpoint connection [144,145], as depicted in Figure 11. The three-leg split capacitor and
four-leg VSI-based topologies are the most demanding configurations for the 3P3W APF system.
However, the two-level VSI configuration is inappropriate for filtering and harmonic compensation
in high-power applications. The four-switch (B4) inverter uses four switches and four diodes, unlike
the practical six-switch inverter (B6) [146]. Split DC-link topology uses few semiconductor devices,
a feature that helps the neutral current, which consists of a small fundamental value of AC components.
Table 8 compares the performance of the split DC-leg APF with the conventional APF topologies [147].

Table 8. Performance comparison of split DC-leg APF with conventional APF topologies.

Split DC-Link topology Conventional Topology

Advantages Disadvantages Advantages Disadvantages
. . Unequal voltagg sharing in Handle unbalanced and ~ Need two or many
Simple design between the split .
extra switches

capacitors legs

nonlinear conditions

Fewer converter switches

Need an expensive capacitors

Low DC-bus voltage

Complicated
control strategy

Simple and fast current
tracking control

Unbalanced and nonlinear
loads reason a split
voltages perturbation

AC output voltage can
be greater (about %15)

than the output of split
DC-link topology

Need a neutral point
balancing technique

Lower ripple in the
DC-link voltage
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Figure 11. Four-switch DC-split voltage source inverter topology.

The drawback of split DC-link topology is its need for an expensive and large capacitor value to
achieve equal voltage sharing between split capacitors [148]. Under severe imbalanced and nonlinear
conditions, a large amount of neutral current flows through the neutral path, thus causing perturbation in
the control scheme. However, due to its circuitry, split DC-link topology utilizes less expensive capacitors
to provide a maximum available line-line peak voltage (V. /2) and maintain a low-ripple DC-link voltage.
The dual-bridge inverter practices the B4 technique and eliminates variations in the current and voltage of
DC-link capacitors. In 3P4W inverters, the AC voltage is 15% higher than in split DC-link inverters [149,150].
Hence, the three phase four-leg (3P4L) inverter shows superior performance under imbalanced and
nonlinear conditions at the cost of a complicated control scheme. PWM or space vector modulation (SVM)
techniques are adopted to generate reference signals for the PWM inverter. An overview of advanced core
technologies for the power quality systems of high-power electronics is illustrated in Figure 12 [88,139].
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Figure 12. Overview of advanced core technologies for power quality systems of high-power electronics.
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6. APFs/STATCOM Control Techniques

The primary operation of power converters depends on the control modulation strategies for
controlling parameters such as switching losses, THD of the output current or voltage, amplitude, frequency
and phase synchronization, sudden dynamic response, and power factor correction [151]. Generally, APF
control is divided into two sections [152], specifically, reference signal estimation technique. As depicted
in Figure 13, reference signal estimation is further classified into two sub-categories: current or voltage
reference synthesis and current or voltage reference calculation [153].

Control signal techniques are sub-categorized further into two domains, namely, frequency-domain
and time-domain as shown in Figure 13. However, depending upon open- and closed-loop concepts,
closed-loop control is sub-classified into constant inductor current, constant capacitor voltage, linear voltage
control, and optimization techniques [154]. These techniques are further arranged into modern control
techniques for output voltage control, current regulation, harmonic filtering, and compensation in all
critical circumstances [155,156].
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Figure 13. Different control techniques.

Frequency-domain techniques are more accurate and efficient than time-domain approaches
for generating certain reference signals. Techniques such as Fourier transform analysis [157],
sine multiplication technique [158], and modified Fourier series technique [159] estimate the existing
harmonics in the system and generate reference signal in response to the present harmonics.
However, compared with time-domain techniques, frequency-domain techniques are limited by their
need for complex control circuitry. Moreover, these techniques require more time (one cycle) than
time—domain methods to calculate Fourier coefficients, reference currents, and voltage signals for the
sampling of variable coefficients. Meanwhile, time-domain techniques use instantaneous p—q theory [160],
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synchronous d—q reference frame theorem [161], synchronous detection theorem [120,162], constant
power factor algorithm [163], PI controller [156], fuzzy controller [164], hysteresis controller [165],
and sliding-mode controller [166]. Methods such as dividing frequency control [167] and extension
p—q theorem [168] are implemented to generate the reference signals, which implement the p—q technique.
Similarly, the synchronous d—q reference, known as SRF, practices the notch filter method [169] for
calculating the voltage and current reference for the synchronously rotating reference frame, as in the case
of the DC bus feedback voltage-fed APFs. Besides these control methods, other controllers are widely
practiced in the operation of APF systems, including indirect current and adaptive DC-link control [47],
PWM control [170,171], sine wave triangle PWM [172], deadbeat control [173], adaptive fuzzy dividing
frequency controller [174], synchronous flux detection algorithm [175], neural network [176] and reactive
current extraction [177].

7. Advanced Control Techniques for APFs/STATCOM

The reduction of switching components in any system leads to certain limitations. To overcome
these, two advanced control techniques are adopted for operating the reduced switch count inverter,
namely, SPWM and SVPWM, which operate in open- and closed-loop strategies, respectively. SVM is more
complex than SPWM in optimizing control; switching schemes are selected according to the appropriate
designs of the inverter and the topology [178]. This section provides a detailed review of the two advanced
modulation methods and compares their advantages and limitations in matching the reduced switch count
inverter topologies [171].

7.1. Sinusoidal Pulse Width Modulation

SPWM is one of the standard modulation techniques in switching power converters [179]. To control
the gate switching signal for inverter operations, a low-frequency sinusoidal reference signal as comparator
is compared with a high-frequency triangular carrier signal. The comparator output defines the operating
range of switching orders. In addition, the key factor to consider in modulator design is amplitude
distortion, which is caused by variations in the DC-voltage source. To control the desired line voltage
frequency, the frequency of the modulating sinusoidal signal defines the inverter output. The amplitude
distortion of the PWM waveforms stops the amplitude of the fundamental component and produces
low-order harmonic contents [180]. However, THD and power dissipation are two of the key issues in
high-power converter applications. Thus, a fundamental frequency SPWM control method is adopted to
minimize switching losses and optimize harmonic contents. The SPWM modulation scheme can easily be
implemented for single- and multiple-carrier applications. Multicarrier SPWM control techniques increase
the performance of high-level inverters.

Sinusoidal SPWM is the most enhanced technique in PWM [181] and offers the key benefits of easy
execution, low THD and harmonic output, and low switching losses. Similar to the six-switch converter,
the SPWM is implemented in a reduced four-switch configuration. The comparators and the carrier signals
are similar to those in the conventional SPWM; the only difference lies in the command to control the
reference signal pattern for controlling the four-switch power converter. Reduced switch count inverters are
not symmetrical; thus, the phase shift between the reference signals changes to compensate for the DC-bus
voltage fluctuations [182]. Moreover, minimal single-phase current passes through DC-link capacitors but
at the cost of complex control strategies and additional hardware. Phase voltages are preferred for the
power converter presented in Figure 12, as discussed below:

vy = Vi sin(wt) 1)
vy = Vi sin (cut - 2%) 2)
ve = Vi sin<wt + Z?N) 3)
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When the third-leg phase of the VSI has no control, the middle connection point of the DC-link
(point O) is taken as the reference (as demonstrated in Figure 11).Therefore:

U = Vo — Ve = \/gvm sin <(Ut - 2%) 4)
. 27

Vpn = Vi — Ve = V3V, sin <a}t — 7) 5)

Uen =Ve—=Ve=0 (6)

The infinite value of the modulation bandwidth of periodic signal produces harmonics. Theoretically,
these harmonics are neglected in SPWM control; however, the harmonics in the carrier and data modulation
signal are filtered out by digital filters, such as Butterworth, Chebyshev, Bessel, Elliptic, and ITEA, which
minimize the time integral and enhance the filtering functions to eliminate carrier signal harmonics [183].

7.2. Space Vector Pulse Width Modulation

SVPWM is an enhanced control method for reduced switch count inverters and directly uses the
system parameters to determine the correct switching states and identify each switching vector [184,185].
SVPVM determines the duty cycle according to the modulation scheme. The switching vectors are divided
into six sectors in the complex space plane of (a, b). All the sectors are separated by combining the turn-on
and turn-off switching states of the power inverter. However, the lookup table and sector identification
make SVM a complex scheme for determining the switching intervals for all vectors. The two adjacent
switching state vectors are identified by the reference vectors. These vectors compute the turn-on and
turn-off states of each switch; the sectors or subsectors find the switching sequences and increase the
n-level of the power inverter, which requires a microprocessor and complex algorithms. The limitation of
SVM is that it needs a considerable amount of time to carry out fundamental calculations, thereby causing
delays in the process [186]. To overcome this problem, a large value of system reactive components and
advanced deadbeat control are used [187]. The fundamental voltage ratios and harmonic compensation
show better results in SVM schemes than in SPWM. Furthermore, SPWM also has a peak output voltage
that is 15% higher than triangular carrier signal-type modulation techniques [188].

Generally, the SVM scheme is used in multilevel power inverter systems and employs a maximum
number of different-level carrier waves to compare with the reference voltage signals, thus generating
the n-level space vector that consists of per-sector and n-switching states for positive, zero, and negative
switching sequences [189,190]. These vectors are divided among three groups, namely, small, middle,
and large value vectors. Furthermore, the reference voltage depends on the voltage vectors and its dwelling
times during the sampling period (T5) for the output voltage. The switching status and the pole voltages
are determined by the switching status and can be calculated as follows:

1
Vnz = g(VAZ + Vgz + Vez) 7)
Vg = Van = Vaz — Vnz (8
v, = Van = Vpz — Vnz ©)
e =Ven =Vez — Vnz (10)

The combinations of the two-leg four-switch (S;-S4) converters result in four space vectors.
Expression (11) is used to calculate the vector representation of the three phase variables:

X 21 -4 -1 Ya
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Note that the B4 converter does not have zero vectors, unlike the B6 converter. Based on the
calculation of the remaining active vectors, the three pole voltages do not have the same potential
during the operation. To calculate the sectors, the volt-second integral is expressed in Expression (12):

— — — — —
VTsw = Vit + Vaty + Vats + Vaty (12)

The vector decomposition of the above equation along with the time weights restriction can be
written as: .
\iTsw cos ¢ = —Vjt; cos % + Vaty cos § + Vatzcos
VTwsing = —Vitysin§ — Vatysin Z — Vatssin £ (13)
Tow =t +t2+13

The modulation time is calculated by solving Expression (13) as follows:
2VT.
= Y2VTo o

0 9-7) (14)

6

(15)

1 ﬁVsin(q)))
2 E

f1—f2+Tsw<

t3=Tow —t1 — (16)

The calculated vectors choose the sequence for SVM modulation with high symmetry and low
switching frequency, as explained in study of [191,192]. Table 9 summarizes the evaluation of harmonic
detection methods for APF systems and power grid-tied practical applications [193].

8. Performance Evaluation of APF/STATCOM System

A filtering system is needed to analyze the performance of APF/STATCOM applications under
nonlinear load conditions. In the evaluation process, several features are important to calculate the
performance of the APF system, such as THD of output current and voltage, transient and steady-state
response, reactive power compensation and in some cases unity input power factor. The model
specification and performance of the filter are evaluated in accordance with standards such as IEEE 519.
The system consists of six active IGBT module inverters with a DC-link capacitor installed in the
shunt position with the power grid system. All the experimental parameters and results are explain
in the study [194], where a 2 kVA laboratory prototype test-rig is tested with the 5 kW three-phase
diode rectifier load. The utility voltage, load current, and utility current waveforms of the system are
seriously distorted and non-sinusoidal, thereby showing the nonlinear diode rectifier load as having
a THD of 39.48%. According to the IEEE standard 519, the minimum THD value in utility current
harmonics should be less than 5% and the preferred input unity power factor should not be less than 0.8.
As explain in the study, all the waveforms are nearly sinusoidal after compensation and the THD of
the utility current is reduced to 4.2%, with an output voltage THD of 3%. However, the rated DC-link
capacitor is selected to keep the voltage ripple under 1% and maintain a DC voltage of 300 V, which is
sufficient for proper and effective APF/STATCOM operation. To demonstrate the response time against
the sudden changes in nonlinear load, the system is tested during the step load changes (step-on
and step-off operations). The response time of the prototype is fast, achieving excellent performance
during the load change (0 to 100%), and vice versa. Table 10 summarizes the market review of
the available STATCOM, SVC and APF products for low and high power applications [195-201].
Traditionally, different manufacture sizes of STATCOM, SVC and APF devices are used to fulfil the
power grid requirement [202-205].
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Table 10. STATCOMs, SVCs and APFs technology products for high power applications available in

the market.
Available Sizes of STATCOM
Company Product Name/Types Voltage Level Single Unit Capacity
ABB PCS 6000 STATCOM (S]el" ezr;l'zT]y/ggallgg) KV 6-.......16) MVAR
HITACHI STATCOM (66) KV (20) MVAR
DONGFANG HITACHI (CD)
ELECTRIC CONTROL DHSTATCOM (6) KV (600..... ... .46000) KVAR
EQUIPMENTS CO., LTD.
CwESmOL KAMSKAAN Seltrel g s
GAMESA ELECTRIC STATCOM (11,8... .34,5) KV (1,5) MVAR
gﬁTﬁgM SOLUTIONS d105/d315 (S;()Voem”;ggaé (5... .15 KVA
ADF POWER TUNING ADF P700 STATCOM (6-36) KV ... 10) MVA
ADDNEW STATCOM/SVG (6,10, 35) KV (3) MVAR
AMSC D-VAR Up to (46) KV (£2... ....100s) MVAR
GAMESA STATCOM-EN ((é:éi;ﬁfn 'iii)sﬁ\r’mer) (15) MVAR
(£1... £18) MVAR
PONOVO AccuVar ASVC (3, 6,10, 20,35) KV ASVC-100 type (+10 ... +50)
MVAR ASVC-200 type
S AND C ELECTRIC The Purewave DSTATCOM (048 ... .35) KV (£1.23) MVAR/3.3 MVAR
SIEMENS SVC Plus :"Jl"fatr?sgfr)nlzxess) (£25 ... .£50) MVAR
Available sizes of SVC
ABB svC (69) KV (+50/ —40) MVAR
GE Power svC (B3 ... 380)KV  (0.......300) MVAR
ADDNEW FC-TCR (6,10, 35) KV ... ....200) MVAR
ADDNEW TSC 6.... 100KV 0.15... ... .3) MVAR
ADDNEW TCR 6....35) KV (1.......150) MVAR
PONOVO SVC (FC-TCR) 6....66)KV ... ....400) MVAR
RXPE TCR (6,10,27.5, 35, 66) KV ... ....300) MVAR
SIEMENS SVC classic (TSC-TCR) G6...... 800) KV (40... ... .800) MVAR
Available sizes of APF
ggﬁ?ﬁﬁsgg; NQ2501/NQ2502 ?;&fj;gyﬂga}) v (415... ... 4A1.5)KVA
ADF P100-70/480,
ADF POWER TUNING igi g}gg;}ggﬁgg: ?;&ﬁégﬁgﬁégo) v (49.......108) KVA
ADF P100-90/690
DELTA ELECTRONICS, INC  APF2000 (200-480) V (22) KVA
SCHNEIDER ictff‘fﬁf; SS+ O (380 ... 690) V (50 ... .250) KVA
SCHAFFNER FN3420 ECO sine active (500-600) V
SIEMENS 4RF1010-3PB0 (380-480) V
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9. Key Analysis on Configuration and Control Structure

Existing research on shunt APFs and STATCOM devices that focus on the reduction of components

and their effects on the control strategies was reviewed. A typical analysis of the configurations and
control structure techniques is presented below.

9.1. Limitations in Configuration Structure

The main limitations in the split DC-link power converter topology are as follows:

In B4 inverters, the third phase is connected clearly to the middle point or neutral point of the
DC-link capacitors. The DC-bus current directly charges one of the capacitors and discharges
the other. These dynamics unbalance current and voltage loading between the capacitors that
discharge at a faster rate than the other, thus causing high current ripple in the imbalanced output
waveform [206].

To compensate for the DC-bus voltage fluctuation issues [207], the removed single-leg terminal is
connected to the negative terminal of the DC-bus PWM-VSI inverter and stops the imbalanced
charging of the DC-link capacitors. Furthermore, the AC film capacitor stores the power ripples
connected to the AC terminals to stop the flow of decoupling power ripples and provide balanced
output currents and voltages [208].

A large DC-link voltage variation is shown in B8 split DC-leg converter applications. Both systems
are operated at the same frequency and synchronized; thus, no fundamental current flows through
the shared DC link. This outcome is a limitation in addition to the low AC voltage of the individual
B4 power converter coupled with the shared DC-link capacitor.

In the three-phase system, a phase circulating current [209] flows through the DC-link capacitors.
Thus, the capacitors are exposed to low-frequency harmonics, thereby limiting the use of high
DC-link capacitor values. The AC-AC power converter configuration presents superior overall
performance than the DC-bus midpoint configuration in terms of low THD and harmonic
compensation capability because of the balanced current and voltage, as well as the minimum
current ripple in the imbalanced output waveform.

9.2. Limitations in Control Structure Techniques

The need for voltage feed-forward and cross-coupling in SRF is the main limitation of the
control structure. The phase angle of the grid voltage is required to start the control operation.
In the stationary reference frame, the PR controller reduces the complexity of the control structure
in terms of current regulation as it has no need of the phase angle, unlike the dg-frame.

The adaptive band hysteresis controller increases the complexity of the control structure in
the natural reference frame. However, the deadbeat controller simplifies the control scheme.
Therefore, an individual control is required in each phase in case of individual phase PLLs and
grid voltage to generate the current reference.

The hysteresis and deadbeat controllers do not consider low-order harmonics in the
implementation process in harmonic compensators due to their fast dynamics.

In practical structures, both controllers require a sampling capability’s hardware to compensate
the positive sequence and need two filters, two transformation modules, and one controller, thus
limiting its practical application in the dg-frame.

Table 11 illustrates the strengths and weaknesses of the APF control techniques [115,210,211].
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Table 11. Strengths and weaknesses of APF/STATCOM control techniques.

METHOD

STRENGTH

WEAKNESS

PI-Controller

Simple design and implementation
No complex circuit

Fast response time

Minimum Fluctuation

Limitation of the control
bandwidth with harmonic
currents at high-frequency signals
Show limitation in the feedback
system with constant parameters

Hysteresis Control

light system of reckoning

Simple, robust, cost effective and

easy implementation

Fastest control in transient

Fast speed of control loop

No need of oscillator or error amplifier

High switching losses for small
hysteresis band

Switching frequency variation and
large frequency variations
Problem in filter design

Phases interferences

Resonance problems

Dead-Beat Control

Fast control response

Wireless transmission

Fast transient response with low THD in
the lower sampling frequency

Control operation is depended on
the data of the APF parameters
Requires a precise model of the
filter to reach the

desired performance.

Sensitive to the parametric
variations of the controlled system
and high THD for nonlinear loads

Reference Prediction

Problem with static loads

Filtering effect with load changing

Multi-rate Sampling

Fast response
fast discretization in control variables

Need fast control devices like
FPGAs, AD converters
Slow-sampling rate

Phase-angle Correction

Delay effect

Take more time in calculation

One Cycle Control

Simple design with flip-flops, comparators
and clock

Better tracing transient waveform

Good time and dynamic response

Difficult control

implementation (Hardware)

and modification

Complex hardware structure
Need an integrator at high speed

Adaptive Neural Network

Does not require statistical training

No need underlying input data distribution
Can used a wide variety of functions and
capture different patterns

They are the actual human operating system

Difficult calculation and

time consuming

Difficult to design and

model analytically

Need a large sample size

data packet

The system have a black

box nature

They over-fit data outside of data
training range (unpredictable)

Neural-Network
Predicting Reference

Active compensation among loads
Simple design and satisfactory accuracy
Mutual methods and faster control
parameters adaptation

Needed DC-link

load measurement

Not implemented in

unknown load

Needed large number

of parameters

Performance evaluation, stuck in
local minima

Selective
Harmonics Compensation

Parameters are frequency depended

Power increase with the
harmonic compensation
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9.3.

M

@

®G)

)

Table 11. Cont.

METHOD

STRENGTH

WEAKNESS

Master-Slave Control

Discover and solve the problem in slave
deadlock conflict affectively

Simple design and circuit

Better efficiency among the
master-slave systems

Master should be built robust
and powerful

All system is depended upon
the master

Complex and difficult

master system

Need a high cost

in communication

Reduction in real time abilities

Predictive Control

Possibility to include nonlinearities of the
system [212].

Used to minimize switching frequency for
high-power inverters and maintaining the

Requires a precise model of the
filter to reach the
desired performance.

This method needs a lot
of calculations.

current error within a specified bound [213]. -
- Allows achieving more precise current control
with minimum THD and harmonic noise.

- The problem of the Chattering
Phenomenon in
discrete implementation.

- The difficulty of designing
a controller for both a good
transient and zero steady
state performance.

Sliding Mode
Control (SMC)

Exhibits reliable performance during transients.
Shows an acceptable THD if it is designed well.

- Insensitive to parametric variations and
operation points.

- Sophisticated technique, easy to design and
implement a large-scale nonlinear system.

Fuzzy Control Methods Slow control method.

These controllers are implemented as harmonic
compensators and current controllers. They show
robust performance for periodic disturbances and
ensure a zero steady-state error at all the
harmonic frequencies.

Is not easy to stabilize for all unknown
load disturbances and cannot obtain
very fast response for fluctuating load.

Repetitive Controller (RC)

Key Findings
The following are the shortcomings of the current research as revealed by the review:

In parallel inverter topology, the output voltage per phase at different frequencies generates
transitions, which block the forbidden states. This voltage effectively limits the range of reference
amplitudes and phase shifts.

Generally, in reduced switch count power converters, the modulation strategy adopted is SPWM
to switch and compensate for the DC-bus voltage fluctuation issues [214]. By contrast, in reduced
switch count converters, the phase shift does not track the three-phase balance reference signal in
the symmetry order.

Switch reduction generally leads to interdependencies between AC input and output frequencies,
unlike full-bridge converters. This restriction limits the references for modulation in operating
the power converters at the same frequency. Voltage doubling and semiconductor stress are
not issues in the B4 converter, unlike in the nine-switch H6 converter, because of the favorable
maximum modulation ratio of unity [215].

Reduced switch count (four-switch) topologies face more limitations in their switching states
than conventional six-switch converters. Findings indicate that the removed leg terminal that is
connected to either the upper positive DC-link terminal or the lower negative DC-link terminal is
not achievable.
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(5) In the B6 converter, two switching states, (0, 0) and (1, 1), are stated as zero vectors, which stop
the flow of the current toward the load. In the B4 converter, the current flows even in
zero-vector states. Therefore, in two other switching states, (0, 1) and (1, 0), the resulting
uncontrolled current flows through the common phase because of the direct connection between
the DC-link capacitor and the AC terminal.

(6) The PLL synchronizes the power inverter modulation to the power grid and provides freedom
in designing the modulation index caused by phasing the angle in between the grids and by
modulating waves to adjust the maximum magnitude for unity output.

(7)  Eliminating the active switches creates an unequal thermal distribution among the remaining
switches at the expense of reduced structure, conduction losses, switching losses, and low
system cost.

(8) In the split converter, the third-phase current flows directly through DC-link capacitors, thus
exposing the converter to low-frequency harmonics, which need a high-value-rated capacitor.

(9) In the two-leg rectifier (multiply by 2/pi = 0.6), the output power gain is lower than that
of the three-leg rectifier (multiply by 1.6), thereby increasing the current rating of the active
switching components.

10. Upcoming Trends

The new trend in the field of power electronics aims to minimize the number of power
semiconductor components, such as IGBT switches, to reduce the overall price of power
converter devices. Designing cost-effective topologies on the basis of the reduced number
of semiconductor devices in the range of 10 kilowatts and above has always been attractive
to researchers. From these facts, the transformerless system is showing important developments
toward a mature level. With advancements in microprocessors, controllers, and fast switching
devices, long-lasting and proficient APF/STATCOM systems have been proposed with highly rated
megawatt ranges, improved performance, enhanced efficiency, and most importantly, low costs
for varying applications. Moreover, reduced switch count inverter topologies limit the cost, size,
switching losses, and complexity of the control structure, as well as the algorithm and interface circuits.
Similarly, new growth in efficient modulation techniques can help guarantee high reliability, fast
transient and dynamic response, low THD, excellent harmonic and reactive power compensation,
and current and voltage regulation of power electronics.

New trends in hybrid topologies aim to develop advanced APF and STATCOM systems that
have low-rated power component systems and added dual functionality for improved performance.
Similarly, a technology for achieving new growth in multilevel power inverters on the basis of the
reduced number of components is becoming a popular research direction. The excessive penetration
of renewable devices in the power transmission network creates various power quality challenges for
engineers and researchers. However, FACTS devices, such as STATCOMs, SVCs, and DSTATCOMs,
have been successful in mitigating the issues of power quality, including voltage sags, transients,
harmonics, and damping oscillations. Further research and improvements in APF technology
have recently been performed in terms of dual-terminal inverters, shared legs between inverters,
and rectifiers to substitute for split-capacitor configurations. Consequently, next-generation power
semiconductor devices and packaging of silicon carbide (SiC) IGBT power modules with Schottky
barrier diode modules, integrated gate-commutated thyristor modules, and SiC MOSFET can be
effectively used.

11. Conclusions

This paper discussed the topological and control schemes of APF and STATCOM devices.
A transformerless and reduced switch count structure for power converters and control strategies
were reviewed. A discussion about development stages in configuration with respect to low cost, low
volumetric size and weight, compact structure, and high reliability was given. Different grid-connected
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control schemes, and their implementation structures, as well as the extraction of harmonic reference
signals, were presented. This review discussed different devices, namely, PFs, shunt APFs, shunt
hybrid filters, STATCOMSs, SVCs, UPQCs, and DSTATCOMs, all of which are typically used to enhance
power quality and mitigation of load harmonics. Dual-terminal inverters, transformerless, multilevel
inverters, shared legs between inverters, shared legs between rectifiers, split capacitor configurations,
and new-generation semiconductor devices deserve future research attention. Finally, simulation and
experimental results verified the effectiveness of APF/STATCOM topologies for harmonic mitigation
in accordance with IEEE-519.
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Abbreviations

APF Active power filters

B4 Four-switch inverter

CsI Current-fed-type inverters

CHB Cascaded H-bridge

DFT Discrete Fourier transform

DspP Digital signal processor

dSpace Digital Signal Processor for Applied and Control Engineering
DSTATCOM  Distribution STATCOM

DQ Synchronous Fundamental Frame

DVR Dynamic voltage restorer

ESS Energy storage system

FACTS Flexible AC transmission system

FFT Fast Fourier transform

GPGA Field programmable gate array

HAPFs Hybrid APF

HF High frequency

HPF High pass filter

HV High voltage

IEEE Institute of Electrical and Electronics Engineers
IEC International Electro-technical Commission
IGBT Insulated-gate bipolar transistors

ITC Indirect torque control

Ki Integral gain

Kp Proportional gain

LPF Low pass filter

LVRT Low-voltage ride through

MLI Multilevel inverter

MOSFET Metal-oxide-semiconductor field-effect transistor
MPP Maximum power point

PCC Point of common coupling

PF Passive filter

PI Proportional integral controller

PLL Phase locked loop

PQ Instantaneous power theory

PV Photovoltaic
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PWM Pulse width modulation

RC Repetitive Controller

RDFT Recursive discrete Fourier Transform
SAPF Shunt active power filter

SBD Schottky barrier diode

SHE Selective harmonic elimination

SiC Silicon carbide

SMC Sliding Mode Control

SOFC Solid oxide fuel call

SPWM Sinusoidal Pulse Width Modulation
SRF Synchronous-reference-frame

STATCOM static compensator

svC Static volt-ampere reactive VAR compensator
SVM Space vector modulation

SVPWM Space vector Pulse Width Modulation

TCR Thyristor-controlled resistor

THD Total Harmonic Distortion

UPrPQC Unified power quality conditioner (UPQC)
VsC Voltage Source Converter

VSI Voltage-fed-type inverters

WT Wind turbine

1P2W Single-phase two-wire

3P3W Three-phase three-wire

3P4W Three-phase four-wire

3P4L Three phase four-leg
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Abstract: This paper proposes a modified self-synchronized synchronverter for unbalanced power
grids. Small signal analysis of the conventional synchronverter shows that its stability margin around
50 Hz is very limited. Thus, power ripples will be caused at the frequency of 50 Hz. Filter- based
current feeding loops are adopted in the conventional synchronverter in order to enhance its stability
and eliminate power ripples. In addition, the characteristics of the conventional synchronverter
in unbalanced power grids are analyzed, and an improved strategy using a resonant controller is
proposed to restrain the current harmonics and power ripples. The parameter design is also studied
for the proposed synchronverter. Experimental studies prove that the proposed strategy can achieve
precise self-synchronization when the grid voltage is unbalanced, and the power-control performance
is also improved significantly.

Keywords: synchronverter; power ripple elimination; resonant controller; unbalanced power grid

1. Introduction

With the rapid development of renewable power generation technologies such as wind power
and photovoltaic, distributed generation system has become an effective way to meet load growth,
reduce environmental pollution, and improve energy efficiency. DC/AC converters are one of the most
common interfaces between the distributed generation system and the power grid. Traditional vector
control strategies of DC/AC converters mainly aim to achieve a fast dynamic response [1]. Moreover,
the power control of renewable energy is often set as maximum power point tracking (MPPT) in order
to harvest as much energy as possible [2,3]. However, compared with the synchronous generators
(SG), the DC/AC converters controlled by these strategies have no inertia, and they cannot provide
frequency support for the power grid [4,5].

In order to achieve grid-friendly control performance similar as the SG, virtual synchronous
generator (VSG) strategies are proposed [6]. The active power control loop of VSG is designed based
on the swing equations, and the reactive power control loop is similar as the droop control strategy.
In addition, the renewable power generation system should work with enough margins to support the
grid, or the energy storage devices are needed to provide the extra active power. Therefore, the inertia
property of SG can be inherited by the VSG [7,8]. In most of the VSG strategies, the phase-locked
loop (PLL) is needed to detect the phase angle of grid voltages in order to synchronize with the
grid [9], or to provide grid frequency information [10]. The PLL is a nonlinear control block which may
complicate the system analysis. Therefore, some PLL excluded VSG strategies are proposed [11,12],
where the converter can be synchronized with grid voltage by power balance of swing equations

Energies 2019, 12, 923; doi:10.3390/en12050923 146 www.mdpi.com/journal/energies
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instead of tracking the phase angle of grid voltage directly by PLL. Among these VSG strategies,
the synchronverter proposed in [13,14] can emulate the model of SG more accurately. Its reactive
power control loop is designed based on the excitation control of SG rather than the droop control.
Therefore, the synchronverter makes the renewable power generation system interfaced with the grid
like conventional SG and have been paid much attention [15].

The works analyzed above all focus on synchronverters in balanced three-phase systems.
However, since the distributed renewable power generation system is usually installed in remote
or offshore areas, the grid faults cannot be avoided. Therefore, the performance of synchronverter
needs to be investigated under both normal and non-ideal grid conditions. Single-phase voltage
drop is one kind of common grid faults which will result in unbalanced power grids [16]. When the
grid voltage becomes unbalanced, the negative sequence grid voltage will cause negative sequence
grid currents and double frequency power ripples, which severely deteriorate the performance of
the converter [17]. However, there is no literature focused on the modification of synchronverter in
unbalanced power grids. Resonant controllers have been widely adopted in the improved control
strategies under unbalanced power grid conditions to deal with the negative sequence components
and proven to be an effective way to deal with this problem. Different kinds of resonant controllers are
combined with the vector control (VC) and direct power control (DPC), i.e., second-order generalized
integrator (SOGI) [18] reduced-order generalized integrator (ROGI) [19] and reduced-order vector
integrator (ROVI) [20]. Theoretical analyses and experimental studies have verified the effectiveness
of the resonant based strategies in unbalanced power grid. However, no research has been made to
investigate the validity of resonant controller in synchronverter in unbalanced power grid. This is one
of the motivations of this study.

Though being a grid-friendly converter, the stability of the synchronverter should be re-evaluated
because there is a considerable parameter inconsistence between the synchronverter and physical
conventional SG [21]. The stability analysis and control parameter tuning of the synchronverter are not
easy due to its characteristics of more complicated nonlinearity. Global stability of the synchronverter
was investigated in [22]. However, the stability analysis of the synchronverter in an unbalanced power
grid, as well as the impact of the modified controller to the stability of the synchronverter, will be more
complicated, and has not been examined yet. The linearization method has been widely adopted to
analyze synchronverter systems. In [23], a small-signal sequence impedance model was established
to compare the characteristics between VSG and the traditional strategy for grid-connected inverters.
In [24], small signal model of synchronverter is established to analyze the stability of the battery system.
The small signal models are also established in [25,26] to design the parameters of synchronverter in
order to achieve better dynamic performance. It can be seen that the small signal model can reflect the
stability of the system at specific steady operation point in a wide frequency range. Therefore, it is
meaningful to establish the small signal model for synchronverter in both balanced and unbalanced
power grid to study its stability performance and design the system parameters.

This paper proposes a modified self-synchronized synchronverter for unbalanced power grids
and analyzes the system performance using a small signal model. The contributions of this paper
are summarized as the following three aspects. (1) The small signal model for a synchronverter is
established and it is observed that the stability margin around 50 Hz is very limited, especially when
the control gain of reactive power increases. (2) Lowpass filters are applied to the current feeding
loop to enhance the stability of the synchronverter and eliminate the power ripples at the frequency of
50 Hz. The effectiveness of the power ripple elimination method is verified by small signal analyses.
(3) A resonant-based strategy is proposed to restrain the current harmonics and power ripples in
unbalanced power grid. The parameters are designed according to the small signal analyses, and the
effectiveness is also validated by the small signal analyses. In a word, the goal of this paper is to
improve the quality of the powers and currents flowed into the grid, and make the self-synchronized
process more precise under unbalanced grid condition.
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The rest of this paper is organized as follows: in Section 2, the conventional self-synchronized
synchronverter in a balanced power grid is introduced, and a power ripple elimination method is
proposed. Small signal model analyses prove that the proposed method can enhance the system
stability and reduce power ripples. In Section 3, the influence of unbalanced grid voltage on the
conventional synchronverter is analyzed and a resonant-based strategy is proposed to restrain the
current harmonics and power ripples in unbalanced power grid. The parameter design method
of the proposed strategy is analyzed. Then in Section 4, comparative experimental studies are
conducted to confirm the effectiveness of the proposed strategy in both the self-synchronized mode
and power-control mode. Finally, the conclusions are presented in Section 5.

2. Self-Synchronized Synchronverter in a Balanced Power Grid and Its Power Ripple Elimination

2.1. Self-Synchronized Synchronverter

The topology of a DC/AC converter is illustrated in Figure 1. The reference point of v,, vy, v is
the neutral of the grid, and the reference point of e, ¢, e is the half of DC link voltage. To mimic the
characteristics of the SG, the synchronverter is proposed according to the mechanical and excitation
equations of the SG. The control diagram of the conventional synchronverter in [13] is shown in
Figure 2, where the physical circuit is simplified as the mathematical model. In order to simplify the
small signal analyses, the control scheme of the synchronverter is based on the reference frame where
the d-axis is aligned to the rotor of synchronverter, which is named as control dq frame in this paper.

o

J J

Figure 1. Topology of DC/AC converter.

The superscript r indicates that the variables are in the control dg frame. | is the moment of
inertia, D is the damping factor, K is the integral factor. The phase angle 6, of the converter voltage,
also known as the back electrical magnetic field (EMF) of VSG, is produced by the active power
controller. The amplitude of the converter voltage E is produced by the reactive power controller. w, is
the rated angular frequency which is 1007t (50 Hz) in this paper. The 7, can be expressed as:

|2 cos Oy cos(6, —2m/3) cos(6, +27/3) zu M
ir | 3| —sind  —sin(6,—27/3)  —sin(6, +27/3) l.b
c
The reference voltage e, , in the control dq frame is calculated as:
eh =0
d 2
{93:’5:“%% @
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The electromagnetic active and reactive powers are calculated as:

P, = egig = —w,lpfi; 3
Q= &5y =~y

if
i abe d
abc
— Hs
I
q
dg —~
Virtual mechanical part P 1
of Synchronverter T

Mathematical model of the
el =-E P Physical Impedance
q e r_
g; =0 1
¢ d €abe T
i 407 L;s+R, i
R r—_ abc
e, =-E Q. e;=-E X ;
ir abe Vape Ls+R,
d R
Virtual electromagnet I gr Transfer function of the
part of synchronverter Virtual Impedance
Excitation
control

Figure 2. Control diagram of the conventional synchronverter.

To synchronize with the grid voltage without PLL, a self-synchronized method can be adopted [14].
As the grid currents are zero before the switch is closed, the control process is not effective. Therefore,
virtual impedances are introduced to simulate the inductance and resistance between the converter
and the grid. The virtual currents are calculated according to the grid voltages, converter voltages and

virtual impedance as follows:
. 1
Loabe = m(%bc — Vapc) 4)
Therefore, when the virtual powers (calculated in the same way as (3)) are controlled to be zero,
the virtual currents will be zero simultaneously, which means that the converter voltages have been
synchronized with the grid voltages. Finally, when the connection process is finished, the real grid

currents are used to replace the virtual currents to calculate the feedback powers.

2.2. Small Signal Analysis and Power Ripple Elimination

The small signal model of synchronverter is developed in synchronous reference frame aligned to
the fundamental grid voltage vector [27], which is called system dq frame in this paper in order to
distinguish from the control dq frame. In this paper, variables with superscripts s means they are in the
system dg frame. Its phase angle 60, is calculated as:

0 = wit ®)

In the normal operation, w; is equal to w;. The phase angle difference ¢ between the system dgq
frame and control dg frame is calculated as:

5=06,—6; (6)
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The relationships between variables in the system dg frame and their counterparts in control
frame are shown as:

I xy | | cosé —sind Xl

dg x; " | sind  cosé xg
7)

o xyp | | cosé sind x5

dq X —sind cosd x5

For the synchronverter system studied in the paper, the x in (7) includes output current iz,
grid voltage v,,, and converter voltage ¢4;.
The derivative of the currents in the system dq frame can be expressed as follows:
dlf]/dt = (—wlsz; — szz + e; — vf])/Lf

According to Figure 2, the swing equation of synchronverter is expressed as:
dw,/dt = [Tm*Te*Dp(wr*(Ul)}/] ©)

where T, = P,ef/ Wy, is the nominal virtual mechanical torque input of synchronverter.
The excitation model of synchronverter can be expressed as:

dwf/dt = K(Qref - QE) (10)

Combining the equations above, the nonlinear model of the synchronverter can be obtained
as follows:
dis/dt = (a}lLfiZ - Rfiz +wrs sind — vsd)/Lf
dig/dt = (—w1Lgiy — Ryiy — wrppcosd —v3) /Ly
dw, /dt = [Ty — To — Dp(wy — w1)]/] (11)
dé/dt = wy —wy
dlpf/dt = K(Qref - Qe)

Linearizing these equations around the steady state, the small signal model can be expressed in
state space form as:

x = Ax+ Bu (12)
y=Cx+Du
where the state vector x includes the variables shown in (13):
5S S T
x = [Ad5, Aif, Aw, A, Ay (13)
input vector u includes variables shown in (14):
s S AP“’f !
u= [Avd/ Avq, Tn/ AQref] (14)
and output vector y includes variables shown in (15):
= [A5, A%, AT,, A ! 15
y= [ Ly, 1;]: er QL] ( )

For simplicity, the ‘A’, denoting perturbation variables, can be omitted when it comes to the
linearized small signal system.
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The detailed expressions of A, B, C and D in (12) can be calculated by Matlab, which are shown as
follows:

7Rf/Lf w1 (,bfsin()'/Lf w,tpfcosé/Lf w,sin()'/Lf
—wy —Ry/Lyf —tprcosé/Ly wypssind /Ly —wrcosé/Ly
A= | —yssind/] prcosé/] -Dy/] 7lpf(i;cosé+i;;sin5)/] (isqcoséwtigsiné)/]
0 0 1 0 0

Kwyprecosd  Kwrippsind  Kyps(iycosd +isind)  Kw, (i cosd —iysind)  Kewy (i cos & + iy sin )

—1/Ls 0 0 0 000 0
0 -1/Ls 0 0 000 0
B= 0 0 1/] 0 |D=
0000
0 0 0 0 000 0
0 0 0 K
1 0 0 0 0
o 0 1 0 0 0
- Pysind —fcosd 0 (i cosd + i sin &) i3sind — iy cos

—wPrcosd  —wrprsind  —yp(ifcosd +izsing)  —wrips(i cosd —isind)  —w,(ifcos b +i; sind)

In this study, a small scale 1000 W converter system is used to test the synchronverter control
scheme. Its parameters are listed in Table 1.

Table 1. Parameters of VSG system.

System Parameters Value
Grid voltage 130V
Rated frequency 50 Hz
Input resistance 010
Input inductance 6 mH
DC bus voltage 280V

The damping coefficient D is a pre-defined parameter according to desired active power drooping
profile, e.g., when the grid frequency decreased by 0.5 Hz, the converter shall generate an additional
100% rated power to support the grid. | and K are considered as tuning parameters. Their impacts on
the dynamic of synchronverter are illustrated by pole-zero maps as shown in Figures 3 and 4 using the
symbol of blue cross according to (12).

Pole-Zero Map

—T T T T 50 ]
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1066 e cetl . : 40 |
- s 50
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| I i I 4
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Real Axis (rad/s)

Figure 3. The impact of | (increased from 0.06 to 6) and the introduced current lowpass filters on the
poles distribution of synchronverter system. Cross: poles without current lowpass filters. Asterisk:
poles with current lowpass filters.
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Figure 4. The impact of 1/K (increased from 0.075 to 7.5) and the introduced current lowpass filters on
the poles distribution of synchronverter system. Cross: poles without current lowpass filters. Asterisk:
poles with current lowpass filters.

It’s observed in Figures 3 and 4 that with the increase of | and 1/K, the poles are pushed to the
right half of the plain. It is also observed that a pair of conjugated poles at 50 Hz are damped weakly
and the situation becomes even worse when the control gain of reactive power (1/K) increases. Such a
limited stability margin could jeopardize the stable operation of synchronverter due to insufficient
noise rejection capability. Thus, there will be power ripples at the frequency of 50 Hz.

In order to eliminate the power ripples, two lowpass filters are applied to the current feeding
loop in the synchronverter. The filters are designed in the control dq frame, so the frequency of filter is
selected as 0 Hz. The filtered currents can be expressed as follows:

) 1/we . . 1/we .

Z}d = e 1w i z}q = e 1w l; (16)
where w, is the cutoff frequency. The grid frequency is likely to drift in the situation where
synchronverter is applied. Thus, in order to sufficiently reject noises higher than 50 Hz and leave
enough margin for grid frequency drift, the cut-off frequency is chosen as 16 Hz.

Equation (16) can also be expressed as follows:

f =t -
dz}q/dt :(12 — 1}4)/0.}6
Considering (17), the state space model in (12) is modified accordingly as:
{ kf = Agxp+Bsu (18)
y = Cexp+Dysu
where:
xp = [i% 5 Thar iy 01,6, 9 ! (19)

The detailed expressions of Ay, By, Crand Dy in (18) can be calculated by Matlab, which are very
complicated. Therefore, they are not presented for the conciseness of the paper.
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The effectiveness of the proposed lowpass filter based current feeding loops is also demonstrated
in Figures 3 and 4 using the symbol of green asterisk according to (18). It can be seen that the conjugated
poles of modified synchronverter at 50 Hz move to the left and are less sensitive to the increase of 1/K.

The effectiveness of the proposed filter based power ripple elimination method is illustrated by
the bode diagram of transfer function from [v,, vq]T to [P., Q.]T as shown in Figure 5. It’s observed
that compared with the conventional strategy, the peak gain from [v, qu]T to the powers, which lies
at 50 Hz, is considerably reduced by adding the lowpass filter. Therefore, the power ripples caused
by the disturbance [vy, vq]T will be restrained effectively. In addition, the lowpass filter has limited
impact on the transfer function from reference [Py, me]T to feedback [P,, Q.]T, which indicates that
the lowpass filter has little impact on the power reference tracking of the conventional synchronverter.

Bode Diagram

From: v, From: v, From: P, From: O,
d q ef ref

200

To:

S

e e

I EREAS S

200 —— Lower gain of voltage — Limited impact on power —
100 perturbation to power output reference tracking

Magnitude(dB)

mz_qmj*z BT |
10° 10* 10° 10 10° 10 10° 10
Frequency (Hz)

-100

Figure 5. Bode diagram illustrating noise rejection enhancement by adding lowpass filters.
Red: without lowpass filters. Blue: with lowpass filters.

3. Self-Synchronized Synchronverter in an Unbalanced Power Grid

3.1. Influence of Unbalanced Grid Voltage

The grid voltage and current have both the negative and positive sequence components when
the grid voltage becomes unbalanced, which will cause double frequency ripple components in the
reactive and active powers [20]. Power control of conventional synchronverter has limited bandwidth.
Thus, power ripples cannot be suppressed in unbalanced power grid, which will seriously affect the
control performance of the synchronverter.

In addition, the self-synchronization method proposed in [14] needs to generate a converter
voltage very close to the grid voltage in order to avoid the current rushing at the moment when the
converter is connected to the grid. However, when the grid voltage becomes unbalanced, the negative
sequence current components (—100 Hz in synchronous reference frame) cannot be damped in the
conventional synchronverter, which means that the converter voltage cannot precisely follow the grid
voltage. Therefore, it’s necessary to improve the conventional self-synchronized synchronverter in
unbalanced power grid to restrain the negative sequence current and further guarantee the precision
of the self-synchronization.

3.2. Modified Self-Synchronized Synchronverter

In the proposed modified self-synchronized synchronverter, the control scheme is expanded into
a higher dimensional multiple input multiple output (MIMO) system, i.e., output currents reference

T
[i;m fr i;re f] are added into input vector # in (18). The output current references are set to zero.
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Then, suppressing double frequency current oscillations in synchronous reference frame is equivalent
to guaranteeing current reference tracking only at £100 Hz. A SOGI based resonant controller is
adopted in order to realize this purpose in this paper. The transfer function of the resonant controller

is shown as:
2kywers

Hy(s) = @S
r(s) $2 + 2werS + w2

(20)

where k; is the gain parameter; w,, is the cutoff frequency; w; is the selected frequency (100 Hz).
Since the grid frequency is likely to drift in the situation where synchronverter is applied, the cutoff
frequency w¢, shall not be too small [27]. In this paper, w,, is chosen as 10 rad /s, so that the gain of
resonant controller is reduced to 0.77 times the nominal gain when the grid frequency is drifted by
0.5 Hz from the nominal 50 Hz.

The modified control diagram is shown in Figure 6. The inputs of resonant controller are the
errors between reference and feedback currents (virtual current in the self-synchronization mode, grid
current in the power-control mode) and the outputs of resonant controller are added to converter
voltage reference generated by power control part of synchronverter. The final converter voltage
reference e} 5 and e} 4 can be expressed as follows:

e, =e +e =e
{ fd cd d cd 1)

ey = e T g = ecg — wrips

where e}; and 7, are the outputs of the resonant controllers.
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Figure 6. Control diagram of the proposed self-synchronized synchronverter in unbalanced power grid.

It should be noted that the sum of the three phase virtual currents calculated by (4) will not be
zero in unbalanced power grid. Thus, the calculation process of the virtual currents is revised as (22):

_ €Uy i = € —Up
T LestRy T Lys+ Ry

fye = —lyg — iz;b (22)

loa
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To analyze the characteristics of the proposed strategy, the small signal model of synchronverter
needs to be expanded considering two extra resonant controllers. According to (20), the following
equations can be obtained:

dzezd/dt2 + ZwC,dezd/dt-i-wfezd = — 2kywcrdily/ dt 23)
d%ely /A1 + 2wepdely / dt+wiely = — 2kpwerdi /dt
Equation (23) can also be expressed as follows:
dygr/dt =y
dyp/dt = = 2Werygn — W2y g1 — 2krwerdily/ dt
(24)
dyg/dt =g
dyga/dt = = 2wy — wiyp — 2kywerdiy/dt
where:
Yi1 = ezd
=de’,/dt
o = e -
Tq1 = €
Yo = degy/dt
Considering (21) and (24), the new state space can be expressed as follows:
x, = A;x, + Byu (26)
y=Cx,+Dyu

where x; includes additional states introduced by resonant controllers, which can be shown as follows:

T
3= [i9 85, s Thos 0,8, 5, Ve Yoo Y, W 27)

The detailed expressions of A, B;, C; and D; in (26) can be calculated by Matlab, which are very
complicated. Therefore, they are not presented for the conciseness of the paper.

Nevertheless, it needs to be clarified that because of the unbalanced power grid, there are
additional periodic components in the steady operation point. However, since the overall system
shows lowpass filter characteristic and limited unbalance degree, the modelling error caused by the
periodic components in steady state is acceptable [28].

The comparison of bode diagrams of both the conventional and modified synchronverter are
illustrated in Figure 7 according to (12) and (26). The red line in Figure 7 is the bode diagram of
conventional synchronverter and it’s observed that the magnitude of transfer function from [vy, vq]T
to i3,
unbalanced grid voltage will be amplified in the control system and finally results in large negative
sequence output current. The resonant controllers enable the synchronverter to have current reference
tracking capability at 100 Hz in synchronous reference frame because of the unity gain of the transfer

T
} at 100 Hz is much higher than 0 dB. It means that the negative sequence component in

T T
function from [il’m fr i;w f] to [i;, 1;] at 100 Hz. After adding resonant controllers, the magnitude

T

q
effectiveness of proposed negative sequence current suppression strategy using a resonant controller.

In addition, the magnitude of transfer function from [vy, vq]T to [P, QE]T at 100 Hz also reduces
significantly, which means that the double frequency power ripples can also be reduced by using
resonant controller.

T
of the transfer function from [v,, vq]T to [i[’i,i } at 100 Hz reduces significantly. This verifies the
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Figure 7. Bode diagram illustrating the effect of proposed resonant controller. Blue line: modified
synchronverter with additional resonant controller. Red line: conventional synchronverter.

3.3. Parameter Design of The Resonant Controller

As the resonant controller has a wide resonance peak against frequency variation, the impact of
resonant controller to the system stability needs to be considered, and the resonant controller gain
kr needs to be designed properly. According to the analyses of power control loop demonstrated in
Section 2.2, the parameters D, ], 1/K are chosen as 100, 0.6, 0.75, respectively, and the bandwidth of
resonant controller is chosen as 10 rad/s. In order to investigate the influence of the parameter k; to
the stability of the control system, the pole-zero map of the modified synchronverter with different k,
is shown in Figure 8 according to Equation (26). In addition, to verify the effectiveness of the proposed
filter based power ripple elimination method in unbalanced power grid, the results with and without
the current lowpass filters are shown as blue asterisk and green cross, respectively.

It can be observed that two additional pairs of conjugate poles are added at around 100 Hz,
which are caused by resonant controllers. It can be seen from Figure 8 that the increasing k, will drive
the poles to the right, and too large k; may push the poles related to resonant controller to the right
half of the plane so that the system will become unstable. Moreover, Figure 8 also shows that the
current lowpass filter can make the poles at around 50 Hz move to the left, and it has very limited
impact on poles related to the resonant controller. Based on the analyses above, the control parameters
for the modified synchronverter can be selected as shown in Table 2, where all the parameters are
normalized values.
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Figure 8. The impact of kr (increased from 0 to 6.3) and the introduced current lowpass filters on the
poles distribution of synchronverter system. Cross: poles without current lowpass filters. Asterisk:
poles with current lowpass filters.

Table 2. Parameters of VSG system.

System Parameters Value
Virtual inertia | 0.6
Damping coefficient D 100
Excitation integral gain 1/K 0.75
Gain of resonant controller k;, 1.86

4. Experimental Studies

4.1. Experimental Setup

Comparative experimental studies are conducted for the conventional and proposed
synchronverters in an unbalanced power grid. The experimental platform is set up as shown in
Figure 9. A TMS320F2812 Digital Signal Processor is used as the microprocessor. The unbalanced
grid voltages are simulated using a transformer by making one phase of the voltages drop to 80%.
The dc-bus voltage is assumed to be controlled as a constant value by the distributed generation
system. Parameters of the synchronverter are shown in Tables 1 and 2. The switching frequency and
sampling frequency are both set to 10 kHz. All the experimental results are shown in Figures 10-14.

4.2. Experimental Results

The dynamic responses of the conventional and proposed self-synchronized synchronverters
during the grid connection process are shown in Figure 10.

Before the grid connection, the voltage errors between the grid and converter voltages are shown
in & and B axes separately. And the voltage errors are changed to active and reactive powers when the
switch is closed to show the dynamic response of the powers. The voltage errors contain ripples in
the conventional synchronverter as shown in Figure 10a, which means that the synchronization is not
precise. Thus, the currents are very large when the switch is closed. Compared with the conventional
synchronverter, the voltage errors are effectively limited in the proposed synchronverter as shown
in Figure 10b. In addition, the grid currents are smaller and damped much faster after the switch
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is closed. Therefore, the converter can be connected to the grid more smoothly when the proposed
synchronverter is used in an unbalanced power grid.

Figure 9. The experimental platform.
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Figure 10. Dynamic responses during the grid connection process. (a) Conventional self-synchronized
synchronverter. (b) Proposed self-synchronized synchronverter.
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The steady-state power responses of the conventional and proposed synchronverters are shown
in Figure 11. The Total Harmonic Distribution (THD) analyses of grid currents are shown in Figure 12,
and the Fast Fourier Transform (FFT) analyses of active power are shown in Figure 13. In the
conventional synchronverter, there are negative (—50 Hz) and third sequence (150 Hz) components
in grid currents as shown in Figure 12a, and large ripples in both the reactive and active powers in
Figure 11a. Current harmonics are eliminated in the proposed synchronverter as shown in Figure 12b.
In addition, the power ripples are also effectively reduced in Figure 11b. Therefore, it can be concluded
that the resonant based synchronverter can achieve much better control performance in unbalanced
power grid compared with the conventional one.
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Figure 11. Steady-state responses. (a) Conventional synchronverter. (b) Proposed synchronverter
without filter. (c) Proposed synchronverter with filter.
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Figure 12. Grid currents THD analyses. (a) Conventional synchronverter. (b) Proposed synchronverter
without filter. (c) Proposed synchronverter with filter.
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Figure 13. FFT analyses of active power. (a) Conventional synchronverter. (b) Proposed synchronverter
without filter. (c) Proposed synchronverter with filter.
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Figure 14. Active power step responses. (a) Proposed synchronverter without filter. (b) Proposed
synchronverter with filter.

Compared with Figure 11b, the proposed synchronverter with filter in Figure 11c can further
reduce the power ripples. It can be observed in Figure 13b that the power ripple components are
mainly concentrated on the multiples of the 50 Hz, which coincides with the theoretical analyses.
And the power ripples can be eliminated as shown in Figure 13c, which verifies the effectiveness of the
proposed power ripple elimination method.

Besides, the impact of proposed filter on the dynamic of power control is shown in Figure 14.
It’s observed that the active power step responses of the proposed synchronverters without and with
filter are almost identical, which verifies the analysis illustrated in Figure 5 that the filter doesn’t affect
the dynamic performance of the synchronverter.

5. Conclusions

A modified self-synchronized synchronverter has been proposed in this paper for unbalanced
power grids. Based on the small signal analyses, it is observed that the stability margin of the
conventional synchronverter around 50 Hz is very limited. Thus, a filter has been used to enhance the
stability and eliminate the power ripples. In addition, a resonant-based strategy has been proposed to
control the 100 Hz oscillations. Comparative experimental studies show that in the self-synchronized
mode, the proposed strategy can make the synchronization more precise and the grid connection
process smoother. In the power-control mode, the negative and third sequence harmonic components
in grid currents can be eliminated, and the power ripples can be restrained. In addition, the power
ripples can be further eliminated by the filter based method, and the dynamic control performance is
not affected by the filter.
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By employing the proposed strategy, the synchronverter can synchronize with the grid precisely
without PLL in an unbalanced power grid, and the quality of the powers and currents flowing into the
grid can be improved. Therefore, the stability of the grid can be supported by the renewable power
generation systems under both balanced and unbalanced grid conditions and the efficiency of the
generation systems can be increased because it does not need to disconnect from the grid under slight
grid fault conditions. These merits lay the foundation for the better application of the renewable power
generation in non-ideal power grid, which also lead to the great engineering practical and economic
potential of the proposed strategy.
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Nomenclature

v, e Grid, converter voltage vectors.

i1y Grid, virtual current vectors.

¥y Exciting flux linkage.

P, Q. Active, reactive electromagnetic powers.

R fr R, Grid, virtual resistances.

L fr Ly Grid, virtual inductances.

w1, Wy Synchronous, converter angular frequencies.
01,6, Synchronous, converter phase angles.
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Abstract: New paradigms in the modern power system should be introduced to student of electrical
engineering, or engineer in training, as early as possible. Besides class-room study, experimental exercise
may be introduced to help the student understand the concept of microgrid. One main challenge is the
power electronics converter, which connects the distributed energy source to the existing power grid.
This study modeled and developed a grid-connected inverter that is useful for providing a close to real
application for a student or engineer in training. This development is important for microgrid learning
to give practical perspective to the student. A grid-connected inverter for distributed generation was
developed at laboratory scale. The grid-connected inverter was developed modularly to make it easier
for the student to understand the basic concept of grid-connected inverter building blocks, as well as
its function as a whole. The developed grid-connected inverter was intended to be able to operate on
two different mode: grid-forming mode and grid-injecting mode. Experiments were conducted to verify
the results.

Keywords: inverter; grid-connected; microgrid; experiment; modules

1. Introduction

The concern of climate change leads to urgent calls to reduce greenhouse gas emissions. Electrical
energy sector offers easier and relatively faster implementation to reduce greenhouse gas emissions by
proposing utilization of renewable energy sources that other sectors such as transportation. Distributed
generation concept is sought to be the best way to incorporate renewable energy sources in our existing
power grid network, while also improving the grid quality [1,2]. Traditional renewable energy sources
for distributed generation power system include bio-mass, solar photovoltaic, fuel cell, and wind [3].
Besides those mentioned sources, distributed generation also proposes combined heat and power (CHP)
concept. CHP concept aims to improve our total energy efficiency by reducing and utilizing thermal losses
of energy production [4,5].

Distributed generation concept brings larger consequences that significant changes are inevitable in
the power system. Traditional power grid network has unidirectional energy transfer from the centralized
bulk power generating units to the customers. The consumers do not have any active contribution to the
power system by generating local energy sources because all power comes from the utility company [6].
Contrarily, distributed generation requires active bidirectional power delivery, either from the utility to the
consumer or the reverse in the case of the local generation producing excess energy. It needs adjustments
on several aspects of power system, such as energy business, reverse power transfer, voltage stabilization,
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islanding scheme, etc. Distributed generation is an technological improvement, which should be able to
work together with the current traditional centralized system to obtain a reliable and sustainable power
system [5].

Microgrid is a special derivation of the distributed generation concept. Microgrid takes a system
approach that views distributed generation and its associated load as a “cell” or “subsystem” of a larger
power system network [7]. This approach allows local control of generation and load consumption,
thus reducing the central dispatch control [8]. Since this subsystem has characteristics normally found in
power systems but at a smaller size, the term microgrid is used [7]. Today, several microgrid testbeds are
developed, such as microgrid testbed by Consortium for Electric Reliability Technology Solutions (CERTS)
in U.S. [9]; Hachinohe, Aichi, and Kyoto Eco-Energy Project in Japan [10]; and many others.

Microgrid is an active distribution network. It is a distributed generation that utilizes renewable
energy sources to supply energy to the load at distribution voltage level. The advantage of using
distribution voltage level is the renewable energy sources do not need to have big capacity, rather
distributed but in smaller size. Since small capacity renewable energy sources are sufficient, microgrid
can utilize local energy potentials, which lead to energy independent communities. This point is a very
interesting feature of microgrid for developed countries, which still have remote areas without electricity.
Microgrid offers flexibility to be operated under two modes: interconnected and stand-alone from the main
power grid. Interconnection with the main grid is very important because of the intermittent characteristics
of renewable energy sources.

These new paradigms in the modern power system should be introduced to students as early
as possible. Besides class-room study, experimental exercises may be introduced to help students
to understand the concept of microgrid. One main challenge is the power electronics converter,
which connects the distributed energy source to the existing power grid. Power electronics converter plays
an important role to deliver power from the distributed energy source to the main grid. This research
is intended as the preliminary work on developing grid-connected inverter for microgrid learning.
The current target was to develop a grid-connected inverter that can control its power output, therefore
can be operated in two different modes: grid-forming mode and grid-injecting mode.

2. Grid-Connected Inverter

Grid-connected inverter is a special type of AC-DC converter, the output voltage of which is connected
to the available electrical grid. Contrary to applications such as Uninterruptible Power Supply (UPS) or
Adjustable Speed Drive (ASD), where AC-DC converter output is connected directly to the load (or electric
motor, in the case of ASD), grid-connected inverter is always connected to the electrical grid. Therefore,
grid-connected inverter should always produce output that meet the synchronization condition with the
electrical grid. Failing to meet the synchronization condition will make the AC-DC converter be in lost
synchronism state and no longer in grid connection. Grid-connected inverter can have either single-phase
or three-phase topology, however this section only discusses three-phase grid-connected inverter.

Figure 1 shows simple representation of grid-connected inverter concept. It is connected to the
AC grid through filter inductance L. The control block processes the desired output variables through
feedback from its terminal. It controls any kind of variables, such as output power, voltage, current,
or DC voltage, depending on the grid-connected inverter’s particular function. Synchronization block
senses and processes the grid’s variable into control block providing the necessary information to keep the
DC-AC converter synchronized with AC grid. This representation was the basic block of the proposed
experimental modules.
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Figure 1. Simple representation of grid-connected inverter.

3. Proposed Experimental Modules

3.1. Grid-Forming Mode Control

Grid-connected inverter generates constant magnitude and frequency of three-phase voltage under
grid-forming mode control [11]. This mode works when microgrid is not connected to the main grid, thus
it supplies its own local load from the renewable energy source. Figure 2 shows the complete grid-forming
mode control of grid-connected inverter. It consists of double-loop control of current and voltage control
section, voltage reference section, and measurement section. Voltage reference can be either internal or
external three-phase signal through dq transformation and PLL. This scheme generates three-phase voltage
v, which follows the voltage reference.

< | Current

Current
Control Sensor

Voltage
Sensor 1‘

Voltage | D] Voltage
Control Sensor

V—s E%ZS
f—s

Signal

Figure 2. Grid-forming control of grid-connected inverter.

To construct the grid-forming mode control of grid-connected inverter, several blocks should
be prepared.

3.1.1. dgq Transformation

dq transformation, often called Park transformation, is a space vector transformation of three-phase
time-domain signals from a stationary phase coordinate system (abc) to a rotating coordinate system
(dq) [12]. The dgq transform reduces three-phase AC quantities (fs, f;, and f;) into two DC quantities (f,;
and f;). The DC quantities provide easier control or filtering process. Another advantage is that active and
reactive power can be controlled independently by using dq quantities.
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Power invariant formulation of dg transformation of any variable, f, of three-phase signals into dg
quantities can be expressed by Equation (1).

3
3 |—sin(f) —sin(0—2Z) —sin(6+ %) fi

f

where 6 is phase displacement between the rotating and fixed coordinate system at each time .

Ol e el o

3.1.2. Phase-Locked Loop (PLL)

Phase-locked loop (PLL) is a popular method for synchronizing utility network and grid-connected
power electronics converter [13,14]. In such kind of applications, PLL’s role is essential to provide accurate
and fast detection of utility phase angle for generating reference signal of grid-connected inverter.

The common method to realize PLL on three-phase system is by using synchronous frame PLL.
Figure 3 shows the block diagram of synchronous frame PLL. Instantaneous phase angle 6 is detected by
synchronizing the reference frame with the vector of three-phase voltage (v,, v, and v¢). To be locked
to the phase angle of utility voltage vector, the Proportional-Integral (PI) controller drives v, to be zero,
as given by the reference v,*, which gives the angular speed quantities. Phase angle 6 is simply obtained
by integrating the angular speed.

fe—

c v,
vy abc fe— Uc

Figure 3. Block diagram of Phase-Locked Loop (PLL).
3.1.3. Current Control

Current control acts as inner loop section on the control of grid-connected inverter [15,16]. Figure 4
shows the block diagram of dg cross-decoupling current control scheme, where both i; and i, are controlled

f f

using independent PI controller to track reference values if and i,rf , respectively. Output of PI controller,
together with the terminal voltage in dg and cross drop voltage in the inductor filter L, generates the
voltage references ?J;Lz prom and U;e,fpwm. Those voltage references drive the Pulse Width Modulation (PWM)

to produce the corresponding command for the switches of the grid-connected inverter.

ref
V4~ pwm

Figure 4. Current control block diagram.
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3.1.4. Voltage Control

Voltage control acts as outer loop in the grid-forming mode of grid-connected inverter [17]. Figure 5a,b
shows independent control of voltage in dq frame by using two different PI controllers. PI controller tracks
the error between the reference voltage, v;ef (or vgef ), and actual output voltage, v  (or v,). It generates
corresponding signal for the reference current controller (Section 3.1.3), which in turn determines the
required current of the grid-connected inverter.

In the grid-forming mode, the reference voltage can be obtained from either signal generator or
voltage sensor measurement through abc to dg transformation. Figure 6 shows the scheme of voltage
reference generation blocks. Signal generator receives input of frequency, f, and magnitude, V, to generate
three-phase signal reference. This block is mainly used when the grid-connected inverter is on stand-alone
operation supplying power to the local loads, thus it should provide stable output voltage.

The other method to generate voltage reference is by using three-phase measurement on voltage
sensor, and then transforming into the corresponding dq voltage reference. This method is suitable
when the grid-connected inverter is synchronized with the main grid, for which the synchronized set of
three-phase output needs to be produced by grid-connected inverter. Three-phase voltage of the main
grid on the point of synchronization is measured through voltage sensor, and then the phase angle is
detected by using PLL to obtain proper dq transformation angle. Voltage control tracks this set of reference
voltage, therefore it is expected that the output voltage of grid-connected inverter is synchronized with the

main grid.

I Yq

(a) v; controller (b) v4 controller
Figure 5. Voltage control block diagram.

0 Voltage
Sensor
ve _l
abe —>v'f/
Selector ref
- dq —> vy
i L
V — —
— L——{ PLL
f—

Signal

Figure 6. Voltage reference generation scheme.

3.1.5. PWM Generation

re

Voltage references for PWM generated by current control, v;ifpwm and v, °f pwm» are still in dq frame.

However, the sinusoidal PWM method needs three modulating signal displaced 120° as its input values.

ref ref
Therefore, the voltage references v 4= pom and v

4~ pwm Should be transformed back to abc reference frame
by using inverse Park transformation. To ensure that the output of grid-connected inverter remains
synchronized with the desired voltage, the phase angle 6 obtained from PLL in Figure 6 is used for the
inverse dg transformation. The results are three controlled reference signals, v.1, v¢, and v.3, for the PWM

block. Figure 7 shows the schematic of this PWM generation scheme.
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Figure 7. PWM generation scheme using dgq transformation.

Other method is to use polar coordinate to transform PWM voltage references v;efpwm and v; of pwm

into magnitude m and phase angle 6. Angle 6 from PLL is used to synchronize with the voltage reference,
therefore the signal generator block produces balanced three-phase reference voltage. For instance,
the phase A reference voltage is shown in Equation (2), while the other phases are obtained from phase A
by shifting it accordingly. Figure 8 shows this PWM generation scheme using polar transformation.

ve1 = msin(6) 2)

S1S4 Sy S6 S5 Sy

re ]
o i1 — o2
5 Signal {2 PWM
ref e V3
Vg o > g Gen. —]

Polar I I
Coordinate
0 Vtri

Figure 8. PWM generation scheme using polar transformation,
3.2. Grid-Injecting Mode Control

Grid-injecting mode control operates when grid-connected inverter is connected with the main
grid, after successful synchronization process. During this mode, grid-connected inverter delivers the
controlled-power output to the main grid, while the bus voltage and frequency are maintained by the main
grid. Figure 9 shows the complete grid-injecting mode control of grid-connected inverter. Similar to the
grid-forming mode control, it consists of double-loop control of current and power control section, power
reference section, and measurement section. Grid-connected inverter operation can be either constant
power operation or droop power operation. This scheme generates output power, which follows the
desired power reference. For microgrid learning, this option allows students to more easily study the role
of grid-connected inverter in the modern power system. Constant power control is suitable for renewable
power system, which are passively connected to the system. The power delivered to the grid is held
constant, possibly provided by external maximum power point tracking (MPPT) control. The droop
control is also provided so the grid-connected inverter can actively play a role in supporting the grid.
This kind of control is required if the renewable power system should provide ancillary services to support
the voltage or frequency of the grid.
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Figure 9. Grid-injecting control of grid-connected inverter.
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3.2.1. Power Control

Similar to the voltage control on grid-forming mode, power control acts as outer loop in the
grid-injecting mode of grid-connected inverter [16,17]. Figure 10a,b shows independent control of power
in dq frame by using two different PI controllers. PI controller tracks the error between the reference power,
Pyef, and actual output power, P. It generates corresponding signal for the reference of current controller,
which in turn determines the required current of the grid-connected inverter. A similar concept is also
applied for reactive power control through controlling Q. and Q.

ref ref
Preg ? . [ Qref ? .H i
P Q

(a) P controller (b) Q controller
Figure 10. Power control block diagram.

3.2.2. Droop Power Control

Droop power control is originally applied in parallel operation of synchronous generator to ensure
equitable load sharing between generating units [18]. In the field of power electronics control, application
of droop control was started in the UPS [19]. Afterwards, droop power control is also applied in the power
control of renewable energy based-inverter for microgrid and distributed generation system [15,20,21].

The power flowing from sending side, A, to the receiving side, B, of Figure 11 can be expressed as
follows [22,23].

S=P+jQ=VI* ®)
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Figure 11. Power flow from sending to receiving side.

Since the current flowing can be represented as I = VSEV’, Equation (3) can also be represented as
Vi — Vi \"
S=Vs < = 7 r) 4
B Vi — Vyel®
=V (Y ®)
V2 0 ViVi (g
= I o9 TS7T ,(jg+0)
7 e 7 e (6)

Combining Equations (3) and (6), the active and reactive power can be obtained:

2

_ _ Vv

pP= 7cos(go) > cos(¢ +6) (7)
V2 VsV, .

Q= - sin(g) — 7 sin(¢ +9) ®)

Considering that Zel? = R+ jX, Equations (7) and (8) can also expressed as

Vs )

pP= i (R(Vs — Vy cos d) + XV, sind) )
1% )

(gzﬁffizpﬁwsm5+xagfu{m5» (10)

Combining and rearranging Equations (9) and (10) gives

XP — RQ

Vysind = i (11)
Vs — V,cosé = RP‘-i;iXQ (12)
S

In most cases, the reactance is much bigger than resistance, X > R, thus the resistance can be
neglected. If the power angle J is also small enough, then by approximating, siné ~ ¢ and cosé ~ 1.
Therefore, Equations (11) and (12) become

XP
o~ (13)
(v, vy~ 22 (19

Under previous considerations, Equations (13) and (14) show that power angle ¢ is proportional to
the active power P, while the voltage drop (V; — V;) is proportional to the reactive power Q. It means that
the J can be controlled through P and V; through Q. Since by controlling the frequency the power angle
is also controlled, by using relation on Equation (13) the real power flow has relation with the frequency.
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Frequency and the voltage magnitude can be controlled independently through active and reactive power
controlling. This concept is called droop power control, which can be represented as follows.

—kp(P — Py) (15)
—ko(Q — Qo) (16)

f=fo
V-V,

where fy, Vi, Py, and Qg are rated frequency, voltage, active power, and reactive power, respectively. f, V,
P, and Q are the corresponding values obtained through droop regulation. Figure 12 shows the voltage
and frequency droop characteristics.

The droop power concept shown in Equations (15) and (16) can be applied in grid-injecting mode
control of grid-connected inverter to obtain power reference. It can be applied either to both frequency and
voltage droop or frequency droop only, thus grid-connected inverter is operated under unity power factor.

(b) Voltage—reactive power
droop
Figure 12. Droop characteristics.

(a) Frequency—power droop

4. Experimental Verification

4.1. Grid-forming Mode Experiments

The experiment conducted on grid-connected inverter connected to the three-phase source to represent
infinite bus is shown in Figure 13. The details of developed control system is shown in Figure 14. The value
of inductor and load are shown in Table 1. These values were to ensure that the proposed system has high
X/R ratio (Approximately X/R = 22) so that Equations (15) and (16) were valid for the grid-injecting mode
experiments. A 50 V voltage was generated in the PCC side of the three-phase source, as shown in Figure
13, and then grid-connected inverter was run under voltage control mode. Both voltages at PCC side and
INV side were monitored. The complete experimental modules set-up is shown in Figure 15.

Figure 13. Experiment schematic for three-phase grid-connected operation.
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Figure 14. Control concept of grid-connected inverter.

Figure 15. Snapshot of the experimental set up.

Table 1. Experiment parameters.

Parameter  Value

Capacity ~ 1kVA
DC voltage 337V
L 33 mH
Ry, 140
Rioad 1250

Figure 16 shows the experiment result of voltage control mode of grid-connected inverter. It can be
seen that the inverter generated voltage that followed both magnitude and phase angle of the reference
voltage at PCC bus. Voltage control mode was operated to build necessary voltage level and frequency
on the output of grid-connected inverter based on the reference obtained from the voltage of PCC bus.
Synchronization could be executed after voltages on INV and PCC bus had the same quantities in terms of
voltage magnitude, phase sequence, and frequency.
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—Einy 247 div

Figure 16. Experiment result of voltage control mode of grid-connected inverter.

Synchronization of grid-connected inverter and three-phase source at 200 V can be seen in Figure 17a,
which shows the sequence during synchronization process. After the rms voltage reached the desired
voltage, in this case 200 V, the phase adjustment was conducted at point 2, and then synchronization was
executed at point 3. Instantaneous voltage at synchronization point 3 is shown at Figure 17b; it can be seen
that synchronization was executed smoothly at t_sync. Figure 18 shows snapshot of both terminal voltage
of grid-connected inverter and three-phase source after the synchronized operation. It can be seen that
both voltages were synchronized in terms of magnitude, phase angle, and frequency.

Wiy (V)

Time {s}

(a) Grid-connected inverter rms output voltage

(b) Grid-connected inverter instantaneous output voltage

Figure 17. Synchronization sequence on grid-connected inverter: (1) grid-connected inverter is started;
(2) phase-adjustment; and (3) synchronization.
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Figure 18. Output terminal voltage of grid-connected inverter and three-phase grid.
4.2. Grid-Injecting Mode Experiments

The same schematic (Figure 13) was used for this experiment. The grid-connected inverter was
changed into power control mode after successful synchronization with three-phase source grid. The target
was to control the output power of grid-connected inverter, which followed the given power reference
values.This experiment was conducted by setting four different reference values: 0.05 pu (50 W), 0.1 pu
(100 W), 0.15 pu (150 W), and 0.2 pu (200 W).

Figure 19 shows the results of constant power control on three-phase source connected experiment.
It can be seen that the power control worked well by providing the output power according to the given
reference values, as shown in Figure 19a. Since the grid-connected inverter was connected to strong
three-phase grid, the voltage at the INV bus and the frequency were relatively constant during the power
change conditions, as shown in Figure 19b,c. In contrast to the active power, the reactive power was
intentionally kept constant at zero during changes in active power to ensure that all of the active power
provided by the DC side was transferred to the grid side. Figure 20a,b shows the controlled reactive power
during changes in active power. The total harmonic distortion (THD) for voltage and current were 1.5%
and 11%, respectively, as shown in Figure 21a,b.

Another way to make grid-connected inverter actively involved in the power management of
microgrid distributed generation system is by using droop power control. In this method, grid-connected
inverter power control determines its output power by considering the frequency of the system and the
pre-determined droop slope. Therefore, the balance of power and frequency is obtained from the power
delivered by droop power control of grid connected inverter together with the droop characteristic of
other source, if any, in the microgrid distributed generation system.

To verify the droop power control, an experiment on grid-connected inverter synchronized with
synchronous generator was conducted. The synchronous generator was chosen because the frequency is
easy to fluctuate compared to the stiff three-phase source grid connection. The grid-connected inverter
was equipped with droop power control in response of changing on the load demand side. The observed
case in this experiment had variable kp of 5%. To provide easy comparison, in this experiment, the load
demand was also changed from 150 W to 100 W.
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(a) Grid-connected inverter output power
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(c) Voltage at PCC bus

Figure 19. Experiment results of constant power control on three-phase grid-connected operation.

(a) Controlled active power

(b) Controlled reactive power

Figure 20. Active and reactive power control performance.
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(a) Inverter output voltage THD

(b) Inverter output current THD

Figure 21. Voltage and current total harmonic distortion (THD) level.

Figure 22 shows the results of experiment of 5% droop slope. Following the load demand change,
the grid-connected inverter reduced its output power while the synchronous generator kept its output
power constant, the result being that the frequency could be kept constant, as shown in Figure 22c.
Figure 22a shows that synchronous generator was constant during load demand change because the
inherent droop characteristic of synchronous generator was less flat compared to the droop characteristic
of grid-connected inverter.

(a) Grid-connected inverter and synchronous generator
output power

(w)

Load power
%
2

0 60 120 180 240
time (s)

(b) Load power demand

s oa oW
& & &

Frequency (Hz)

»
3

130 240

@
3

time (s)

(c) Frequency of the system

Figure 22. Cont.
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7 time (s)

(d) Voltage at PCC bus

Figure 22. Experiment results of droop power control on synchronous generator connected operation.
5. Conclusions

A grid-connected inverter for distributed generation was developed at laboratory scale. This device
was equipped with voltage control, power control, and synchronization control. Therefore, it can be used
as grid-forming or grid-injecting inverter on microgrid power system. Voltage control under grid-forming
mode could generate stable three-phase output voltage from internal or external voltage reference. Power
control under grid-injecting mode could generate stable output power, under both constant power reference
or droop power regulation. Experiments were conducted to verify the results.
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Abstract: The Energy Internet is an inevitable trend of the development of electric power system
in the future. With the development of microgrids and distributed generation (DG), the structure
and operation mode of power systems are gradually changing. Energy routers are considered as key
technology equipment for the development of the Energy Internet. This paper mainly studies the
control of the LAN-level energy router, and discusses the structure and components of the energy
router. For better control of the power transmission of an energy router, the energy routing control
strategy for an integrated microgrid, including photovoltaic (PV) energy, battery-energy storage and
electric vehicles (EVs) is studied. The front stage DC/DC converter of the PV system uses maximum
power point tracking (MPPT) control. The constant current control is used by the bidirectional
DC/DC converter of the battery-energy storage system and the EV system when they discharge.
The DC/AC inverters adopt constant reactive power and constant DC voltage control. Constant
current constant voltage control is adopted when an EV is charged. The control strategy model
is simulated by Simulink, and the simulation results verify the feasibility and effectiveness of the
proposed control strategy. The DG could generate reactive power according to the system instructions
and ensure the stable output of the DC voltage of the energy router.

Keywords: Energy Internet; energy router; microgrid; electric vehicle; PV; battery-energy storage

1. Introduction

In the third industrial revolution, Rifkin, an American economist, proposes the concept of Energy
Internet and mainly describes the application of the Energy Internet in the future [1,2], which has drawn
worldwide attention and studies [3,4]. With the continuous development of Internet+, microgrid,
renewable energy and DG, the structure and operation mode of the traditional power system are
gradually changing [5-7].

The Energy Internet is a new generation of intelligent network, having electric power information
as its core. The energy domain and information technologies interact with each other and then make
efficient use of different energy sources [8-10]. The Energy Internet is characterized by networking and
distribution, and various international research organizations have done a lot of research works based
on different needs and conditions. Germany has proposed the concept of E-Energy and the Energy
Internet plan, and studied the system design and management mode [11]. The Future Renewable
Electric Energy Delivery and Management (FREEDM) has proposed the concept of energy router and
designed energy routers based on solid state transformers (5S5Ts). The energy router is considered as
the infrastructure for building the future energy Internet [12]. Japan’s “Digital Power Grid Alliance”
manages and dispatches the electric energy in the corresponding region based on a “Digital Power
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Grid Router” [13]. In China’s Energy Internet project, the large power grid is regarded as the backbone
WAN and the microgrid as the local area network LAN. All components are connected through
integrated information energy switching equipment [14]. Almost all of the above Energy Internet
prototypes contain energy routers or power routers, indicating that energy routers are one of the
key technologies of the Energy Internet [15,16]. Therefore, the Energy Internet is also defined as a
multi-level distributed energy sharing complex network based on energy routers and energy LANs
(units) with the microgrid as its basic structure [17]. The Energy Internet architecture based on energy

routers is shown in Figure 1.
The microgrid
The microgrid

Em.rgy router network

The microgrid
E
) %% ‘

The energy ruulu The
/ Theenerg\ router

The Y grid

PV
\ )
The energy router /
—
The wind power -~ / ~ —

The microgrid

The energy storage

The EV

Figure 1. The Energy Internet architecture based on energy routers.

As the main component of the Energy Internet, the energy router has comprehensive functions
such as energy-exchange, communication and energy management [18]. At present, energy router
research is still in a primary stage. The aim of this paper is to study the control of a LAN-level energy
router. This paper discusses the structure and compositions of the energy router, and focuses on the
energy transmission control strategy of the energy router for different distributed generations, such as
PV, battery-energy storage and EVs. The energy routing models of PV, energy storage and EVs are
established and simulated by Simulink. The simulation results verify the feasibility and effectiveness
of the proposed control strategy. The DG could generate reactive power according to the system
instructions and ensure the stable output of the DC voltage of the energy router. The structure of the
paper is as follows: in Section 2, related work is presented. The architecture of the energy router is
described in Section 3. The energy routing control strategy is described in Section 4. The simulation
and results are presented in Section 5. Finally, Section 6 gives the conclusions.

2. Related Work

At present, energy router research is still in a primary stage. In [19], a distributed power routing
control strategy based on the Dijkstra algorithm method for the management and coordination control
of power flow in energy routers was put forward. A three-layer tree architecture of an intelligent
distributed energy network based on the multi-energy router concept is drawn in [20], where the
typical characteristics of the energy router are summarized and analyzed. In [21], the authors presented
the main circuit structure of a multi-interface energy router based on a power electronic converter
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and introduce the control strategy of each module of an energy router. A distributed energy router is
designed in [22] and its control mode is designed to ensure the stability of AC and DC buses. However,
different DGs have different characteristics and requirements. The common DGs are wind power,
PV, energy storage and EVs [23,24]. The PV power generation has the characteristics of randomness,
volatility and weak reactive power support [25]. Theories show that distributed energy storage is
an effective approach to solve the problems of PV mentioned above [26,27]. EVs are controllable in
time and mobile in space. They could be used as micro sources (V2G) to release electric energy. They
could also be used as a load (charging), which is inserted into the grid to store electricity [28-30].
In fact, energy routers need to ensure the normal operation and quality of the power grid, but it is also
important to ensure the reasonable flow of distributed energy, meet the load demand and control the
correct and safe energy flow intelligently.

This paper mainly studies the control of a LAN-level energy router, discusses the structure and
compositions of the energy router, and focuses on the energy transmission control strategy of the
energy router for different distributed generations, such as PV, battery-energy storage and EVs.

3. The Architecture of the Energy Router

Since the development trend of energy routers is to combine the energy interface layer of the
unified regional energy LAN with the distributed generation, the energy router needs various types
of energy input interfaces and corresponding control loops. The architecture of an energy router is
shown in Figure 2.
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Figure 2. The architecture of an energy router.

The energy router can be divided into three parts: the control part, the energy transmission
loop and the Internet communication unit. The energy router network information unit has the
functions of receiving Internet information, collecting and processing data, data analysis, prediction,
interaction and decision-making. The energy transmission layer and control part work according to
different requirements. The three parts interact and ultimately achieve high efficiency and safety of
energy utilization.
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In terms of the energy routing control, different control methods are adopted for different DGs.
The PV system uses the unidirectional DC/DC converter to achieve one-way flow of power, at the
same time to realize MPPT. A bidirectional DC/DC converter is used for the battery-energy storage
system and EV system when they discharge. The DC/AC inverter of the AC side adopts constant
reactive power and constant DC voltage control, which enables the PV, battery-energy storage and EVs
to generate reactive power according to the grid instructions and ensure stable output of DC voltage
of energy router. The constant current constant voltage control is adopted when an EV is charged.
The energy routing models of PV, energy storage and the EVs are established and simulated based
on Simulink.

4. The Energy Routing Control Strategy

4.1. EV and PV Battery-Energy Storage Power System

In order to study the energy routing strategy for the integrated microgrid, including PV,
battery-energy storage and EVs, their structures are designed in this paper as shown in Figure 3,
which includes a PV system, battery-energy storage system, EV system, load and the inverter control
systems of each system.

1a%
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Figure 3. Structure of a photovoltaic (PV) battery-energy storage hybrid power system with EVs.

In Figure 3, S1, S; and V Dy, VD, are the switches and diodes. Lpy, Lgy, Ly, are the boost/buck
circuit inductances of the PV system, energy storage system and EV system, respectively. Cyc po, Cac.Ev,
Cic.par are their DC capacitances, respectively. Vi o, Vi bat, Ve pv are the DC voltages. The Cpy is the
boost circuit capacitances of PV. Ly, Ly, L3 are the converter reactors. Load1l, Load2, Load3 are the
loads of system. i.1, 2, i3, ip3, ip2 and ipp are the currents of the diode and DC capacitances. RLj,
RLy, RL3 are the grid-connected capacitors and inductances.

4.2. Energy Routing Control Strategy of PV System

The power generation control system of PV is divided into two control subsystems, which are
unidirectional DC/DC and DC/AC, respectively. The control goals of PV system are to achieve
the MPPT operation of the PV array, stabilize the converter DC voltage and output reactive power
according to the system instruction.
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4.2.1. Unidirectional DC/DC Control Strategy

The front-stage converter of the PV power generation control system adopts unidirectional
DC/DC control to realize one-way power flow and simultaneously realize MPPT control. The DC/DC
converter realizes input and output voltages control by adjusting the duty cycle of insulated-gate
bipolar transistor (IGBT). The principle of PV front-stage DC/DC control is shown in Figure 4. Ipy is
the current of PV array, Vpy is the DC voltage of the PV array.

pv DC/DC
array/ 7777 " 'u' converter ——
lpvl lV ?
pV
MPPT > PM
M Modulation

Figure 4. The principle of PV front-stage DC/DC control.

MPPT refers to the tracking and control of DGs, so that the maximum power output can be
obtained in all circumstances. The common MPPT methods of PV arrays are the constant voltage
method, disturbance observation method, and incremental conductance method. There is a maximum
power point when a PV array operates under certain conditions. The main principle of the disturbance
observation method is to apply a periodic constant step disturbance to the output voltage of PV array
AV (or a constant step disturbance to the output current of the PV array Al). If the AP is positive,
it means the working point voltage is less than the maximum power point voltage, and the disturbance
in the original direction will continue to increase. Otherwise, the working point voltage will be larger
than the maximum power point, and a negative direction will be added. The working point of the PV
cell will be kept close to the MPPT. In this paper, the PV power generation system uses disturbance
observation which is the most commonly used method.

Measure V,(k)~ 1,(k)
Pp(k)=N (k) ()

P (k)-P(k-1)=0

\ V,,,,(Hl):V,,,(k)JrAV‘ \ V,,,(kﬂ):VP,,(k)fAV‘ \ K,\(k+1):VP,,(k)—AV‘ \ Vp,(k+1):V,,,(k)+AV\

End
Figure 5. Maximum power point tracking (MPPT) algorithm program based on disturbance observation.

In this way, by referring to a self-optimizing search program, which is shown in Figure 5,
the constant step length disturbance is added to the PV output voltage. The change of current
and pre-change power is compared in real time, so that PV array can work at the maximum power
point as much as possible.
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4.2.2. DC/AC Control Strategy

In Figure 6, the PV power generation inverter adopts double loop control, the outer ring is
constant DC voltage and constant reactive power control, the inner ring is current control. V, ¢/id.re
and Vi gig ref are respectively the instruction values of the d and g axis components of the grid side
voltage. V. is the output voltage actual value of the unidirectional DC/DC converter of PV, Qg1
is the reactive power actual value of the grid. They are the input of outer ring value of the inverter
control system, and are compared respectively with the DC voltage instruction value of PV Vi o, e
and network side reactive power instruction value Qg;ig1.ref-

V. de.pv Vd. gridl

+
Vd. pv.ref

d
L, PW M'
abe Modulation

Lg pv.ref
g.pv.rel + Vq.pv. ref

Vq. gridl

Figure 6. Control principle of PV power generation inverter.

The input current instruction value of PV I ;s and I; e are obtained through the outer loop
proportional integral (PI) controller for synchronous rotating coordinate system under the current
inner loop controller. After coordinate transformation, the d, q components of the grid side DC current
L gris1 and I ¢riq1 are obtained, and they are compared with their instruction value of corresponding
current d and q components Iy grig1.ref and I grig1.er- The six PWM trigger pulses are obtained through
PI controller and PWM modulation of the inner loop. Finally, IGBT is controlled to realize non-static
adjustment of constant DC voltage and constant reactive power. The space vector pulse width
modulation (SVPWM) modulation is adopted in this paper, and inductance capacitance (LC) filtering
method is used to suppress the current harmonic generated by it in order to make it work normally.

4.3. Energy Routing Control Strategy of Battery-Energy Storage System

The battery-energy storage power generation control system is divided into two control
subsystems, which are bidirectional DC/DC converter and DC/AC inverter. Its goals are:

e achieving two-way flow of power in battery-energy storage system
e  achieving constant reactive power control
e achieving constant DC voltage control

In Figure 7, the front stage converter of energy storage adopts directional DC/DC, which could
increase the voltage or decrease the voltage. It is mainly composed of the inductance Ly, capacitor
Cpat, IGBT switches Sq, Sy, diode VD and VD,.
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Figure 7. The circuit topology of Buck-Boost converter.

By controlling the conduction ratio of PWM to achieve its switches on and off. The output voltages,
the duty ratio of the two switch tubes are set as V1, V; and Dj, D; respectively, the relation of them as
shown in Equation (1):

Vi _1-Dp
V, Dy

When the charge-discharge current instruction value I shown in Figure 6 is positive,
the bidirectional DC/DC is in the boost state. Otherwise, the bidirectional DC/DC is in the buck state.

Figure 8 is the schematic diagram of the battery-energy storage control system. It consists of a
bidirectional DC/DC converter control and inverter control. The principle of the bidirectional DC/DC
control has been explained previously, the inverter is controlled by dual closed-loop control of voltage
and current.
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Figure 8. The schematic diagram of battery-energy storage control system.

Ve par is the actual DC voltage on the DC side of the inverter of the battery-energy storage system,
Qqrigz is the actual reactive power on the grid side of the grid. They are respectively controlled by
the voltage outer ring and the power outer ring, and then the instruction values of d and g axis of
current control I pat.rer and Iy pat.ref are obtained. The current collected by the grid ; is transformed
through coordinate transformation to obtain DC/AC inverter of d and g components of AC side
current I;;, I;;. The I, and I, are compared with Iy pat.rer and Iy pat.ref, Tespectively, and the PWM
trigger pulse is obtained through the current controller, which ensures the non-static adjustment of DC
voltage/reactive power.
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4.4. Energy Routing Control Strategy of EV's

When the EV is a micro source (V2G), it adopts the same control strategy as a battery-energy
storage control system, with bidirectional DC/DC control at the front stage and constant DC voltage
constant reactive power of DC/AC inverter control at the after stage.

At present, lithium ion batteries are widely used in EVs. When the EV in this paper is used as
system load (charging), its charging control mode needs to consider the characteristics of lithium ion
batteries. The control purposes of EV charging machines are to improve the charging efficiency of the
battery, shorten the charging time and extend the battery service life. As we all know, shortening the
charging time will lead to a sharp decline in battery life, therefore, the charging time and battery life of
EV should be considered comprehensively. This control strategy, mainly including AC/DC inverter
voltage stability control, DC/DC buck chopper constant current control and DC/DC buck chopper
constant voltage control, is shown in Table 1.

Table 1. Control strategy of charging machine.

EV AC/DC Part DC/DC Part

Control mode Constant DC voltage Constant current constant voltage

The control principle of the AC/DC inverter is same as that of discharge. Two different control
modules of constant current and constant pressure are established on the DC/DC control side
respectively. The switching of constant current and constant voltage charging mode is realized
according to the battery terminal voltage. The current loop PI control is adopted in the constant current
stage. By changing the duty cycle ratio, the on-off of the switch tube is controlled and the output
current is kept constant. The control structure of the inverter is shown in Figure 9.

1 EV.ref + VduEV.n_z/’

PWM

> Modulation

Figure 9. The structure of constant current control.

Constant voltage control adopts double closed loop control of the external power battery terminal
voltage and internal inductance current. The current inner loop is to control according to the current
instruction output by the voltage of the outer loop, and improve the dynamic response of the
system. The outer voltage loop is used to maintain the stability of the power battery terminal voltage.
The inverter control structure shown in Figure 10.

v,

de.EV ref
PWM
Modulation

Figure 10. The structure of constant voltage control.
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5. Simulation and Results

In order to verify the effectiveness of the control strategy proposed in this paper, a simulation
study is carried out. In this paper, a complete simulation structure diagram of the energy routing
control of the PV, battery-energy storage and EV system is built under Simulink. The simulation
parameters are shown in Tables 2—4.

Table 2. Simulation parameters of the PV system.

Meaning and Unit Number Meaning and Unit Number PI Parameters Number

Parallel number of the PV array 48 DC voltage of inverter Vdcpm,f/ A% 800 Kp1 2

Series number the PV array 10 Sampling frequency /kHZ 1000 Ki1 100

Short-circuit current/ A 60.9 Boost circuit capacitance Cp, /uF 60 x 103 Kpa 1200
Open-circuit voltage/V 853.1 Boost circuit inductance L, /mH 50 x 1073 K; 1
Optimum operating voltage/V 729.1 DC container Cd(_pv/ uF 750 Kps 1
Optimum operating voltage/A 273.1 Converter reactor L1 /mH 1 K; 50
Rated power/kW 199.1 The cycle of PWM 10 x 1073 Kpy 20
Loadl/MW + MVar 0.02 +0.02 - - Kig 20

Table 3. Simulation parameters of the battery-energy storage system.

Meaning and Unit Number PI Parameters Number
DC voltage of inverter Vi par.rer/ V 800 Kpy 2
Rated voltage of energy storage battery/V 400 Kin 100
Rated capacity of energy storage battery /Ah 200 Kpy 1000
Initial state of charge (SOC) of the energy storage battery/% 50 Kip 1
Charge discharge current/A +110 Kps 1
Start time of bidirectional DC/DC converter/s 0.05 Ki3 50
Sampling frequency /kHZ 1000 Kpy 20
Boost/Buck circuit inductance Ly,;/mH 5 Kiy 20
DC container Cyg ppt / LF 2200 - -
Converter reactor Ly /mH 2 - -
The cycle of PWM 10 x 1073 - -
Load2/MW + MVar 0.02 +0.02 - -

Table 4. Simulation parameters of the EV system.

Meaning and Unit Number PI Parameters Number
DC voltage of inverter Vi par.rer/ V 800 Kp1 2
Rated voltage of EV/V 400 K 100
Rated capacity of EV/Ah 200 Kpy 1000
Initial state of charge (SOC) of the EV/% 50 Kio 1
Charge discharge current/A +110 Kps 1
Termination voltage at constant current charging stage/V 440 Ki3 50
Start time of bidirectional DC/DC converter/s 0.05 Kpy 20
Sampling frequency/kHZ 1000 Kis 20
Boost circuit inductance Ly, /mH 5 - -
DC container Cye ppt / HE 2200 - -
Converter reactor L, /mH 2 - -
The cycle of PWM 10 x 1073 - -
Load3/MW + MVar 0.02 +0.02 - -

5.1. Example 1: The Reactive Power Instruction Values of PV, Battery-Energy Storage and EV Are all 0 Var

Figure 11 shows the PV simulation results when the reactive power instruction values of PV,
battery-energy storage and EV are all 0 Var. As seen in Figure 11a, the initial temperature of the PV
array is stable at about 25 °C. As depicted in Figure 11b, the light intensity of the PV array decreases at
around 1s and increases back to the original state at around 3 s.
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Figure 11. The simulation results of PV. (a) the initial temperature of the PV array. (b) the initial
conditions of the light intensity of PV array. (c) the active power of PV. (d) the reactive power of PV.
(e) the DC voltage of PV.

In Figure 11c, the active power output of PV array has the same change trend, falling at around 1's
and increasing back to the original state at around 3 s. Therefore, the PV array has realized the MPPT
operation under the control of DC/DC. The variation of active power output is smooth and this reduces
the impact on the system. The reactive power of the AC side of the PV inverter is stable at 0 Var as
shown in Figure 11d. Figure 11e shows that the DC voltage of the inverter can be stabilized at around
800 V, which is the same as the instruction value of the grid side. As a power grid power source, PV has
characteristics of uncertainty and randomness. The constant reactive power and constant DC voltage
control strategy of DC/AC inverter used in this paper, is able to achieve the function of releasing
reactive power according to the power grid instructions, stabilizing DC voltage and stabilizing the
active power.

Figure 12a—f are the battery-energy storage results. The reactive power of the battery-energy
storage could well track its instruction value shows Figure 12b, which is about 0 Var. As shown in
Figure 12¢, the DC voltage at the inverter side could track well its instruction value that is 800 V.
The active power of it could stabilize the output as shown in Figure 12a. As depicted in Figure 12d-f,
the bidirectional DC/DC converter of battery-energy storage adopts the constant current discharge
control method, and the discharge current is basically kept at around 112 A as shown in Figure 12d.
The discharge voltage is slightly reduced is shown in Figure 12e and the charge capacity of the battery
decreases uniformly is shown in Figure 12f. The battery-energy storage could be controlled by constant
DC voltage constant reactive power and the mode of constant current, which can realize stable output
of the reactive power and active power, thus ensure the stable operation of the power grid. Figure 12g—i
are the simulation results of EV. It can be seen that under the control of constant reactive power and
constant DC voltage of energy router, EV could also be connected to the network stably.
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Figure 12. The simulation results of battery-energy storage and electric vehicle (EV). (a) the active
power of battery-energy storage. (b) the reactive power of battery-energy storage. (c) the DC voltage of
battery-energy storage. (d) the discharge current of battery-energy storage. (e) the discharge voltage of
battery-energy storage. (f) the state of charge (SOC) of battery-energy storage. (g) the active power of
EV. (h)the reactive power of EV. (i) the DC voltage of EV.

Figure 13 shows the active and reactive power generated by the grid. The active and reactive load
of this system are respectively 0.06 MW and 0.06 MVar. The active power generated by the grid makes
up for the demand of active power load as shown in Figure 13a Since the reactive power instruction
values of the DG are all 0 Var, the reactive power of the system is provided by the grid, as shown in
Figure 13b.

5 S
8><lO ‘ ‘ ‘ ‘ ‘ ‘ . 4><]0 ‘ ‘ ‘ ‘ ‘ ‘
o

Z 6} (a) Z 21 (b)
el

N £0
o‘ 2 o 2 L L L L L L

0 0.5 1 1.5 2 2.5 3 35 -0 0.5 1 1.5 2 25 3 35

t/s t/s

Figure 13. (a) active power of grid. (b) reactive power of grid.
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5.2. Example 2: The Reactive Power Instruction Values of PV, Battery-Energy Storage and EV Are Respectively
10,000 Var, 20,000 Var and 0 Var

Figure 14 shows the PV simulation results. The reactive power instruction values of the PV,
battery-energy storage and EV are respectively 10,000 Var, 20,000 Var, and 0 Var. As shown in
Figure 14a, the initial temperature of the PV array is stable at about 25 °C.
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Figure 14. The simulation results of PV. (a) the initial temperature of the PV array. (b) the initial
conditions of light intensity of PV array. (c) the active power of PV. (d) the reactive power of PV. (e) DC
voltage of PV.

As depicted in Figure 14b, the light intensity of the PV array decreased at around 1 s and increased
back to the original state at around 3 s. In Figure 14c, the active power output of the PV array has
the same change trend, and falls at around 1 s and increases back to the original state at around 3 s,
therefore the PV array has realized the MPPT operation under the control of DC/DC. The variation
of active power output is smooth and reduces the impact on the system. The reactive power of the
AC side of the PV inverter is stable at 10,000 Var, as shown in Figure 14d. Figure 14e shows that
the DC voltage of the inverter can be stabilized at around 800 V, which is the same as the reactive
power and DC voltage instruction value of the grid side. As a power source of the power grid, PV
has characteristics of uncertainty and randomness. The constant reactive power constant DC voltage
control strategy of DC/AC inverter used in this paper can achieve the function of releasing reactive
power according to the instruction of power grid, stabilizing DC voltage, and then stabilizing the
active power.

Figure 15a—f are the battery-energy storage results. As shown in Figure 15b the reactive power of
the battery-energy storage could track well its instruction value, which is about 20,000 Var. As shown
in Figure 15¢, the DC voltage at the inverter side could track well its instruction value, which is 800 V.
The active power could be stabilized as shown in Figure 15a. The bidirectional DC/DC converter of
battery-energy storage adopts the constant current discharge control method, the discharge current is
basically kept at around 115 A as shown in Figure 15d, the discharge voltage is slightly reduced as
shown in Figure 15e and the charge capacity of the battery decreases uniformly as shown in Figure 15f.
The battery-energy storage could generate stable reactive power and active power, which ensure the
stable operation of the power grid under the control of constant DC voltage constant reactive power
and the mode of constant current. Figure 15g,h are the EV simulation results where the reactive power
of the EV is about 0 Var and the DC voltage of the EV is about 800 V which are the same as their
instruction values. It can be seen that under the control of constant reactive power constant DC voltage
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of energy router, the EV could be connected as a distributed power source to the grid and ensure the

stability of the power grid.
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Figure 15. The simulation results of battery-energy storage and EV. (a) the active power of
battery-energy storage. (b) the reactive power of battery-energy storage. (c) the DC voltage of
battery-energy storage. (d) the discharge current of battery-energy storage. (e) the discharge voltage
of battery-energy storage. (f) the SOC of battery-energy storage. (g) the active power of EV. (h) the
reactive power of EV. (i) the DC voltage of EV.

Figure 16 shows the active and reactive power generated by the grid. The active and reactive load
of this system are respectively 0.06 MW and 0.06 MVar. The active power generated by the grid makes
up for the demand of active power load as shown in Figure 16a. Since the reactive power instruction
values of the DG are respectively 10,000 Var, 20,000 Var, 0 Var., the rest of the reactive power of the
system is provided by the grid. As shown in Figure 16b, the reactive power of grid is about 30,000 Var.
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Figure 16. (a) active power of grid. (b) reactive power of grid.
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5.3. Example 3: EV Charging

Figure 17 shows the simulation results of the EV when it is the load of the grid. The constant
current and constant voltage are adopted when the EV is charged. The constant current charging
current is 10 A, and the constant voltage charging voltage is 440 V. It can be seen from Figure 17a,b,
that a constant current is adopted at the beginning stage, and this constant current is 110 A. With the
deepening of charging, the battery voltage gradually increases to 440 V, and the charging machine is
switched to the constant voltage charging mode. The constant current charging time is 8 s. After 8 s,
the terminal voltage of the power battery remains at 440 V, the charging current gradually decreases
and enters the trickling charging stage. The battery continues to be charged. It can be seen from
Figure 17¢,d that the charge capacity of the power battery increases faster in the constant current
stage, while the charge capacity increases slowly in the constant voltage stage due to the reduction of
charging current. The intermediate voltage of AC/DC inverter remains stable after charging, which
verifies the effectiveness of the control strategy of constant voltage and constant current charging of
the power battery.

(@) (b)

(© (d)

Figure 17. The simulation results of EV charging. (a) Charging current of EV. (b) Charging voltage of
EV. (¢) SOC of EV. (d) DC voltage of EV

6. Conclusions

This paper mainly studies the control of a LAN-level energy router, discusses the structure and
components of the energy router, and focuses on the energy transmission control strategy of the energy
router for different distributed generations. The models of EV, PV and battery-energy storage are
established respectively by using Simulink. Three examples are simulated to verify the effectiveness
of the control strategy. The examples are the reactive power instruction values of DGs are all 0 Var;
the reactive power instruction values of PV, battery-energy storage and EV are respectively 10,000 Var,
20,000 Var and 0 Var; and EV charging.

The simulation results show that the control method of the PV system could realize MPPT, and
the EV system could achieve constant voltage and constant current control when it is charging. The EV,
PV and battery-energy storage could release reactive power according to the instructions of the grid.
The DC voltages of DGs could be well controlled and stabilized. The normal operation and quality of
the power grid be achieved under the control of the energy router while maintaining the reasonable
flow of distributed energy and safe intelligent energy flow. The limitation of this work is that the control
model of the energy router lacks any interaction with the communication and decision-making part of
the power system. In fact, the control of the energy router needs to interact with the communication
part in real time, which can be further studied and combined in the future.
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Abstract: The dynamics of a general class of weakly nonlinear oscillators can be used to control power
converters to create a self-forming AC network of distributed generators. Many control stability
results for these “virtual” oscillators consider the interaction of voltage-source converters, but most
practical converters use a nested current loop. This paper develops a general method to extend
voltage-source stability results to current-controlled converters using a virtual admittance. A fast
current control loop allows a singular perturbations analysis to demonstrate the equivalence of the
two. This virtual admittance can also manipulate load sharing between converters without changing
the core nonlinear dynamics. In addition, Virtual Oscillator Control is experimentally demonstrated
with three-phase voltage-sourced and current-controlled inverters. This validates the equivalence of
the two formulations, and extends previous single phase testing into three phases. The extension to
current-controlled converters enhances safety and increases the breadth of applications for existing
control methods.

Keywords: coupled oscillators; virtual impedance; synchronization; power converters; droop control;
virtual admittance; distributed generation; energy; renewable energy; microgrids

1. Introduction

1.1. Motivation

The increasing penetration of power converters has raised new problems and opportunities in
the control of small power systems and microgrids [1-3]. Power conversion decouples the physical
dynamics of generators and loads from the rest of the system, allowing almost any set of dynamics to
be substituted. Converter dynamics can be designed to facilitate load sharing, synchronization, and
voltage and frequency regulation among multiple generators in both AC and DC power systems [4].

Historically, inverters would connect to an existing stiff AC power grid where a synchronous
machine established the voltage and frequency. The proliferation of distributed generation and
renewable energy has spurred interest in “grid forming” controls that can create a functioning AC
power system using only power converters. However, the synchronous machines that comprise
a standard power system have well-understood dynamics that serve to create an oscillating AC
waveform and synchronize multiple power sources [5].

This innate feature of synchronous machines must be replaced by power converters. As a simple
approach, the converters may have their own sinusoidal reference voltage generation, somewhat
similar to the traditional Phase Lock Loop controls used with existing AC grids [6]. Alternatively,
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a synchronous machine’s dynamics can be simulated in software to produce a “Virtual synchronous
machine” that uses tunable virtual parameters [7] to create the desired system dynamics including
droop [8], frequency dynamics [9,10], and damping [11].

1.2. Approach

This paper focuses on an entirely separate method, a class of weakly nonlinear Liénard oscillators
that form nearly sinusoidal stable limit cycles when simulated in software. They take the general form
of a resonant linear oscillator with weakly nonlinear forcing terms, as ¥ + f(x)x + g(x) = 0[12,13].
Theoretical analysis has shown that coupled networks of these oscillators can produce the desired AC
system behaviors including synchronization, stability, power sharing, and droop [14-16]. This general
approach is termed virtual oscillator control (VOC) [12,13,17-19] because the oscillator dynamics are
simulated to produce inverter commands. Two examples include the Van Der Pol Oscillator and the
Nonlinear Dead Zone Oscillator (DZO) [17-20], which is the focus of the examples in this paper.

The theoretical analysis of VOC typically approximates a switching power converter as an ideal
voltage source. Controller dynamics are assigned to command the output voltage as a function of
output current. This is a logical approach for control of voltage-source converters. In practice, however,
it is common to have a low-level current control loop to render the converter a controlled current
source. A practical consideration critical to commercial utilization of power converters is the need to
prevent damage to devices due to load anomalies. Semiconductors are sensitive to overloads of even
short duration, and the current-controlled formulation makes it easy to enforce protective limits during
faults, rapid transients, and low-voltage ride-through conditions. VOC based on the voltage-source
formulation presents no obvious way to satisfy these protective limiting requirements, which presently
restricts its commercial deployment.

This paper attempts to bring theoretical VOC converter control methods closer to deployment
through three main contributions built on our previous work [20]. The first is a general theoretical
approach that can extend a voltage-source analysis into a current-controlled version while maintaining
its stability proofs, enabling more direct implementation into the current-controlled converters common
in practice [20]. This method uses a simulated virtual admittance (the inverse of impedance) to create
an equivalence between the two implementations under the assumption of fast current controller
dynamics. A virtual admittance simulates the output current produced by a voltage difference across
a component that exists only in simulation, while a virtual impedance simulates a voltage drop based on
a current. The second contribution is the ability to control the power output and droop characteristics of
current-controlled VOC inverters by varying their virtual output admittance, rather than the physical
filter components as in the voltage-sourced derivation. Finally, we extend the experimental VOC results
from the existing single-phase dead-zone oscillators [17-19] to three-phase voltage-sourced inverters,
and then to three-phase current-controlled inverters using the equivalence technique. Compared to our
previous work [20], this paper adds a more detailed theoretical analysis, simulations, voltage-sourced
inverter testing, and considers current controllers with limited bandwidth.

1.3. Literature Review

The idea of virtual admittance is not new in converter controls [21-26]. It has been studied for DC
systems to create droop phenomena and enforce power sharing in DC [23,27,28] and AC [24,29-31]
microgrids, and similarly in battery management systems [22]. Another application is to regulate
harmonic voltages in current-controlled inverters [29,32]. The idea of having dual voltage-sourced or
current-controlled implementations has been studied for virtual synchronous machines, where the
simulated dynamics already include a clear method to implement the two variants [33,34]. The novelty
here and in our previous work is using virtual admittance to enable current control for VOC controllers,
which have no obvious method to create a current-controlled equivalent.

When operating as a voltage-sourced virtual oscillator, tuning the effective output impedance of an
inverter requires changing the core oscillator dynamics or the inverter’s physical output filter. However,
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the effective output impedance of a current-controlled inverter can be manipulated by changing only
a virtual admittance [20]. As a consequence, the relative power contributions of parallel-connected
current-controlled inverters can be manipulated without changing the core oscillator control or any
physical components. The idea of varying virtual impedances or admittances to enforce a desired
power sharing arrangement in voltage controlled inverters was shown in [30,35], but is new for
VOC applications.

To demonstrate these ideas, we implemented them experimentally using the dead zone oscillator
for virtual oscillator control. A key feature of DZO control is that the parameters can be tuned such
that parallel-connected inverters self-synchronize with no communication other than that inherent
to their common electrical coupling [18]. Existing DZO work assumes voltage-source inverters and
was tested in single-phase [17-19]. This paper extends the hardware testing to three-phase via the
Clarke transformation [19]. The voltage-to-current conversion is then used to drive three-phase
current-controlled inverters, as in our previous work [20]. The resulting AC grid in both cases
demonstrates self-synchronization, voltage and frequency regulation, controllable load sharing, and
droop characteristics, all without dedicated communication between units. The testbed parameters for
both current and voltage-controlled systems were identical thus proving the stability characteristics
apply under either control framework.

The proposed DZO control method is only one of many available for microgrid control. Most
involve some form of low level control, combined with a hierarchical control scheme. Droop control
is commonly used for the low level, in which the voltage and/or frequency reference are modified
based on the measured real and reactive power outflows [6,36,37]. DZO control does not explicitly
implement this phenomenon, but the nonlinear dynamics of the system inherently exhibit this same
behavior [12,13]. There are many proposed algorithms for hierarchical control between multiple
converters [38,39], but DZO functions in a truly distributed fashion without a higher level controller.

This paper is organized as follows: Section 2 describes the extension of voltage-source stability
results to the current-controlled case. Section 3 summarizes DZO dynamics for both voltage and
current-controlled variants, and Section 4.1 describes the testbed setup. Section 4.2 describes simulation
results, while Section 4.3 presents the results of hardware testing which demonstrate three phase DZO
synchronization, load sharing, and response to step changes in loads.

2. Voltage- and Current-Controlled Inverters

This section describes a typical model of a voltage-sourced converter and its interaction with a grid
or load. It then describes how the same dynamics and control can be used with a current-controlled
inverter. This concept initially appeared in [20].

2.1. Converter Models

A simple voltage-source converter with ideal semiconductor switches is illustrated in Figure 1.
The current Ir and voltage V; are measured at the output of the inverter bridge. An inductor and
a parallel capacitor serve as an output filter, however, these elements may be eliminated if filtering
is not required. The voltage where the output of the converter connects to the grid is labeled V.
The converter establishes a voltage Vy given the injected current and activity in the rest of the system.
The “Grid” component G represents everything external in the system: loads, impedances, and other
inverters. Although Figure 1 depicts a single-phase AC converter, different switch configurations can
produce three-phase or DC converters.

Assuming the switching dynamics are sufficiently fast to be neglected and by replacing the
inverter bridge with an ideal voltage source, the voltage-source converter can be further simplified
into Figure 2. The series-connected inductor filter has been replaced in the system by Fs which uses
the voltage drop V; — Vj to calculate a current. Also, the parallel-connected capacitor filter is combined
with the grid system, now denoted G'.

198



Energies 2019, 12, 298

<\_1_F>
+
4

O |ipT
__J___:\

Figure 1. Simple model of a voltage-source converter [20].
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Figure 2. The converter switches can be represented as an ideal voltage source. Series filter components
are represented as Fg, while parallel filter elements are lumped into the grid to become G’ [20].

2.2. Voltage-Sourced Analysis

For an AC or DC converter system, stability analysis depends on assumptions about the following
elements: The dynamics of the controller; the grid impedance seen at the output of the voltage source;
and the switching dynamics, which are fast and often neglected.

The software-based oscillator controller C has an internal state x¢ that evolves with dynamics
%c = Cx(xc, Ir) and assigns a voltage based on the output function V; = Cy(x¢, Ir) in response to IF,
the measured output current. This current is produced by the voltage drop across the output filter F
via its internal dynamics Xr = Fy(xf, V; — V;) and output function Ir = F,(xf, V; — Vg). In a similar
manner, the internal model of the grid is specified by %' = G (xg/, Ir) with output Vg = G} (xg1, Ir).-
It should be noted that the components C, F, and G’ may all be nonlinear. The basic equat1ons are thus

Xc = Cx(xc, IF) M
Xp = Fe(xp, Vi — Vg) 2
Xg = Gy(xgr, Ir) ®)
Vi = Cy(xc, Ir) “4)
Ip = By (xp, Vi — V) G)
Ve = Gy (xg1, Ir).- (6)

In the case where the F is linear, it becomes an admittance.

2.3. Current-Controlled Equivalent

To adapt the previous analysis for the case of a current-controlled converter, we assume
a sufficiently fast current-control loop (PI or similar) which allows the converter to maintain a desired
output current by varying the converter output voltage. Because the current controller must be able
to modulate output current, it will not function with an open circuit. Hence, we require the output
impedance G’ to be bounded. To meet this condition even if the grid interface to the converter terminals
G is unconnected, we include a parallel-connected filter capacitor as in Figure 1.

Under this ideal current-controlled model, the effects of the series filter Fs on current [r are
removed as it is within the closed-loop portion. Yet, this offers the possibility to simulate the effect of
any desired output filter in software as a virtual impedance F§ as shown in Figure 3.
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G!

Figure 3. A current-controlled inverter with a sufficiently fast PI loop can enforce any I } Thus, given
a simulated output voltage V;, it can enforce any virtual filter current I = Fj(xp, V] — Vg) (12).
When the virtual and hardware filters do not match F; # Fs, the virtual (V/) and real (V;) inverter
bridge terminal voltages will differ V/ # V; [20].

To create this system, start with the simulated controller output V/ and subtract the measured
terminal voltage V, to create the voltage difference needed to calculate output current with F.
This current is then fed back as the current command I;.. The dynamics of the current controller
K are added as (10) to drive the actual current I to the desired I} and yield the modified system

xc = Cu(xc, Ip) 7)
p = Fy(xp, Vi = Vg) ®)
i¢ = Gy(xg, If) )
6561( :Kx(XK,Ift*IF) (10)
Vi = Cy(xc, If) (1)
Ip = F)(xp, V] = Vg) (12)
Ve = Gy (xe, Ip). (13)

The “singular perturbations” theorem [40] states that for a dynamical system where a portion
of the dynamics are much faster than the rest, those fast dynamics can be treated as an algebraic
relationship. Assuming the current controller K is fast compared to the other dynamics and drives the
current tracking error to zero, € in (10) approaches zero. A singular perturbations argument [40] allows
us to consider (10) as an algebraic relationship, and the converter can be treated as a current source
where Ir matches exactly the desired I}, within the bandwidth of the current controller. This reduces
the current controlled system (7)—(13) to match the original voltage source system (1)—(6) with the
original filter dynamics F replaced with the virtual filter F’.

For a voltage-source model, the output impedance includes the series output filter of the inverter
Fs in Figure 2, which is a physical hardware component. For the current-controlled version, the
physical output filter impedance is neglected due to the ideal current control loop, but a simulated
filter impedance is included in the controller dynamics. This makes the full system analysis and
system dynamics identical to the previous case, except for that filter dynamics Fs are now virtual
rather than real.

Thus, for F{ = Fs, the system dynamics are identical to the voltage-source case. This method
makes no assumptions about linearity or AC vs. DC operation. The main underlying assumption
is that the current loop is stable and much faster than other dynamics such that Ir converges to I}.
A necessary condition for this assumption is the effective grid impedance G’ must be finite.

Specifying the inverter’s effective output filter as a virtual impedance whose characteristics
are controlled via software offers several benefits. Firstly, methods exist to control power sharing,
droop, etc. based on this filter, thus software control of this parameter permits unlimited flexibility as
compared to changing the actual hardware values. Also, most causal filter models can be implemented
independent of the actual hardware. This also permits improved analysis since the simulated filter
impedance will be accurately known. This is not always the case with actual hardware.

Although presented here for the single-phase AC case, this current-controlled model similarly
extends to three-phase systems for both unbalanced or nonlinear conditions.
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2.4. Non-Ideal Current Amplifiers

This equivalent controller method relies on a current control loop or current source that rapidly
tracks the commanded current (10). Typically, this is only true within a specific frequency range, and
so long as the current controller is sufficiently fast compared to the oscillator dynamics, the singular
perturbations analysis holds. For completeness, consider the behavior of the system as the base
dynamics approach the bandwidth of the current controller, and the tracking performance weakens.

Consider the transfer function at the output of the controller C, which sends a commanded
inverter voltage, and receives a current feedback. The voltage-source converter of Figure 4a observes
an output transfer function that behaves as a simple impedance

Ir 1

L - 14
Vi~ Zrt Zc (14)

The more complex current-controlled converter of Figure 4b observes the output transfer function

E _ ZF+ZG+K(S) (15)
Vi Zp(Zp+Zg) +K(s)(Zp + Zg)

When the current controller gain K(s) is large, those terms dominate, and the transfer function
reverts to the form of the voltage-sourced version (14), with the virtual filter Z}, replacing the hardware
filter Zr, as expected. If K(s) becomes very small, for example if the output is disabled, the dynamics
reduce to the simple impedance of the virtual filter ZJ,.

Vthev

(@

(b)

Figure 4. Diagram of the output dynamics seen by the virtual oscillator for voltage-sourced and
current-controlled systems. The oscillator controller C is not modified, and is shown with a dashed
border. The remainder of the system is shown as a linear transfer function block diagram. The filter
impedance is Zp for the hardware filter or Z, for the virtual filter. The grid (either G or G') is treated
as its Thévenin equivalent with impedance Z; and voltage vy,,. The current controller (e.g., a PI
controller) is K(s). The various impedances are all functions of s. (a) Voltage-sourced inverter block
diagram. In the base derivation, the virtual oscillator control (VOC) controller C receives a current
feedback Ir measured at the inverter output. (b) Current-controlled inverter block diagram. In the
base derivation, the VOC controller C receives a virtual current feedback I’F based on the virtual filter.
Alternatively, one could use the feedback of the actual current Ir, shown as a dashed line.
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As an alternative, the feedback current could be the output of the real system, rather than the
commanded current, as shown by the dashed feedback line in Figure 4b. In this case, the transfer
function seen by the oscillator control output is

I F K (S)

— = . 16
VI = Z0(Zr 1 Zo) + KV 2 + Zo) 16

This configuration exhibits the same behavior when current controller gain K(s) is large,
again matching the form of the voltage-sourced version (14), with the virtual filter Zp replacing
the hardware filter. However, as the gain K(s) approaches zero, this output transfer function also
approaches zero to reflect the reality that there is little real output current. This alternative method is
not used in the results presented in this paper, but its behavior may be desirable in specific applications.

2.5. Synchronization and Over-Current Protection

Converters typically have output filters with impedances of 5%-20% per unit at the fundamental
frequency. Directly connecting a voltage-source virtual oscillator via switch or a bridge and enabling
switching without synchronizing first will usually result in a large current spike that will either damage
the converter or trip the protection. This is not an issue from an analysis or stability perspective, but can
cause significant damage in hardware.

Current-controlled inverters can be set to self-limit this current spike, protect the device,
and continue operating. This is one reason why current control loops are used so often in practice.

Voltage-controlled inverters cannot directly limit current in the same way, and they are often
protected by software trip logic that instantly ceases outputs if the measured current exceeds given
threshold values. In normal operation this is not a problem, but a direct startup to an operating grid
will trip the protection.

For the voltage-controlled case, one possible solution is to achieve some degree of synchronization
before connecting the converter or enabling the switching action. This can be achieved with a voltage
measurement on the line side of any switches or breakers. One approach is to use this voltage
measurement to adjust the states of the oscillator to match the grid oscillation.

A second approach is used in the experimental section of this paper. The line-side voltage
measurement is fed to the control software, and a simulated output admittance is connected between
the oscillator dynamics and the grid. This process is entirely virtual and results in no real currents or
voltages, but it does synchronize the oscillator dynamics in software before the physical converter is
connected or enabled.

3. Application of Dead-Zone Oscillator Control to Current and Voltage-Controlled
Three-Phase Inverters

DZO control was formulated in [17-19] as a voltage-source algorithm, but a current-controlled
equivalent would both increase the breadth of application for DZO control and offer the advantages of
controlling the effective output impedance of inverters through software. To these ends, the method
developed in Section 2 of adapting voltage-source control algorithms to current-controlled converters
is applied to DZO control. The basics of this method are summarized here for convenience. The various
stability and convergence proofs are found in [17-19].

3.1. Dead-Zone Oscillator Control

Under DZO control, an inverter mimics the dynamics of a nonlinear DZO in a manner similar to
the well-known Van der Pol oscillator. A DZO circuit equivalent model, shown in Figure 5, consists of
a nonlinear voltage-dependent current source and a parallel resistor inductor capacitor (RLC) circuit.
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Figure 5. Circuit model of the Dead-Zone Oscillator. ig, the output of the voltage-dependent current
source, is a nonlinear function g(Vosc). The impedance of the parallel resistor inductor capacitor (RLC)
circuit, together with the parameters o and ¢ of g(Vsc), control the limit cycle of a single oscillator and
the interaction of coupled DZOs [17,20].

The DZO [17,18,20] is a nonlinear dynamic system of two states: The DZO terminal voltage Vs
and the inductor current ij, with dynamics specified by

dav, 1 1 i—i
d;‘sc - E[(VOSC(U - ﬁ) = f(Vose) — i — fosc] an
di 1
7: = ZVOSC (18)
ig = —8(Vosc) = 0Vosc — f(Vosc) (19)

where f(Vpsc) is the dead-zone function with parameters o and ¢, and g(Visc) is the voltage-current
characteristic of the voltage-dependent current source, which is related to f(Vsc) by (19).

The dynamics of the DZO, as presented in [18], are governed by the parameters of g(Vosc) and by
the impedance of the parallel RLC circuit. For a standalone inverter, Vo has a stable, unique limit cycle
ifoc >1/R.1f V/L/C(0 —1/R) < 1, it can be shown that the limit cycle is approximately sinusoidal
with frequency close to the natural frequency of the RLC circuit, 1/ VILC.

When multiple inverters under DZO control are connected in parallel, each inverter’s output
current is determined by V;, V, and F;, and because each inverter’s output current Ir depends on the
common grid voltage, the inverters demonstrate the ability to self-synchronize. Further, due to the
dependence of the inverter current Ir on its own output filter impedance Fs, load-sharing between
inverters can be controlled by changing F;.

3.1.1. Voltage-Controlled Inverter DZO Requirements

The DZO control derivation and testing was initially created for use in voltage-source inverters.
The controller measures the current Ir at the terminal of the inverter and commands the bridge
voltage V.

3.1.2. Adaptation of DZO Control to Current-Controlled Inverters

DZO control can be extended from voltage-source inverters to current-controlled inverters using
the approach presented in Section 2. As illustrated in Figure 3, the DZO terminal voltage Vi/ and the
voltage measured at the grid terminal are used to compute Iy, which are both sent as a control signal
to the current-controlled inverter and fed back into the DZO model to calculate the value of V/ at the
next time step.
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3.2. Extension of DZO to Three-Phase Networks

In [19], the Clarke Transform was used to generate the balanced three-phase voltage control signal
V; from Vs and i, the virtual inductor current of (18). For control of current-controlled inverters in
the test bed described here, Vi/ is generated in the same way.

3.3. Software DZO Inverter Synchronization

Voltage measurements are processed by the controller to provide a reference for multiple inverter
synchronization. During initial startup of additional inverters when at least one is already running,
software in the starting inverter synchronizes the output of the inverter with AC voltage across the
load to decrease potential current spikes upon connecting multiple inverters across the same load.
Before the inverter switches are enabled, the load side voltage measurement is fed to the simulated
oscillator and connected through a virtual impedance. This triggers the natural synchronization
behavior of the oscillator and causes it to synchronize with the grid before the output bridge is enabled,
minimizing transients.

4. Results

4.1. Test Bed Configuration

The three-phase testbed consists of three inverter subunits connected in parallel to a Y-connected
resistive load. The general configuration is identical for both current- and voltage-controlled inverters.
Figure 6 shows one inverter subunit connected to the load, and displays the core functional elements of
the subunit. A picture of this unit in the physical testbed is shown in Figure 7 without the attached load.

To Inverter Units 2 and 3
Relay :
v / L |
V
GS\V,VR Inverter l 220
Y'Y\
bales YN / [ L -/
7y (YY5
=4
J ~ |VDR/LPF
Controller 110
CMD, ADC
CMDg L

L B ]

ADC VAUX
REF 24v

T =

Figure 6. One inverter subunit coupled to a Y-connected load. The inverter’s control signal reference
and its negative DC rail are isolated. The negative DC power rail of each inverter floats in isolation.
Each subunit’s controller reads Vg, 4 and Vg,B, the load voltages on phases A and B, and receives
feedback of the amplifier output current. Additional inverter subunits are connected in parallel to
the load for synchronization testing. The inverter can be either voltage-sourced and receive a voltage
command, or current-controlled with a current command [20].

The controller samples V; 4 and V; p, the grid voltages on the A and B phases, each at a rate of
10 kHz. Current measurements from the inverter are also fed back into the controller for processing.
An analog signal conditioning board provides a voltage divider and low-pass filter with a single pole
at 22 kHz.

The controller sends a reference command to the inverter, either an A- and B-phase voltage or an
A- and B-phase current depending if the inverter is voltage-sourced or current-controlled.
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Amplifier

Figure 7. One power converter subunit, as shown schematically in Figure 6. The testbed comprises
three subunits connected in parallel to a Y-connected three-phase load. A DC source (not shown) feeds
power to the inverter in the top left of the picture.

Current and voltage measurements are fed back to the controller regardless of the controller type.
The voltage-controlled variant nominally requires only current feedback, while the current-controlled
variant requires only voltage feedback. However, both types use the voltage measurement for initial
grid synchronization, and current measurements for over-current protection.

Each inverter subunit’s controller actuates a normally-open relay to connect the subunit to the
grid. For a current-controlled inverter, an open circuit can create control loop stability problems,
so when the relay is open the controller holds the states of the simulated oscillator and the current
commands at zero to prevent current loop saturation. The governing state equations of the dead-zone
oscillator are discretized and solved in real time with a fixed step size of 100 us.

4.2. Simulation Results

The dead zone oscillator system with both voltage-sourced and current-controlled amplifiers
was simulated in the MATLAB/SIMULINK environment. The ability of the current amplifier to
accurately track current commands is critical to the correct functionality of the system, as described in
Section 2.4. The simulation was configured and tuned to match the test bed, with both voltage-sourced
and current-controlled amplifiers connected through a 150 uH inductor to a 4 () Y-connected resistor
bank. The current controller is a Proportional Integral (PI) type.

To understand the amplifier response, the transfer function from amplifier command to output
current was measured via a frequency sweep in the amplifier reference input as shown in Figure 8.

For the voltage-sourced inverter, the voltage command was scaled by the output resistance (4 (2)
so that a 1 V command would nominally produce 1 A and measure 0 dB. This is visible in both the
simulated and measured output currents until at least 1 kHz, when the current response rolls off due
to the system L/R pole at 4.2 kHz. This means the voltage follows the command very well within this
measurement window.

The current-controlled amplifier response is shown as the transfer function from current command
to current output. In this case, both real and simulated current controllers show good tracking until a
—3 dB bandwidth of about 200 Hz, when the response no longer tracks the command. So for this system,
both simulation and hardware tests indicated that the current-controlled and voltage-sourced systems
should be equivalent for frequencies below about 100 Hz. This should suffice for the steady-state
behavior of oscillators set for 60 Hz. Rapid transients may cause the two versions to diverge somewhat.
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Figure 8. Amplifier Bode plots in simulation and hardware for both voltage-sourced (VS) and
current-controlled (CC) inverters. In all cases, the amplifier is connected through a 150 uH inductor to
a Y-connected 4 Q) resistive load. The voltage transfer function is measured as voltage command to
current response, and scaled by the resistance (4 3) to produce 0 dB at low frequencies.

The basic operation of the virtual oscillator is tested in simulation by starting from a zero initial
condition. The system starts from rest, begins oscillating with increasing amplitude, and reaches
a stable limit cycle. Both voltage-sourced and current-controlled versions are shown in Figure 9, and
demonstrate good agreement between the two.
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Figure 9. Simulated startup transient for both voltage-sourced and current-controlled amplifiers
operated by a DZO controller. They match almost exactly, as would be expected for operations within
the bandwidth of the current controller. The phase of the traces diverge slightly over longer time
intervals because the two systems are not completely identical.

To study the effects of the two different implementations in a more realistic scenario, simulations
were conducted to study the droop characteristics of the oscillator. As more power is drawn from the
system, the output voltage decreases based on the nonlinear oscillator dynamics. This feature aids in
load sharing between inverters. As shown in Figure 10, the voltage-sourced and current-controlled
versions match very well during 60 Hz operation for two different nominal power ratings of the
oscillator. However, when set for 400 Hz operation, more divergence appears. This validates the
predictions of the current tracking response shown in Figure 8, which starts to introduce errors above
about 100 Hz.
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Figure 10. Simulated droop characteristics for voltage-sourced (VS) vs. current-controlled (CC)
inverters for two different nominal ratings at 60 Hz and and one rating at 400 Hz. As expected, the
two equivalent VS and CC formulations perform almost exactly the same for both ratings at 60 Hz,
but they diverge at 400 Hz because it is beyond the current controller bandwidth shown in Figure 8.
A derating by a factor of 25 is implemented by artificially scaling the current feedback to the oscillator,
which creates a different droop characteristic [17-19].

4.3. Experimental Results

This section experimentally demonstrates three phenomena that are useful for practical
implementation of oscillator-based converter controls. The first is the three-phase voltage-source
DZO control theoretically developed and simulated (but not tested) in [19], including synchronization
and the predicted power droop characteristic. The second is the equivalent performance of a current-
controlled inverter to its voltage-controlled counterpart, including oscillation and synchronization of
parallel-connected inverters regardless of their control framework. This validates the results of Section 2.

The final tests demonstrate the ability to dynamically change and control the power output of a
current-controlled inverter by adjusting a virtual output filter admittance as described in Section 2.3.
The ability to alter the load-share of an inverter by changing its physical output filter Zp; was
demonstrated for single-phase voltage-controlled inverters in [17]. Changing a virtual output filter
as described here achieves the same result, and can be done dynamically without hardware changes.
This concept is only applicable to the current-controlled implementation.

4.3.1. Voltage-Controlled Inverter

A three-phase voltage-sourced converter using DZO control was tested for self-oscillation,
step changes in load, synchronization, and droop characteristics. The behavior matches expectations,
confirming the theoretical results in [19].

As a first test, a single inverter self-oscillates and powers a Y-connected load of 8 () per phase as
shown in Figure 11a. The load resistance then changes to 2.66 Q) (66% decrease) in each phase. A brief
transient occurs, then settles to a steady state at higher current values as expected.

An important feature of DZO control is synchronization with other inverters. In Figure 11b,
one inverter is operating and powering a load, and another inverter is then connected. They
synchronize and then share the current provided to the load.
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Figure 11. Experimental testing of a three phase voltage-sourced inverter which responds to step
changes in load and synchronizes with another inverter. (a) Voltage-controlled inverter load resistance
changes from 8 Q) to 2.66 Q2 per phase resulting in transient response from the system with voltage and
current overshoot. The DZO output then settles to nominal conditions. (b) Voltage-controlled inverter
synchronizes when connected to another inverter.

Finally, the DZO dynamics yield a droop characteristic where the output voltage drops in
the presence of increasing load. The predicted and experimental results are shown in Figure 12.
The simulation results are perfectly symmetric and all three phases yield the same voltage, current,
and power magnitudes. The experimental results indicate some discrepancy between phases, but the
general trend is the same. The output power is calculated based on the load resistance and the nominal
output voltage.
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Figure 12. Three-phase voltage-controlled inverter droop characteristic demonstrated in simulation.

4.3.2. Current-Controlled Inverter

Three-phase current-controlled converters were tested for self-oscillation, synchronization,
and step changes in load. These are the same physical converters as in the voltage-controlled case,
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but they have an internal current feedback loop such that the command from the microprocessor to
the converter is a current command.

In the first test case, a single inverter self-oscillates to power a load, and a second inverter is
then connected. The three phase current measurements from each inverter are shown in Figure 13a.
They synchronize and begin to share load. A current spike occurs 10 ms after the synchronizing inverter
is connected, reaching a maximum of 4.64 A on one phase. Out-of-phase oscillation is observed from
10-200 ms after connection, and then low-amplitude oscillation of the synchronizing inverter from
200-250 ms. Both converge to full-amplitude, in-phase oscillation after 250 ms with each providing
half the load current.

As a second test case, a third inverter is added to the two that were already synchronized, as
shown in Figure 13b. The same general trend occurs, with all three equally sharing the load current
once they synchronize.
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Figure 13. Experimental testing of current-controlled converter synchronization with DZO control.
(a) One current-controlled inverter synchronizes when connected to another inverter operating at rated
power. (b) Current-controlled inverter synchronizes when connected to two already-synchronized
inverters. Three traces are shown (red, green, blue), but the red trace is directly under the green because
they are already synchronized. A maximum load phase current of 4.64 A and a maximum inverter
phase current of 8.48 A were observed in testing [20].

To demonstrate stability through rapid step-changes in load, two synchronized, identical inverters
were equally sharing the load, and the load resistance was switched from a Y-connected 2.2 () to
0.733 Q) (66% decrease) on each phase, as shown in Figure 14a. These two inverters have identical
virtual output impedance (Z;; = Zj ,), and thus share load equally. They tolerate the change and
maintain synchronization.
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Time(s) " Time (s)

@ (b)
Figure 14. Hardware testing of two synchronized current-controlled inverters, with both equal and
unequal load-sharing, that maintain their behavior through a step increase in load. Load resistance
changes from 2.2 () to 0.733 Q2 [20]. (a) Inverters with equal power sharing. (b) Inverters with unequal
power sharing.

4.4. Inverter Load-Sharing Control through Manipulation of Virtual Output Impedance

One unique advantage of a current-controlled inverter is that the virtual output impedance can be
manipulated during operation to change that inverter’s share of the load (Section 2.3). It was shown
in [17] that the relative power contributions P of synchronized inverters under DZO control are related
to the relative output impedances « of the inverters j and k,

P K .
*_J Vk,j=1..N (20)
P; Kk

]

In Figure 15a, both inverters oscillate in synchronization with identical virtual output impedances
(Zry = Zf,) until k; is doubled at time 0, increasing |Zf | to twice |Z}: ;|. After x is doubled, the
output currents Ir 1 and I, continue to oscillate in phase but change magnitude, |Ir | is approximately
half of | Ir 1 |. This observation is consistent with (20). The opposite process, in which «; is halved rather
than doubled, also yields the expected results in Figure 15b, with |Ir | increasing to approximately
twice ‘I F1 ‘
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Figure 15. Experimental three phase test cases demonstrate the ability to control load sharing between
two different current-controlled inverters by changing the virtual output impedance of one of them [20].
(a) The load carried by one inverter is decreased by increasing virtual output impedance. (b) The load
carried by one inverter is increased by decreasing virtual output impedance.
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This change in virtual output impedance does not affect the response to step changes in load.
Figure 14b shows the same step change in load resistance (2.2 Q) to 0.733 Q) applied to inverters
with unequal sharing (Z;, = 27 ,) such that the load-share of the first inverter is half that of the
second inverter. It can be seen for both tests that the inverter output currents maintain both their
relative amplitudes and their phase synchronization during a step change in load resistance. Recall
that Figure 14a is the same test, but with identical virtual impedances (Z’F,1 = Z/F,z)'

5. Conclusions

This paper formulated and experimentally validated a method to bridge the gap between
voltage-source and current-controlled converters for Virtual Oscillator Control applications. A virtual
output admittance was used to allow a controller based on voltage output to interact with an amplifier
based on a current command. If the current amplifier exhibits good command following at a bandwidth
much higher than the base controller, the singular perturbations theorem allows the amplifier to be
treated as an ideal current source. This paper showed that under these conditions, the dynamic behavior
of the current-controlled amplifier oscillator system would match that of a voltage sourced amplifier.
Simulations and hardware experiments demonstrated the effectiveness of this method for the basic
oscillator performance, synchronization of multiple inverters, responses to load changes, and droop
characteristics. The approach was also analyzed and simulated for cases when the amplifier has limited
bandwidth. As expected, once the speed of the core oscillator dynamics approaches or exceeds the
current control bandwidth, the behavior of the two implementations starts to diverge.

This VOC control was experimentally validated for the first time in a three-phase grid system
with both voltage-source and current-controlled converters, and the voltage droop characteristics were
verified to match predictions. The ability to tune the effective output impedances of current-controlled
inverters was demonstrated by dynamically changing the load-share of parallel-connected inverters
during operation. The particular variant tested, the dead-zone oscillator, demonstrated robustness to
a 66% step-change in load was also with equal and unequal load-sharing. These results facilitate the
deployment of VOC by extending it to three-phase and current-controlled inverter networks, and by
demonstrating a new method of implementing load-sharing.
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Abstract: An efficient way of synthesizing a three port non-isolated converter from a single-ended
primary inductor converter (SEPIC) is proposed in this paper. The primary SEPIC converter is split
into a source cell and a load cell. Two such source cells are integrated through direct current
(DC) link capacitors with a common load cell to generate a three-port SEPIC converter. The
derived converter features single-stage power conversion with reduced structural complexity and
bidirectional power flow capability. For bidirectional power flow, it incorporates a battery along with
an auxiliary photovoltaic source. Mathematical analyses were carried out to describe the operating
principles and design considerations. Experiments were performed on an in-house-built prototype
three-port unidirectional converter, and the results are presented to validate the feasibility of the
designed converter.

Keywords: multiport converter (MPC); single ended primary inductor converter (SEPIC); multi-input
single output (MISO); renewable power system

1. Introduction

Renewable energy resources are of potential interest nowadays due to environmental problems,
high oil prices, global warming, and the depletion of fossil fuels. Though these renewable energy
resources are abundant and cause zero emissions, they are intermittent in nature. When integrating,
these power generators provide low voltage and require high-gain converters to meet the load demand.
Thus, power electronic technology plays a significant role in interfacing hybrid renewable power
systems, electric traction, and uninterrupted power supplies [1,2]. To overcome the intermittent nature
of energy resources, future power systems will also require the interfacing of various energy sources
using multisource technology. To enable multi-source technology, a multi-input power converter
(MIPC) that can accommodate a variety of sources, as shown in Figure 1, seems to be essential. A few
limitations in this structure are as follows:

1. MIPCs utilize separate direct current (DC)-DC power converters to integrate diversified energy
sources to a common DC bus, which results in a higher implementation cost.

2. Inthe case of alternating current (AC) loads, the system needs an extra inverter, and as a result
the efficiency is reduced.

Energies 2019, 12, 221; doi:10.3390/en12020221 214 www.mdpi.com/journal/energies
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Figure 1. Conventional multi-input converter.

Due to the above disadvantages, the implementation of a MIPC is complicated.

To overcome the drawbacks of MIPCs, such as structure complications, multi-port converters
(MPC) have been proposed. In MPCs, various sources are fed to the load through a single
power electronic converter, as shown in Figure 2. MPCs reduce the structural complexity and the
control technique.

Figure 2. The multiport structure.

These power electronic converters can be classified based on:

a.  Topology (in series and parallel)

b.  Coupling (isolated and non-isolated)
Port  placement  (single input-single  output, multi-input-single  output,
multi-input-multi-output, and single input-multi-output)

d.  Conversion process (unidirectional and bidirectional)

Two input circuits with a current source connected in series to realize a high-efficiency, zero voltage
switching dual-input converter are investigated in Reference [3]. In such series circuits, the weakest
current source connected in series limits the current of the entire string. Thus, parallel-connected
topologies are traditionally popular. Isolated converters use a transformer to achieve a high voltage
gain, which increases the bulkiness of the system and leads to core-saturation problems. To achieve a
wide output voltage, an interleaved LLC converter with voltage doublers is proposed in Reference [4].
A coupled-inductor-based bidirectional converter, as investigated in Reference [5], provides a high
voltage gain and efficiency by employing soft switching and voltage clamping techniques to reduce
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the switching loss and achieve a high voltage gain. However, the shortcoming of this converter is that
current ripples are introduced, due to an increase in the ratio of the coupled inductor. It therefore
requires a filter arrangement, which in turn increases the structural complexity and the cost. To
overcome the need for a filter requirement, a (non-isolated) converter without galvanic isolation is
a good candidate to provide a large voltage gain with reduced size and cost. Such a single-stage
Zeta single-ended primary inductor converter (SEPIC) converter is presented in Reference [6]. A
high-gain, non-isolated DC-DC converter is analyzed in Reference [7]. A step-up converter combining
the features of a KY converter and a buck-boost converter with a high voltage conversion ratio is
presented in Reference [8]. A non-isolated, bidirectional DC-DC converter that uses four active
switches is addressed in Reference [9]. A SEPIC-integrated boost converter with isolation, proposed
in Reference [10], has one active switch, two inductors, and three capacitors. The above-mentioned
converters are unidirectional, with a single input—single output (SISO) configuration. A systematic
way of deriving MPCs using full bridge (FB) and bidirectional DC-DC converters (BDCs) is explained
in Reference [11]. Various configurations of multiport converters using a DC link inductor are
well-described in Reference [12]. A new multi-input DC-DC converter topology that is capable
of integrating diversified energy resources of different voltage—current characteristics is proposed in
Reference [13]. The setback for this converter is that only one input is allowed to transfer energy into
the load at a time in boost mode. The concept of extracting pulsating source cells from basic converters
like buck, boost, buck-boost, Zeta, Cuk, and SEPIC is reported in Reference [14].

A dual-input boost-buck converter with a coupled inductor is analyzed in Reference [15]. Though
the presence of the coupled inductor causes current ripples, the interleaving mode operation of the
converter reduces the ripples and makes the converter suitable for thermoelectric generator application.
Integrated two input converters using buck and SEPIC topology are addressed in Reference [16]. A
generic structure of a single-ended primary-inductor converter (SEPIC)-based multi (m)-input DC-DC
converter is investigated in Reference [17]. This converter utilizes (m-2) +3 switches to interface ‘m’
input resources. For example, four active switches are required for realization of a three input structure
of this converter. A single input-multi-output structure converter with the ability of generating
buck, boost, and inverted output simultaneously is presented in Reference [18]. The drawback of
this converter is that it is a single input-multi-output (SIMO) model, capable of interfacing only
one input. The unified energy management scheme dealt with in Reference [19] employs different
current control structures for various components of micro-grids, such as super capacitors, battery,
renewable energy resources (RES), and voltage source converters (VSC). A power flow management
control strategy based on sensing the battery voltage to select the operating modes of a bidirectional
converter is presented in Reference [20]. A multiport power electronic interface as energy router
with inductively coupled power transfer, ultra-capacitor and battery to solve the pulse charging is
investigated in Reference [21]. Power budgeting using DC link voltage and current control methods
have been analyzed in Reference [22].

To overcome drawbacks such as the size and control complexity due to the isolated transformer
and a greater number of components, and to have a flexible integration of the diversified energy
resources of different characteristics, a compact, high-profile power electronic interface is required.
Most of the multi-input converter (MIC) topologies in the literature are derived from basic buck-boost
topologies, and they leave scope for the further development of topological structures by using special
converters. Therefore, this paper proposes a modular, non-isolated converter that is derived from basic
SEPIC topology for accommodating arbitrary input sources and output loads. Due to special features,
such as a better power factor from a continuous input current, non-inverting output, gracious response,
and true shut down during short circuits, this SEPIC converter has wide applications in connecting
flexible input voltages with stable outputs, battery-operated equipment, and lighting applications.
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2. Three-Port SEPIC Converter

2.1. Synthesis of the Three-Port SEPIC Converter

A generalized structure of the proposed circuit is shown in Figure 3. It indicates that the number
of ports can be further increased/decreased by connecting/disconnecting the additional pulsating
voltage cells (PVC), depending on the availability of the sources.

Figure 3. Generalized diagram of an n-port SEPIC converter.

In this paper, three-port (two inputs and one output) unidirectional and bidirectional SEPIC
converters are proposed, as shown in Figure 4 and Figure 9. The proposed structures are a combination
of PVC. PVCs can be categorized into two types; pulsating voltage source cells (PVSC) for the input side,
and pulsating voltage load cell (PVLC) for the output side. Each PVSC connects with a common PVLC
(as it is a MISO structure) through a coupling capacitor, and this forms a complete SEPIC structure.

Figure 4. A three-port unidirectional SEPIC converter (Topology-1).
2.1.1. Steady State Analysis of a Three-Port Unidirectional SEPIC Converter (Topology-1)

In topology-1, if both sources are renewable DC sources; for example, if V; is a solar photovoltaic
system and if V5 is a fuel cell, then the converter works as a unidirectional converter, as the energy
flows only from the source to the load. If both sources have an equal voltage magnitude, then the
switches S; and S; operate with the same duty cycle simultaneously. If the primary source is a solar
photovoltaic system and the secondary source is an energy storage device, then it works as a partially
bidirectional converter. The reason for partial bidirectional is that the battery will charge from the
primary source if the battery nominal voltage is less than the primary source voltage. To charge
the battery, the switch in the corresponding PVSC has to be permanently turned off, and only the
switches of other PVSCs will operate. Figure 4 shows the circuit diagram of a three-port unidirectional
SEPIC converter.
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If two DC voltage sources with different magnitudes, Vi and V;, are considered, then in order
to use the sources effectively, the two sources must operate at different duty cycles. The source with
a higher magnitude operates for the lower duty cycles, and the source with the lower magnitude
operates for a higher duty cycle.

Assuming that Vi > V;, then D; < D,. D; and D, are the respective duty cycles for PVSC1 and
PVSC2. The operation of the three-port unidirectional SEPIC converter (Topology-1) is categorized
into three modes, as shown in Figure 5.

Figure 5. Modes of operation.

Where D is the effective duty of PVSC2, Degs = Dy — Dy, and Dp is the duty for which the diode
conducts; Dp =1 — Ds.

B Mode-1 (S and S; ON, only S; conducts): The equivalent circuit of Mode-1 is shown in Figure 6.
Switches S; and S; are on during this mode. In a steady-state condition, the voltages on the input
capacitors Cy and C; are the source voltages V1 and V;, respectively. Since V; is considered to
be greater than V5, S, blocks the possibility of a reverse current through the input leg of PVSC2.
This mode makes S; conduct the current, while S is reverse-biased. Since D is reverse-biased, it
does not conduct, and meanwhile, the load side current is maintained by the output capacitor C.

di

Ligr=Vi M
Lz% =Vy— Ve + Vi (2)
L _ v, ®

dVv . .
G dtCl = —(ip +ir2) “)
C dZ:;z =1L )

dve Ve
dt = R ©)
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Figure 6. Mode-1 of topology-1 (S; and S, ON, only S; conducts).

B Mode-2 (S; OFF and S; ON): The equivalent circuit of Mode-2 is shown in Figure 7. Once the
switch S; is off, the switch S; becomes forward-biased and starts conducting, since the duty cycle
of S, is greater than S;. Since the diode D is still in a reverse-biased condition, the load current is
again maintained by the output capacitor C.

Ll% =V =V + Ve 7)
Lz% =V )

L9 = Ve, ©)

C dZtCl . (10)
&N — iy +in) an

Figure 7. Mode-2 of topology-1 (S; OFF and S, ON).

B Mode-3 (S; and S, OFF, D conducts): The equivalent circuit of Mode-3 is shown in Figure 8.
Both the switches S; and S, are in the off-state. The inductor L; and L, starts discharging, and
the capacitors C; and C; start charging from the sources V; and V;,. The diode D becomes
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forward-biased. The load current is now supplied by the sources V; and Vj, through L, C;, and

Ly, Cy, respectively. a@
1
lefil =V; -V — Ve (13)
di
deff =V, -V — Ve (14)
di,
L= = - 1
at Ve (15)
dVCl .
Ci—g =iu (16)
dVer .
C TR (17)
dv , . . V
C dtC = (ipg iz +ip) — ?C (18)

Figure 8. Mode-3 of topology-1 (S; and S, OFF, D conducts).

Combining the equations from (1) to (18) with their respective operating periods, the steady-state
equations of the proposed unidirectional converter can be deduced as follows:

di
LITT = V1 —Deg(Ver — Vez) = Dp(Ver + Vez) (19)
di
Lz% =V, —Di(Vc2 — Vei) = Dp(Vez + Vo) (20
dir
LE =D1Vc1 + DegtVea — DpVe (21)
dV, . . .
G d,fl = =Dy (i +ir2) + (1 = Dy) ir1 (22)
dv, . . .
G, d::z = (1 — Degf) iL2 — Dege(iL1 +iL) (23)
dv ) . . V.
CTtC = Dp(ir +ir2 +ip) — ?C (24)

Assuming that the converter is operated in CCM, and neglecting the ripple voltage and ripple
current, in a steady state average condition, V¢ = Vq, Vcp =V, and Ve = V. So, from Equation (21),
we have:

0=D1V1 +DegV2 — DpVo
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_ DiVi + DegVo

Vo 1-D, If (V1 > Vz) (25)
DoV, + DoV
Vo = —2 2L (v, > vy (26)
— U

The above Equation (25) represents the output voltage expression of topology-1. On solving the
steady state Equations (19)—(24) by taking the left hand side as zero, the six state variables can be
derived (i1, ir2, ir, Vc1, Ve, and Vo)

__DiVo _
111 = (17D2)R_Il (27)
. DegVo
iy = A-D)R I (28)
. Vo
1L = R (29)
Vo1 =Vi (30)
Voo =V, (31)
Ve =Vo (32)

2.1.2. Steady State Analysis of a Three-Port Bidirectional SEPIC Converter (Topology-2)

Topology-2 is designed to be a bidirectional converter with a solar photovoltaic system as a
primary source, and a battery as an energy storage device. Figure 9 shows the circuit diagram of a
three-port, bidirectional SEPIC converter. The converter possesses bidirectional power flow capability,
as the battery can be charged both from the primary source and the regenerative energy, if it is available
from the load side.

Figure 9. Three-port bidirectional SEPIC converter (Topology-2).

For bidirectional power flow with a solar photovoltaic system (V) and a battery (E), the converter
operates with two possible conditions.

Case-1 (V < E, battery discharging): Switches S; and S, operate with duty cycles D; and D,
(where D; > D,) and S3 will remain in the OFF condition. In this case, the converter operates as a
unidirectional converter, i.e., in a similar fashion to that of topology-1. Figure 10 shows the modes of
operation of topology-2 under this condition.
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Figure 10. Modes of operation (case 1, when V < E).

Since the converter operates in a similar fashion as that of topology-1 in this case, the output

voltage expression will remain the same as topology-1:
DE + DeggV
Vo — 33
0 1D, (33)

where Deggs = D1 — D5, V = primary source voltage, E = battery nominal voltage.

Case-2 (V > E, battery charging): Switch S, will remain OFF; S; only will operate at duty cycle D.
Two modes of operation are possible in this case, as shown in Figure 11.

Figure 11. Modes of operation (case 2, when V > E).

B Mode 1 (S; ON, S; and S3 OFF): In this mode of operation, S; and Sz remain in an off state and
Sy is on for the duty cycle D. C; discharges energy through the short path of Sy, and it flows
through L and also through the anti-parallel diode of S, and charges C;. The stored energy of L,
freewheels through the battery, and the short path makes the battery charge up. L; charges from
the source V. Meanwhile, the load is fed by the capacitor C, as the diode is reverse-biased. The
equivalent circuit of this mode shown in Figure 12.

L, % =V (34)
Lz% =-E (35)
L v, (36)
G dZ? C d\d’fz i 37)
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dve _ Ve
dt R

Figure 12. Mode 1 of topology-2 (case-2).

(38)

B Mode-2 (S; OFF, S; OFF): In this mode of operation, S; and S3 remain in the off state, and Sy is
also in the off state for 1-D. The capacitor C; charges from the voltage source V, and C, discharges
through the inductor L, and the battery. This mode makes L, store energy, and the battery charge.
L releases stored energy through C;. The anti-parallel diode of S3 becomes forward-biased, and
the load is powered up by the source and output inductor L. The equivalent circuit of this mode

is shown in Figure 13.

Ligf =V-Va-Vc
Lz% =V —E—- Ve
L%:VCZ—E—VC
Clef] =i
Cddltc :iL+(iL1*iL2)*V?C

Figure 13. Mode-2 of topology-2 (case-2).
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Combining the equations from (34) to (43) with their respective operating periods, the steady-state
equations of the proposed bidirectional converter (case-2) can be deduced as follows:

a@i
Ll%:DV—k(l—D) (V—Ver — Vo) (44)

Ly = ~DE+(1-D) (V2 —E— Vc) (45)
dir

LSt =DVer +(1-D) (Ve —E—V¢) (46)

Assuming that the converter is operated in CCM, and neglecting the ripple voltage and ripple
current, in a steady-state average condition, V¢ =V, Ve =V, and Ve = V. So, from Equation (46),
we have:

0=DV+(1-D)(V—-E—-Vp)
_DV+(1-D)(V-E)
B 1-D

The above expression (47) represents the output voltage of topology-2 while charging.

During reverse power flow, if any, the switches S; and S, will remain off, and only S3 will operate.
If S3 is on, the current will flow from the load side to the battery (E) through D, and L,, and the
inductor L, will store energy. If S5 is off, the inductor L, discharges energy to the battery (E) through
the anti-parallel diode of S,. This means the battery is charged from the regenerative energy, if it is
available from the load side.

Vo (47)

2.1.3. Small Ripple Approximation of a Three-Port SEPIC Converter

The methods of operation for topology-1 and topology-2 (case-1) are similar. The parameters
used for topology-1 can also be used for topology-2. In this section, the expressions for all of the circuit
parameters are described. Following the individual modes, the expressions for L;, Ly, L, C1, C, and C
concerning the current and voltage ripples are described below.

Consider the three modes, (i.e., D;, Dg, and Dp) operating for t;, tp, and t3 periods respectively.

In mode-1 and mode-2, the inductor current increases from a low level to high level, say, I; 11 to
I1.12, and in mode-3, the current falls from Iy 15 to Ir11. Therefore, the current ripple is considered to be
Aly =1Ip12 — 1. Thus: g

Ll% =Vi
Alq

M+t

If “T”" is the total period, then t;, t;, and t3 can be represented as D1 T, DeiT, and DpT, respectively.

Thus:
V1D,

fL
where f = 1/T, assuming that the inductor L, charges linearly during the periods t; and t, from I ; to
I122. Thus, the current ripple is Al = Irpo — Ipo;.

Al =

(48)

dirs
L,—= =V
275 2
Alp»
> =
th+1t
V,D,
fL,

L

2

Al = (49)
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The output side inductor L discharges from a high value to low value, say I, to I 1, only within
period t3. Hence the ripple is Al =I5 — I1;.

dip
LE —Vc
WALy
t3

Here V¢ = Vo, so:
D1V + DegVa

fL

Similarly, the voltage ripples can be calculated from the steady-state equations. The voltage across

Al = (50)

C; rises (assuming linearly) from a low value to a high value, say Vc1; to V12, during the time periods
ty and t3. This flow gives a voltage ripple AVcq = Vo — Veip. In this period, the capacitor is charging
by the source current of Vi, i.e., I =ip;.

) trt+ts . ta+ts
AVer = & / indt= / Ldt
0 0

I
AVcy = é(Deﬁ +Dp)
Iy
AVcy = @) —(1-Dy) (51)

The capacitor C; is charging during period t3 and t; from the source current Vy, i.e., I = if.
Therefore, a voltage ripple of AVcy = Ve — V1 appears across capacitor Cs.

t3+1tg t3+t

AVC2=CL2 / idet=Ci2 / Ldt
0 0

Ip
AV = ff(DD +Dy)

AV = — Deff) (52)

fCy C a
The capacitor C discharges during periods t; and tp, providing the load current. The voltage
ripple is defined as AVc = Vo — V.

—AVC——— Vcd —7/VCdt
\Ye
AVc = RC(D1+Deff)
D1Vy + DegV:
AVe = e (D1 + Deg) (53)

Thus, the circuit parameters can be obtained from Equations (48) to (53):

ViDs

L= fALL, (54)
VoD,
Al (55)
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_ DiVi + DeV

L AL (56)
c, = (1-Dy) (57)
17 FAVG 1
I
G = F Ach( — Degr) (58)
_ D1V1 4+ DegVa
C=—""RAve AVC (D1 + Degf) (59)

3. Results Analysis

The analysis of the proposed converter is further discussed and verified in this section, through
simulations for both topologies, using MATLAB/Simulink software. Table 1 indicates the parameters
used in the simulation of topology-1.

Table 1. Simulation parameters.

Parameters Estimated Values Simulation Values Unit
Ly, Ly 14.74 15 mH
Cq,Cy 0.462 0.54 mF

L 14.74 15 mH
C 0.299 0.54 mF
R 60 60 Ohm
Vi 42 42 A%
V, 42 42 \Y
D, 67 67 %
D, 50 50 %

f (switching freq.) 10,000 10,000 Hz

The permissible value of the current and voltage ripples are assumed to be Alj; = Al = Al
=0.5 A, and AVci= AV = AVe = 0.5 V. The input voltages (V1, V»), duty cycles (Dy, Dy), and the
corresponding values of L1, Ly, L, Cy, Cp, and C are estimated by using Equations (54)—(59), as shown
in Table 1.

Figure 14 shows the waveforms of the current and voltage through and across the inductors and
capacitors, respectively. The output voltage and current of the proposed converter (topology-1) shown
in Figure 15 was found to be Vo =79 V and Ip = 1.3 A. The actual current and voltage ripples estimated
from the simulation were approximately equal, and within the allowed value range of the ripples.
The actual values of the ripples from the simulation were Al;; =0.3 A, AVcy; =0.13mV, Alj, =035 A,
AVcy =04mV, Al =04 A, and AVc =04 mV.
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Figure 14. Current and voltage waveforms of each component (switch, inductor, and capacitor) present
in PVSC1, PVSC2, and PVLC of topology-1.

Figure 15. Output voltage and current waveforms of topology-1.
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The comparisons of the simulated output voltage (from the Simulink model) and the estimated
output voltage from Equations (25) and (26) for the different sets of input voltages (V1, V;) and duty
cycles (D, Dy) are shown in Table 2. The simulation and the estimated results were approximately
same for each individual set of inputs.

Table 2. Comparison of the simulated and estimated results of topology-1.

V; (Volt) V, (Volt) Dy (%) D; (%) Sim. Vg (Volt)  Est. Vg (Volt)
24 12 30 60 285 27
30 15 30 60 36 33.75
25 20 55 68.75 50 52.8
30 20 50 75 77 80
36 24 40 60 52 48
36 24 50 75 ) 9%
35 4 67 50 79 81.66

The output voltage and current waveforms of topology-2 during discharging (case-1) are shown
in Figure 16. The primary source voltage was taken as V = 16 V, and the nominal battery voltage rating
was E =24 V. An initial state of charge of the battery (SOC) was considered to be 80%. The duty cycles
of the primary source and the battery were assumed to be 75% and 50%, respectively. The discharging
of the battery can be seen in the SOC graph, as shown in Figure 17. The SOC was decreasing in nature.

Figure 16. Output voltage and current waveforms of topology-2 during discharging (case-1).
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Figure 17. State of charge, current, and voltage waveforms of battery for topology-2 during discharging
(case-1).

The comparison of the simulated output voltage (from the Simulink model) and the estimated
output voltage from Equation (33) for the different sets of primary inputs and battery nominal voltages
(V, E) and duty cycles (Dy, D;) is shown in Table 3. The simulation and estimated results were
approximately the same for each individual set of inputs.

Table 3. Comparison of the simulated and estimated results of topology-2 during discharging (case-1).

V (Volt) E (Volt) D; (%) D> (%) Sim. Vg (Volt)  Est. Vg (Volt)
8 12 82.5 55 49 50.28
10 12 62.4 52 21 194
20 24 72 60 61 60
16 24 75 50 64 64
30 36 75 50 104 102
20 36 72 40 75 74.28

The output voltage and current waveforms of topology-2 during charging (case-2) are shown
in Figure 18. The primary source voltage was taken as V = 30 V, and the nominal battery voltage
rating was E = 24 V. An initial SOC was considered at 40%. The duty cycle of the primary source was
assumed to be 60%, and the switch under the battery cell remained off. The charging of the battery can
be seen in the SOC graph, shown in Figure 19. The SOC was increasing in nature.

229



Energies 2019, 12, 221

Figure 18. Output voltage and current waveforms of topology-2 during charging (case-2).

Figure 19. State of charge (SOC), current, and voltage waveforms of the battery for topology-2 during
charging (case-2).

A comparison of the simulated output voltage (from the Simulink model) and the estimated
output voltage from Equation (47), for different sets of primary inputs and battery nominal voltages
(V, E), and duty cycles (D, D;) are shown in Table 4. The simulation and estimated results were
approximately same for each individual set of inputs.
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Table 4. Comparison of the simulated and estimated results of topology-2 during charging (case-2).

V (Volt) E (Volt) D4 (%) D, (%) Sim. Vg (Volt)
20 12 60 39.5 38
15 12 70 39.3 38
30 24 60 53.3 51
20 12 40 23 21.3
40 24 60 80 76
44 36 50 63 52
40 36 60 66.5 64

4. Design of Controllers for the Three-Port SEPIC Converter

A controller is needed for closed loop operation of the proposed converter, in order to maintain
the output voltage as constant. A state-space analysis of the proposed converter was performed in
order to obtain the transfer function, followed by the step response of the converter. Two controller
structures were designed in this work; the first one was for unidirectional topology, and the other one
was for bidirectional topology. The controller used in this work was a PI controller for both topologies,
and an MPPT controller for the solar photovoltaic system was also used as an input in the bidirectional
topology to track the maximum available power.

4.1. State Space Analysis of the Three-Port SEPIC Converter

State space analysis refers to the smallest set of variables whose knowledge at t = ty, together with
the knowledge of the input for t > ty, gives complete knowledge of the behavior of the system at any
time t > ty. The state variable refers to the smallest set of variables that can help us to determine the
state of the dynamic system. For the proposed converter, the current through all of the inductors (ir1,
ip, ir,) and the voltage across each capacitor (Vci, Vo, V) are considered to be the state variables.
The state space model is represented as:

X = Ax + Bu (60)

y =Cx+Du (61)

where x = state variable matrix, u = input matrix, y = output matrix.

i
iLn
iL
Va
Ve
Ve

The transfer function (TF) of the system is defined as follows by Equation (62):

TE(s) =C (sl —A) 'B+D (62)
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The A, B, C, and D matrices of the proposed converter are derived using the steady-state
Equations (19)—(24):

0 0 0 Dt D,-D; Dy—1 7
5 —(14Dy-D,) o
0 0 0 D (Pihy) Dt
0 0 0 5 DZEZD1 D:"1
A= 1-Dy —D; =Dy 0 0 0
C G C
D;-D, 14D;-D; DD, 0 0 0
C C ¢
1-D, 1-D, 1-D, 0 0 1
L —< C C RC
1
I
S
0 0 00 0 O0O0 1 0 0
B= C= D=
0 0 00000 ¢ 0 o]
0 0
0 0

The transfer function of the proposed converter has been derived using the state-space model,
and it is represented in Equations (63) and (64):

Vo _ 1941004 s* 4 2.023e — 009 s° + 4.453¢009 s* 4 0.0003845 s' 4 1.451e014 63)
Vi s6+30.3 5% 4 2.057e005 s* + 5.652e006 s3 + 8.792e009 s2 + 1.751e011 s! + 8.866e013
Vo 1.941e004 s* + 3.724e — 009 s® + 1.644e009 s2 + 0.0001096 s + 3.493e013 6

Vo 864 30.3 8% + 2.057e005 s# + 5.652e006 s3 + 8.792¢009 s2 + 1.751e011 s! + 8.866e013

For the open-loop system in Figure 20, the step response had a steady state error of 1.5%, and
the maximum overshoot was 59%, which was greater. A PI controller was designed for maintaining
the output at a reference value. For the closed-loop system in Figure 21, the steady-state error and the
maximum overshoot were almost 0%. The step response of the proposed converter model is shown in
Figure 22.

Figure 20. Open-loop system block diagram.

Figure 21. Closed-loop system block diagram.
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Figure 22. Step response of the proposed converter for the open-loop and closed-loop systems.
4.2. The Closed-Loop Unidirectional Controller

The output voltage Vo in this topology varied with the change in the input voltage sources Vy
and V,. A PI controller was incorporated between the output and the input V;, as shown in Figure 23.
The actual output voltage was compared with a set value or a reference voltage, and generated an
error. The error was processed through a PI controller tuned with a proportional constant (Kp) and
an integral constant (Ky). The output of the PI controller was again processed through a saturation
block, the maximum limit of which was set to 0.8, so that the switch did not operate beyond an 80%
duty cycle for the safety of the switch. The saturated signal then passed through a PWM block, which
generated the switching pulses D, for the voltage source V;,. With the known values of Vy, V1, V;, and
D,, the switching pulses for Vy, i.e., (D7) could then be found, using the output voltage equation of
topology-1 (Equation (25)).

Figure 23. Unidirectional closed-loop converter.
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The reference value of the output voltage was set to be 220 V. With this closed-loop topology of a
unidirectional structure, the output voltage was maintained at a constant value of 220 V, even if there
was a variation in the input supply V; and V,. The proportional gain constant (Kp) of the PI controller
was taken as 0.0001, and the integral gain constant (K;) was taken as 0.005. Figure 24 shows the output
voltage and the output current of a unidirectional closed-loop converter.

Figure 24. Output voltage and current of a unidirectional closed-loop converter.

With 220 V as the reference voltage, the generated output was Vg =220 V with inputs V; =90 V
and V; =100 V. From the results of the closed loop simulation, it was inferred that the output voltage
of the converter remained constant with the variation of input source. The closed loop system reduced
the steady state error and maximum overshoot to 0%.

4.3. The Closed-Loop Bidirectional Controller

In this design, as shown in Figure 25, two input voltage sources, a solar photovoltaic system and
a battery were used. The output voltage Vo varied with the variation of the input voltage sources. A
PI controller was incorporated between the output and one of the input sources, depending on the
availability of the sources. A P & O algorithm-based MPPT controller was incorporated with a PV
input, in order to track the maximum available power. Three operating conditions were possible for
this closed-loop structure.
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Figure 25. Bidirectional closed-loop converter.

Case-1: When both sources supply to the load: When both the sources are active, then the MPPT
controller generates the switching pulse (D;) for the cell containing the PV, and the PI controller
generates the switching pulses (D) for the cell containing the battery. The PI controller incorporated
with the battery maintains the output voltage to the set value. The actual output voltage is compared
with a set value or a reference voltage, and it generates an error. The error is processed through a PI
controller tuned with a proper value of a proportional constant (Kp) and an integral constant (K). The
output of the PI controller is again processed through a saturation block, the maximum limit of which
is set to 0.8, so that the switch does not operate beyond the 80% duty cycle for the safety of the switch.
The signal forms the saturation block that is fed to the pulse generation circuit or the PWM block,
which generates the switching pulses D, for the cell containing the battery source. Meanwhile, the
MPPT controller transfers the maximum available power from the PV to the load.

Case-2: When sufficient solar power is available: When maximum solar power is available and
it is sufficient to supply the load, then the MPPT controller has to be removed, and the PI controller
will be incorporated between the load and the PV input. During this condition, if the battery is not
fully charged, the switch for the battery port (S;) can be turned off. This makes the battery charge from
the PV input. If the battery is fully charged, then it can be disconnected from the system through the
breaker. The PI controller with the PV input will maintain a constant output, even if there is a variation
in solar irradiation to an extent. The operating conditions for the above three cases are given in Table 5.
The signals ‘pvcut’ and ‘batcut’ represent the operating signals for the breakers of the PV port and
battery port, respectively. When “pvcut’ or ‘batcut’ is 1, then the corresponding breaker will be shorted,
and the respective source will be added to in the system. Similarly, if it is 0, then the corresponding
breaker will be open, and the respective source will be disconnected from the system. The signals
‘pvmpp’ and ‘batpi’ are the operating signals of the selection switches, allowing the switching of pulses
to two respective switches, S; and S, of the input ports from the controllers. If ‘pvmpp’ is 1, then the
switching pulse D; will be generated from the MPPT controller, and if “pvmpp” is 0, then the switching
pulse Dy will be generated from the PI controller. Similarly, if ‘batpi’ is 1, then the switching pulse D,
will be generated from the PI controller, and if ‘batpi” is 0, then the switching pulse D, will be 0 and
switch S, turns off.
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Table 5. Control logic of a closed-loop bidirectional controller.

Condition SOC vpv irr batcut pvcut pvmpp batpi
1 >80% - - 1 1 1 1
2 <95% >120 - 1 1 0
3 >99% >120 - 0 1 0 0
4 <40% - 1 1 0 0
5 - - 0 0 1 1 1

Case-3: When solar power is not available: When PV power is not available during the night or
in cloudy weather, the battery alone will supply to the load, and maintain a constant output. During
this condition, the PV can be disconnected from the system through a breaker. The PI controller is
incorporated between the load and battery source. The actual output voltage is compared to the
reference voltage, and it generates an error. The error is processed through the PI controller, tuned
with a proper value of the proportional constant (Kp) and the integral constant (Kj). The output of the
PI controller is again processed through a saturation block. The signal form the saturation block is
fed to the pulse generation circuit or PWM block, which generates the switching pulses D, for the cell
containing the battery source.

In the output, the voltage shown in Figure 26 implies that it remains constant at a set value of
220V, even if there is a variation in the PV input due to intermittent solar irradiation levels, to an
extent. The proportional gain constant (KP) of the PI controller is taken as 0.0001, and the integral gain
constant (KI) is taken as 0.005.

Figure 26. PV input, output voltage, and current during intermittent solar irradiation.

Condition-1 of control logic: Figure 27 shows the output voltage and output current of a
bidirectional closed loop converter when both the PV and the battery are supplying. The inputs
are taken to be PV =119 V, E = 120 V, and the initial battery state of charge is assumed to be 82%, as
shown in Figure 28. From the results of the closed-loop simulation for this case, it is inferred that the
output voltage of the converter remains constant at a set value of 220 V. Both sources are supplying to
the load, and the battery is discharging.
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Figure 27. Output voltage and current of a bidirectional closed-loop converter when both the PV and
battery are supplying (condition-1 of control logic).

Figure 28. SOC, current, and voltage of the battery during discharging (condition-1 of control logic).

Condition-2 of control logic: Figure 29 shows the output voltage and output current of a
bidirectional closed loop converter when only the PV is supplying. The PV is taken to be PV =
123V, and the initial battery state of charge is assumed to be 60%, as shown in Figure 30. The output
voltage is maintained constant at a set value of 220 V, and the battery is charging.
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Figure 29. Output voltage and current of a bidirectional closed-loop converter when only the PV is
supplying (condition-2 of control logic).

Figure 30. SOC, current, and voltage of the battery during charging (condition-2 of control logic).

Condition-3 of control logic: In this case, if the battery is fully charged and PV is sufficient to
supply the load, then the battery can be disconnected. For a fully charged battery, the initial battery
SOC is assumed to be 99.9%. From the results of the closed-loop simulation for this case, in Figures 31
and 32, it is inferred that the output voltage of the converter remains constant at a set value of 220 V.
The PV is supplying to the load and the battery is disconnected.
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Figure 31. Output voltage and current of a bidirectional closed-loop converter when only the solar PV
is supplying, and the battery is fully charged (Condition-3 of control logic).

Figure 32. SOC, current, and voltage of the battery when it is fully charged (Condition-3 of
control logic).

Condition-4 of control logic: In this case, the solar PV supplies the load and charges the battery.
The PV is taken to be PV = 119 V, and the battery is very much less charged. The initial battery state
of charge is assumed to be 35%, as shown in Figures 33 and 34. The output voltage is maintained
constantly at a set value of 220 V, and the battery is charging.
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Figure 33. Output voltage and current of a bidirectional closed-loop converter when only the solar PV
is supplying, and the battery is undercharged (Condition-4 of control logic).

Figure 34. SOC, current, and voltage of the battery when it is undercharged (Condition-4 of
control logic).

Condition-5 of control logic: In this case, if the PV is not available or if irradiation level is 0, then
the battery supplies to the load. The initial battery SOC is assumed to be 65%. From the results of the
closed loop simulation for this case, in Figures 35 and 36, it is inferred that the output voltage of the
converter remains constant at a set value of 220 V. The PV is disconnected, and the battery supply to
the load is being discharged.
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Figure 35. Output voltage and current of a bidirectional closed-loop converter when only the battery is
supplying (Condition-5 of control logic).

Figure 36. SOC, current, and voltage of the battery (Condition-5 of control logic).
5. Experimental Verification

The simulation analysis of the open loop topology-1 was verified with a real-time hardware
setup. The hardware setup was realized with two IGBTs (FGA15N120) and a high-frequency diode
(HER3006PT). A DSPIC30F2010 microcontroller was used for generating the switching pulses. In both
the input ports, Vi and V;, supply was provided by a solar PV system of equal power rating.

The input to PVSC1 is V; = 35 V, whereas for PVSC2, V, = 42 V. The duty cycle for two
corresponding switches is: D; = 67% and D, = 50%. The components of the setup were designed to
operate at a maximum of 1 kW. The component design parameters of the setup are given in Table 6.
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Table 6. Design parameters for the hardware setup.

Description Specification
PVSC1 inductor, Ly 15 mH
PVSC2 inductor, L, 15 mH

PVLC inductor, L 15 mH
PVSC1 capacitor, Cq 0.54 mF
PVSC2 capacitor, C 0.54 mF

PVLC capacitor, C 0.54 mF
Switching frequency, f 10,000 Hz

With the given input and duty cycle, the calculated output voltage from Equation (26) was 81.66 V.
The output of the MATLAB simulation of the proposed topology for the similar parameters was
approximately 79 V. The output voltage of the proposed hardware setup for the given input and
duty cycle was 78.8 V. This indicates that for similar values of parameters and inputs, the outputs
corresponding to a mathematical analysis, MATLAB simulation, and hardware setup are approximately
the same. Figure 37 shows the hardware setup of the three-port unidirectional topology.

Figure 37. Hardware setup of the proposed topology-1.

Figure 38a shows the input voltage waveform, Vi =37 V and V; = 42 V. Figure 38b shows the
switching pulses of the switch S; & Sy, i.e., D1 = 67% and D, = 50% respectively. Figure 39a shows the
voltage across the switches. Figure 39b shows the current through the inductors. Figure 40a,b shows
the voltage across the capacitors. Figure 41 shows the output voltage of the converter Vy = 78.8 V.
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(a) (b)
Figure 38. (a) Input voltages (V1 =35V, V, =42 V), (b) switching pulses for S; and S, (D; = 67% and
D; =50%).

(a) (b)

Figure 39. (a) Voltages across switches Sy and S (V1 and Vyp), (b) currents through inductors L; and
Lz (iLl and iL2)~

(a) (b)

Figure 40. (a) Voltages across the capacitors C; and C; (V¢ and V), (b) voltage across the output
capacitor C (V¢y).
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Figure 41. Output voltage (Vo =78.8 V).
6. Conclusions

In this paper, a unidirectional and bidirectional three-port converter based on SEPIC topology
has been proposed and analyzed thoroughly. The detailed operations in various cases along with
design concepts, theoretical analyses, have been cross verified through simulation and experimental
results. The proposed three-port converter offers alternate solutions for integrating renewable sources
with energy storage devices. This makes three port SEPIC-SEPIC converters a promising topology for
electric vehicles, satellite, or DC micro-grid applications.
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Abstract: This paper presents a rotation speed estimation and an indirect speed control method for
a turbine-generator in a grid-connected 3-phase electrical power conversion system of an organic
Rankine cycle (ORC) generation system. In addition to the general configuration mechanism and
control techniques that are required in the grid-connected ORC power generation system, the indirect
speed control method using the grid-side electric power control and the speed estimation method is
proposed for the proper speed control of turbine-generators. The speed estimation method utilizes a
digital phase-locked loop (PLL) method that uses a state observer to detect the positive-sequence
voltages. A 10 kW system where a Motor-Generator set is used as a turbine simulator and a 23 kW
actual system for the grid-connected ORC power generation were designed and manufactured,
respectively. This paper includes various experimental results obtained from field tests conducted on
actual installed ORC systems.

Keywords: generator speed control; electrical power generation; turbine and generator;
grid-connected converter; organic Rankine cycle; renewable energy

1. Introduction

As part of the renewable energy generation system, researches on power generation systems
using heat sources have been developed. An organic Rankine cycle (ORC) system with an organic
compound having a low boiling point as a working fluid can obtain high-pressure steam even with a
low-temperature heat source. Accordingly, there are many technical and economic advantages, and it
is possible to generate high efficiency power from various heat sources [1,2].

In the ORC generation system, the output power of the turbine is converted into electric power
by the generator, and it transferred to the grid network via an electric power conversion system.
The generated electric power must be synchronized with the grid electric power under the constant
frequency before fed into the grid [3,4]. Figure 1 shows the schematic diagram and the photographs of
the ORC generation system with the grid-connected electric power conversion system.

The generator is directly coupled to the turbine expander that is designed for a high-speed drive
so as to reduce the size and increase the efficiency [5-7]. Additionally, the generator rotor will operate
at variable speeds according to the operating conditions of the ORC system. However, due to the
ripple or fluctuation of the turbine rotation speed caused by the unpredictable nature of the ORC
system, the generator is exposed to the speed ripple, which in turn causes significant vibration and
noise. This means that the degradation in control performance and durability of the ORC system are
inevitable. Thus, the rotation speed of the turbine-generator should be operated constantly for the
stable operation of the ORC generation system [8].
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The rotation speed information of the turbine-generator is needed for proper speed control and
it can be measured by a speed sensor, such as encoders or resolvers [9]. However, these sensors
add difficulties to the installation and maintenance, increasing system cost, and greatly reducing the
reliability due to the hostile environment of high temperature and humidity of the turbine [9,10]. Thus,
the estimation of the generator speed should be adopted for the ORC system [10,11].

In general, PWM switched converters or diode rectifiers are used as generator side AC/DC
converters. In References [12,13], a PWM converter has high power flow management capability and
can directly control the generator speed. However, the use of the PWM converter for the high-speed
generator causes several problems such as high switching frequency, high device breakdown voltage,
and price increase. A multilevel PWM topology to meet the voltage and power requirement is also
used in MW generation systems, as in Reference [14]. However, a high-performance control system is
required along with control complexity, and the price is considerably increased [15].

Many studies using a diode rectifier instead of a PWM converter on the generator side have been
performed [16]. Advantages of this topology include reliability, durability, lower cost and higher rated
power than PWM converters, especially in the power generation system with the high-speed driven
turbine [15,17,18]. However, the usage of a diode rectifier makes it impossible to directly control the
generator speed on the generator side. Furthermore, the generator terminal voltage has a distorted
waveform caused by the conduction of the diode rectifier [5,15,18], which results in a significant ripple
component of the estimated speed. Together, it leads to a great challenge for the improved speed
control performance in the ORC system. A method of controlling the generator speed by using an
additional DC-DC boost converter in a diode rectifier has been recently studied, as in references [19,20].
However, it also has the same problems as PWM converters.

Therefore, in order to solve the problem of speed estimation and control caused by the use
of the generator-side diode rectifier, as shown in Figure 1, this paper presents a rotation speed
estimation method under the distorted generator terminal voltage of the diode rectifier and an indirect
speed control method using grid-side electric power control for the ORC power generation system.
The proposed speed control system is verified by experimental results of the manufactured and
installed actual grid-connected ORC system.

< Organic Rankine Cycle Power Generation System >

Mechanical System [===========-=

Turbine

gemseemcceo- { Electric Power Conversion System I """"""

IR

- Grid
Diode  DC-link  PWM Filter
Rectifier Inverter

¥ 1

Microprocessor Control System

Evaporator ]

Condenser

ORC mechanical system Diode Rectifer PWM Inverter

Microprocessor s
Electric Power Conversion System Control System §
------------------------------------------------------------- L T L L L T T Y

Figure 1. Schematic diagram and photographs of the whole manufactured organic Rankine cycle (ORC)
generation system.

2. Grid-Connected Electric Power Conversion System

Grid-connected electric power conversion systems are commonly comprised of a generator-side
rectifier, a DC-link, a grid-side inverter, a grid filter, and a control system. The grid-side three-phase
PWM inverter supplies the regulated AC power from the rectified DC voltage to the grid. It is
critical in grid-connected electric power conversion systems for optimized control to meet the grid
interconnection and required electric power quality [21-24].
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The control algorithm for the grid-side PWM inverter is illustrated in Figure 2. It represents the
‘Microprocessor Control System’ part of Figure 1 in detail. The control structure for the grid-side PWM
inverter consists of two cascaded loops. The two current controllers in the inner loop have a fast
response in a synchronous reference frame [25-27]. The DC voltage controller in one of the outer loops
implements the balanced electric power of the DC- link, which enables the active power flowing to
the grid.

Figure 2. General control block diagram of the gird-side PWM inverter with the PLL method.

Additionally, the power factor controller in the other outer loop controls the reactive power.
Therefore, the two current controllers for g-axis and d-axis obtain their references from the DC voltage
and power factor controller, respectively. Additionally, the two current controllers generate the voltage
references on d and q axes, for the PWM signal generation [28,29]. The current synchronized with
the grid voltage should be injected into the grid as the standards required. Accurate phase angle
information of the grid voltages can be detected using a phase-locked loop (PLL) method [30].

The synchronous reference frame (SRF) PLL method detects the angular position of three-phase
voltage by controlling the error of the actual and the estimated [31]. The SRF-PLL is robust and
has better dynamic performance than zero crossing PLL discussed in [32,33]. This method has been
generally utilized various applications for the phase angle detection [34,35]. The SRE-PLL is conducted
in the d and q axis synchronous reference frame as shown in Figure 2. This PLL requires reference
frame transformations, namely the stationary and synchronous reference frame, and the phase locker
is implemented by setting the d-axis voltage to zero. The PI controller output is the angular velocity of
the grid voltage. After taking the integration of the angular velocity, the phase angle is obtained [31,34].

3. Speed Estimation and Control for Turbine and Generator

3.1. Speed Estimation Using PLL

The SRF-PLL used for the phase angle detection of the grid voltage can be also adopted in
generator control to estimate the rotational speed [36,37]. In this case, the extracted three-phase terminal
voltage from the generator is used instead of the grid, the generator speed can be estimated in the same
way as the grid voltage [38,39]. In the case of the PWM switched converters are used as generator
side AC/DC converters, since the generator, three-phase terminal voltage, has a non-distorted voltage
without any harmonics, it has fast and good dynamic characteristics like in the grid voltage.

However, a diode rectifier is used instead of the PWM converter in this paper. As shown in
Figure 3, the three-phase terminal voltage has a non-sinusoidal waveform due to the diode conduction
of the rectifier in the generation region, and has a variable frequency of the generator. As a result,
the estimated speed from the generator terminal voltage by the conventional SRF-PLL method has a
significant error, which is similar to the estimated phase angle under the distorted grid angle conditions.
This means that the speed control performance and overall system efficiency will be degraded [36,37].
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Figure 3. Waveforms of 3-phase generator voltages by diode rectifier and estimated speed using
conventional SRF-PLL method.

In order to achieve satisfactory performance of the speed estimation under the non-sinusoidal
distorted voltage, certain techniques such as harmonics compensation, filtering, and positive-sequence
component detection can be additionally used [40-42]. An improved performance of the conventional
SRF-PLL under distorted voltages is achieved by separating the positive and negative sequences and
by feeding back only the positive-sequence. The SRE-PLL method with positive-sequence detection
has the better tracking performance than the conventional SRF-PLL topology [43]. In this paper, a state
observer is utilized as the positive-sequence voltage detection method. Based on the positive-sequence
of the distorted three-phase generator terminal voltages, detected by a state observer, the generator
position and speed can be obtained from the positive-sequence voltage by the SRF-PLL.

Assuming that the three-phase voltage is unbalanced and distorted with high-order harmonics,
it can be decomposed into positive, negative, and homopolar (zero) sequence components.
By calculating and decomposing each sequence component, only the voltage of the positive-sequence
component can be extracted [44]. Using this as the input voltage of the SRF-PLL, accurate position
estimation from the unbalanced and distorted three-phase voltage is possible.

The positive and negative sequence components of the three-phase voltage are given in
Equation (1), where p and 7 represent positive and negative, respectively. The zero sequence component
is not considered because of the balanced electric circuit of the generator.

Va cos(wt + @p) cos(wt + @n)
Vy | =Vp| cos(wt— 27" +op) | +Vu| cos(wt+ 2?” + ¢on) 1)
V. cos(wt + Z + @) cos(wt — B+ ¢y)

Equation (1) can be calculated in the d-q stationary reference frame as Equation (2).

S VS S
Vgé _ Zd . Vr;d —v, c9s(wt +¢p) ‘v cqs(a;t + @n) @
v Vi, Via sin(wt + ¢p) —sin(wt + ¢y)

The generator three-phase terminal voltage can be modeled by using a state equation with the
positive and negative sequence voltage in the stationary reference frame. The equation of the general
state observer is shown in Equation (3). Where x and y is the state and output vector, respectively, and
L is the gain of the state observer, A and C is the system and output matrix, respectively.

—%=A2+L(y—C?) 3)
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By differentiating Equation (2), the state equation can be derived as Equation (4).

V;d 0 —w 0 0 V;d

L I N @
s s

dt V;? ’ w 0 0 w Ve,
Vi 0 0 —w 0 Vi,

The output equation for the decomposed state variables of Equation (2) can be expressed as
Equation (5).

o
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o
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The state observer equation is derived from Equations (3)—~(5) and is given in Equation (6), where
the angular speed variable @ is estimated from the previous sample and the tuned observer constant
should be used.

5 o - o o [V I Vi
7 0 0 0 0 Vs by 1 1010 v
a| V| Vig | | B 2 _ Vg 6
at vy @ 0 0 @ Vra I I Y 0101 Vi ©
v, 0 0 @ 0 Vi Iy g Vig

The block diagram of the speed estimation method using the SRF-PLL with a state observer is
presented in Figure 4. The measured three-phase generator terminal voltage is transformed into the
stationary reference frame voltage. The positive and negative sequence component is decomposed by
the state observer. Then, the generator speed is estimated from the positive-sequence. The estimated
electrical speed is transformed into mechanical speed depending on the pole number of the generator.
The speed can be estimated with minimal error and ripple, and used for the speed control afterwards.

State Observer (Positive Sequence Computation)

e : ; Conventional ;

b/ Vd CiaVialiaVip[ g | GaViaViaVin | | PLLMethod (Fig.2) = @, 2| @m

R 4 g s 4 Do [Synchronous Reference | | P
| vy ' Vg | Frame Transformation
-& 0 0 | |
dq g 6" 0 o ; : PI Controller
Stationary 0O 0 o ol @ [ ———1
Reference Fram 0 0 -5 0]
Generator/  Transformatiol

(abc — dq®)

Figure 4. Speed estimation method using SRF-PLL with a state observer.

3.2. Indirect Speed Control

Since a diode rectifier is used on the generator side instead of the PWM converter, the torque
and speed of turbine and generator cannot be directly controlled. Therefore, the torque of the turbine
and generator should be indirectly controlled through the generated electrical power on the grid side,
which allows the speed of the turbine and generator to be operated constantly.

The input power of the generator from the turbine can be expressed, as shown in Equation (7).
When the output power of turbine increases under a DC-link voltage control of the grid-side PWM
inverter, the turbine-generator speed increase due to the difference between turbine and generator
(load) torques. Then, the operating point of the turbine and generator is changed by the torque
characteristic line. Therefore, for the constant speed operation, the generator torques can be controlled
according to the given output power of the turbine.

Pinpu[ =Tm X wm @)
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The mechanical generator torque is expressed in Equation (8). At the steady state, the right-side
differential term of Equation (8) is zero. Neglecting the damping effect of the inertia moment and
the friction term, the mechanical turbine output torque is approximately equal to the load torque of
the generator.

d
TM:]d—C:—i-Bw—&—TL ®)

The load torque can be regarded as the generator electric torque delivered to the grid, as given in
Equation (9). Where K is the torque constant and i is the generated torque component current of the
g-axis synchronous reference frame. Therefore, the mechanical speed of the turbine and generator can
be maintained by controlling the torque component current of the generator.

Ty = Te = Ky x g, )

The peak value of output voltage with the constant excitation of the generator is proportional
to the rotating speed of the machine. The variation of the g-axis current (the generated peak output
current from the generator) depends on the difference between the peak output voltage of the generator
and the DC-link voltage. This implies that it is possible to control the torque component (q-axis)
current by adjusting the DC-link voltage, which further controls the mechanical speed of the turbine
and generator.

The schematic diagram for speed control is shown in Figure 5. The indirect speed control system
is developed based on the relationship between the DC-link voltage and the torque component current
of the generator. The speed controller outputs the DC-link voltage reference from the error between
the reference and the estimated speed. The DC-link voltage should be guaranteed to be the standard
value at least for system stability and can be changed within the system limits.

|
* PI controller %* *
® o ! AV, 3 11 V.
m e de de
| | toDC voltage
A | limiter |  controller
Om ' 1 '
| —_— *
from speed estimator | S VdC_Std :
|

(PLL with state observer )|

Figure 5. Block diagram for indirect speed control.

The overall proposed speed control algorithm for the turbine-generator of the ORC system is
illustrated in Figure 6. The three-phase generator voltage is measured by the generator-side voltage
sensor. The rotor speed information of the generator, which is used in the speed controller, is estimated
using the PLL method. The rotor speed with reduced ripple components can be estimated from the
positive sequence voltage. The speed controller is located in the outer loop of the DC-link voltage
controller, which controls the active power generation of the generator. The torque component current
control can control the turbine-generator speed indirectly.

Therefore, the proposed speed control system can control the generator speed for the stable
operation by controlling the amount of transmitted electric power to the grid. All the other components
of Figure 6 have been explained in detail in the Section 2.
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Figure 6. Proposed indirect speed control algorithm in a grid-connected ORC generation system.

4. Experimental Set-Up and Results

Two types of experiments are conducted in order to verify the proposed indirect speed control
systems. The first experimental setup shown in Figure 7 is a 10 kW small-scale system, where a motor
simulates the turbine and is used for the confirmation of the proposed control method during the
developing stage. This system consists of two grid-connected electric power conversion systems and
a motor-generator set. A 15 kW PMSM, which is directly coupled with a 12 kW PMSG, is operated
as the turbine simulator. Two converter systems are used as the drive systems for turbine simulator
and generator, respectively. The entire control algorithm is implemented in a micro-processor control

board. The electrical parameters of the experimental setup are presented in Table 1.

Grid
(3¢ 220Vems)

10kW Reduction System

(Turbine

imulator & Generator)

Figure 7. Experimental setup of 10 kW small-scale grid-connected ORC simulation system.

Table 1. Parameters of Experimental Setup.

System Parameter Value
DC-link 3133 (uF)
capacitance
Converter System Switchin
chng 10 (kHz)
frequency
Control period 100 (us)

Grid line-line

55 (Vims) (4:1 trans.)

. voltage
Grid-Network Frequency 60 (Hz)
Filter L inductance 5 (mH)
Rated power 15 (kW) /12 (kW)
. Rated torque 95.4 (Nm)/70 (Nm)
Simulator/Generator (PMSM/G) Back EMF constant 109.0 (Vpeak L1./krpm)
Pole number 8
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Figure 8 shows the experimental results of the generator speed estimation performance under the
conventional SRF-PLL and the state observer SRF-PLL. In Figure 8a, using the conventional SRF-PLL,
significant ripple components are observed in waveforms of the generator voltages V§, Vy, and the
estimated speed wprr. On the other hand, the state observer SRF-PLL eliminates the ripple components
from the waveforms of the estimated speed by using the positive sequence component of generator
voltage V;fp ositive aNd Vdeipositiv .- The ripple of the estimated generator speed Whproposed_pLL 18 reduced
by about 85% compared to that of the conventional estimation method.

Figure 8b represents the results of speed estimation under the conventional and the proposed
method in a full operating range. In the region indicated as ‘Generator Speed-up Region’ in Figure 8b,
the generated power cannot be transmitted to the grid side because the excited voltage amplitude
according to the generator speed does not reach to the DC-link voltage. At the transition stage between
‘Generator Speed-up Region” and ‘Generation Region’, the generated power starts flowing to the grid.
Additionally, the generator voltage is distorted due to diode conduction. As can be seen, the speed
waveform of the conventional method has much more ripple components than the proposed method.
The curve Wy, measured in Figure 8b is the actual speed measured by the encoder in order to confirm the
speed estimation performance.

using proposed PLL Turbine
using conventional PLL | with state observer Power| Generator Speed-up Region Generation Region
() — v >
— T 1500 v 1500
7 T T & T T ps !
150 = d positive| @m_measure
[RPM]| ®@m _PLL conventional [RPM]
v v

<using conventional PLL>

Lo

25 25 T

M:I I: v 15007 of 1500
0

0 ve pe @m_measure
1200 @ d_positive | ~ 1200 [rpm)| ®m PLL proposed [RPM]
IRPM] || ~ [RPM] <using proposed PLL
Wpyy, Wproposed PLL 0 with state observer> |
oA T | 0 L T

(a)

Figure 8. Experimental results of the rotation speed estimation for the turbine-generator: (a) Estimated
speed by PLL; and (b) estimated speed in a full operating range.

The experimental results of the proposed indirect speed control is shown in Figure 9. From speed
control in the ‘Generation Region’, by increasing g-axis current to the grid-side (negative direction)
using the speed control action, the generator speed is controlled constantly at the reference speed
of 1000RPM. The grid-side d-axis current is controlled to be zero to achieve the unity power factor.
When the turbine output power increases suddenly, the g-axis current injected into the grid is increased
(from —4A to —18A) by the DC-link voltage control to keep the constant speed for the safe operation
of the ORC system.

The second experiments are implemented in the actual ORC power generation system, as shown
in Figure 10. The configuration of the experimental setup is same as the one shown in Figure 1. And the
ORC loop configurations, the working fluid, the operation process, performance curves, sensors and
system parameters used in this experiment are the same as that previously designed and manufactured
in Reference [45]. Generator (PMSM) is directly coupled to the expander shaft.
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Figure 9. Experimental results of the proposed indirect generator speed control.

(@) (b)

Figure 10. Experimental setup for the actual ORC power generation system: (a) Gird-connected electric
power conversion system; and (b) 23 kW ORC power generation system.

The experimental results of the proposed indirect speed control are presented in Figure 11a—d.
It shows the waveforms for the mass flow rate of the working fluid and the turbine in/outlet
pressure (a), the pressure ratio and the turbine output power (b), the rotation speed and torque
of the turbine-generator (c), and the DC-link voltage and the grid-side torque component (q-axis)
current (d) in detail. During the experiment, the turbine output power is increased from 0 to 1.4 kW to
confirm the control performance.

Initially (before 80s), when the turbine output power is supplied, the turbine and generator
speeds increase until reaching the start point of the ‘Generation Region’. At this point (from 80s), the
rotation speed control is started, and the generator starts supplying the power to the grid system and
the constant speed control is implemented (3000RPM). As presented in Figure 11d, by controlling
the DC-link voltage, the injection of the generated g-axis torque component current gets regulated,
accordingly. Then, the generator torque is indirectly controlled through the injection of grid-side
current, which further maintains the rotor speed, as shown in Figure 11c.

At time 1050s, the turbine output power increases due to the increase in the mass flow rate of
the working fluid as shown in Figure 11a,b. For the generator speed to be controlled constantly in
this region, the DC-link voltage is controlled to have a lower value, and the grid-side g-axis current
correspondingly increases (Figure 11d). Accordingly, the generator (load) torque increases, and the
generator speed is controlled to maintain constantly (Figure 11c).

In conclusion, as observed in the experimental waveforms, the proposed speed control system
can achieve the desired control performance under various supplied turbine output due to the power
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fluctuation of the ORC system. Since the noise and vibration of turbine-generator are caused by the
speed ripple from the ORC power output ripple, constant speed control reduces noise and vibration.
This means that, without the use of indirect speed control, the ORC output ripple cause to the noise
and vibration of the generator. Therefore, from the experimental results shown in Figure 11, the ORC
turbine output ripple waveform and the indirectly controlled speed waveform can be considered as
the performance comparison.

(@)
(b)
3200 8
Soeed
L e Shaft Speed

= |

in

Shaft Torque

— Turbine Output Power Increase

- — — - —— — ——— P —— — RS,

(9

(d)

Figure 11. Experimental results of proposed speed control in the actual ORC generation system:
(a) Mass flow rate of working fluid and turbine in/outlet pressure; (b) pressure ratio and turbine
output power; (c) Rotation speed and torque of the turbine-generator; and (d) DC-link voltage and
grid-side torque component (q-axis) current.
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5. Conclusions

This paper presented an indirect speed control method for a turbine-generator in a grid-connected
electric power conversion system of an ORC power generation system. The rotor speed information for
proper speed control was estimated from the positive-sequence voltage of the generator by using the
state observer PLL method. Additionally, the constant speed control could be guaranteed by controlling
the grid-side generated electrical power. Accordingly, the proposed control method improves stability
and durability of the ORC generation system by making it possible to estimate the rotating speed
under the distorted generator terminal voltage due to the diode rectifier. It also realizes the constant
rotation speed control despite the ripple or fluctuation of the turbine power. This paper also presented
the information about the configuration mechanism and control techniques that are required in the
grid-connected generation system. For the experimental verification, 10 kW and 23 kW grid-connected
ORC power generation experimental systems with a turbine simulator and actual turbine, respectively,
were designed and manufactured. The field test was conducted in the installed actual grid-connected
ORC system. The effectiveness of the proposed control system has been verified through extensive
experimental results. As a future plan, the proposed control system will be applied to the 220 kW
large-scale ORC power generation system (photographs in Figure 1), which was manufactured and
installed previously in Reference [46].

Author Contributions: Methodology, H.-S.P., H.-].H. and ].-M.K_; Software, H.-S.P.; Validation, H.-].H.; Formal
analysis, H.-S.P. and H.-].H.; Data Curation, B.-S.C. and K.C.K.; Writing-Original Draft Preparation, H.-S.P.;
Writing-Review and Editing, H.-S.P., K.C.K. and J.-M.K.; Visualization, B.-5.C.; Project Administration, J.-M.K.

Funding: This research was funded by the National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIT) through GCRC-SOP (No. 2011-0030013).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Larjola, J. Electricity from industrial waste heat using high-speed organic Rankine cycle (ORC). Int. |.
Prod. Econ. 1995, 41, 227-235. [CrossRef]

2. Hung, T.C; Shai, T.Y.; Wang, S.K. A review of organic Rankine cycles (ORCs) for the recovery of low-grade
waste heat. Energy 1997, 22, 661-667. [CrossRef]

3. Curtiss, PS.; Kreider, J.E. Recent developments in the control of distributed electrical generation systems.
ASME |. Sol. Energy Eng. 2003, 125, 352-358. [CrossRef]

4. Lawrence, R.; Middlekauff, S. The new guy on the block. IEEE Ind. Appl. Mag. 2005, 11, 54-59. [CrossRef]

5. Papini, F; Bolognesi, P. Preliminary design and analysis of a high speed permanent magnets synchronous
generator. In Proceedings of the IEEE MELECON 2010, Valletta, Malta, 26-28 April 2010.

6. Quoilin, S.; Broek, M.V.D.; Declaye, S.; Dewallef, P.; Lemort, V. Techno-economic survey of Organic Rankine
Cycle (ORC) systems. Renew. Sustain. Energy Rev. 2013, 22, 168-186. [CrossRef]

7. Colonna, P; Casati, E.; Trapp, C.; Mathijssen, T.; Larjola, J.; Turunen-Saarest, T.; Uusitalo, A. Organic Rankine
cycle power systems: From the concept to current technology, applications, and an outlook to the future.
ASME ]. Eng. Gas Turbines Power 2015, 137, 100801. [CrossRef]

8. Petrovic, V,; Ortega, R.; Stankovic, A.M.; Tadmor, G. Design and implementation of an adaptive controller
for torque ripple minimization in PM synchronous motors. IEEE Trans Power Electron. 2000, 15, 871-880.
[CrossRef]

9. Bojoi, R.; Pastorelli, M.; Bottomley, ].; Giangrande, P.; Gerada, C. Sensorless Control of PM Motor Drives—A
Technology Status Review. In Proceedings of the IEEE WEMDCD 2013, Paris, France, 11-12 March 2013.

10. Holtz, J. Developments in sensorless AC drive technology. In Proceedings of the IEEE PEDS 2005,
Kuala Lumpur, Malaysia, 28 November—1 December 2005.

11. Islam, M.N,; Seethaler, R.]. Sensorless position control for piezoelectric actuators using a hybrid position
observer. IEEE/ASME Trans. Mechatron. 2014, 19, 667-675. [CrossRef]

12.  Xu, G; Liu, F; Hu, J.; Bi, T. Coordination of wind turbines and synchronous generators for system frequency
control. Renew. Energy 2018, 129, 225-236. [CrossRef]

256



Energies 2019, 12, 200

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

Alcald, J.; Cardenas, V.; Espinozac, J.; Duranaa, M. Investigation on the limitation of the BTB-VSC converter
to control the active and reactive power flow. Electr. Power Syst. Res. 2017, 143, 149-162. [CrossRef]
Bunjongjit, K.; Kumsuwan, Y.; Sriuthaisiriwong, Y. An implementation of three-level BTB NPC voltage
source converter based-PMSG wind energy conversion system. In Proceedings of the IEEE TENCON 2014,
Bangkok, Thailand, 22-25 October 2014.

Vilathgamuwa, D.M.; Jayasinghe, S.D.G. Rectifier systems for variable speed wind generation—A review.
In Proceedings of the IEEE ISIE 2012, Hangzhou, China, 28-31 May 2012.

Tan, K.; Islam, S. Optimum control strategies in energy conversion of PMSG wind turbine system without
mechanical sensors. IEEE Trans. Energy Convers. 2004, 19, 392-399. [CrossRef]

Binder, A.; Schneider, T. Permanent magnet synchronous generators for regenerative energy conversion—A
survey. In Proceedings of the IEEE EPE 2005, Dresden, Germany, 11-14 September 2005.

Rodriguez, J.; Franquelo, L.G.; Kouro, S.; Leon, J.L; Portillo, R.C.; Prats, M.A.M.; Perez, M.A. Multilevel
converters: An enabling technology for high-power applications. Proc. IEEE 2009, 97, 1786-1817. [CrossRef]
Rahimi, M. Modeling, control and stability analysis of grid connected PMSG based wind turbine assisted
with diode rectifier and boost converter. Electr. Power Energy Syst. 2017, 93, 84-96. [CrossRef]

Aziz, A.; Mto, A.; Stojcevski, A. Full converter based wind turbine generator system generic modelling:
Variations and applicability. Sustain. Energy Technol. Assess. 2016, 14, 46—62. [CrossRef]

Kazmierkowski, M.P.; Malesani, L. Current control techniques for three-phase voltage-source PWM
converters: A survey. IEEE Trans. Ind. Electron. 1998, 45, 691-703. [CrossRef]

Pozzebon, G.G.; Goncalves, A.FQ.; Pena, G.G.; Mocambique, N.E.M.; Machado, R.Q. Operation of a
three-phase power converter connected to a distribution system. IEEE Trans. Ind. Electron. 2013, 60,
1810-1818. [CrossRef]

Song, S.-H.; Kang, S.-I.; Hahm, N.-K. Implementation and control of grid connected AC-DC-AC power
converter for variable speed wind energy conversion system. In Proceedings of the IEEE APEC 2003, Miami
Beach, FL, USA, 9-13 February 2003.

Prodanovic, M.; Green, T.C. Control and filter design of three-phase inverters for high power quality grid
connection. IEEE Trans. Power Electron. 2013, 18, 373-380. [CrossRef]

Twining, E.; Holmes, D.G. Grid current regulation of a three-phase voltage source inverter with an LCL
input filter. IEEE Trans. Power Electron. 2003, 18, 888-895. [CrossRef]

Blaabjerg, F.; Teodorescu, R.; Liserre, M.; Timbus, A.V. Overview of control and grid synchronization for
distributed power generation systems. IEEE Trans. Ind. Electron. 2006, 53, 1398-1409. [CrossRef]

Dai, ].C.; Liu, D.; Hu, Y.; Shen, X. Research on joint power and loads control for large scale directly driven
wind turbines. ASME |. Sol. Energy Eng. 2013, 136, 021015. [CrossRef]

Svensson, J.; Lindgren, M. Vector current controlled grid connected voltage source converter-influence
of non-linearities on the performance. In Proceedings of the IEEE PESC Record, Fukuoka, Japan,
22-22 May 1998.

Van der Broeck, H.W.; Skudelny, H.C.; Stanke, G.V. Analysis and realization of a pulse width modulator
based on voltage space vectors. IEEE Trans. Ind. Appl. 1988, 24, 142-150. [CrossRef]

Chung, S.-K. Phase-locked loop for grid-connected three-phase power conversion systems. IEE Proc. Electr.
Power Appl. 2000, 147, 213-219. [CrossRef]

Kaura, V.; Blasko, V. Operation of a phase locked loop system under distorted utility conditions. IEEE Trans.
Ind. Appl. 1997, 33, 58-63. [CrossRef]

Nash, G. Phase-Locked Loop Design Fundamentals. Motorola Application Note AN-535 1994.

Hsieh, G.; Hung, ].C. Phase-Locked Loop Techniques—A Survey. IEEE Trans. Lnd. Electron. 1996, 43, 609-615.
[CrossRef]

Chung, S.-K. A phase tracking system for three phase utility interface inverters. IEEE Trans. Power Electron.
2000, 15, 431-438. [CrossRef]

Amuda, L.N.; Cardoso Filho, BJ.; Silva, S.M.; Silva, S.R.; Diniz, A.S.A.C. Wide bandwidth single and
three-phase PLL structures for grid-tied PV systems. In Proceedings of the IEEE PVSC, Anchorage, AK,
USA, 15-22 September 2000.

Nozari, F; Mezs, P.A; Julian, A.L.; Sun, C.; Lipo, T.A. Sensorless synchronous motor drive for use on
commercial transport airplanes. IEEE Trans. Ind. Appl. 1995, 31, 850-859. [CrossRef]

257



Energies 2019, 12, 200

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Caliskan, V.; Perreault, D.J.; Jahns, TM.; Kassakian, ].G. Analysis of three-phase rectifiers with
constant-voltage loads. IEEE Trans. Circuits Syst. 2003, 50, 1220-1225. [CrossRef]

Ketzer, M.B.; Jacobina, C.B. Sensorless control technique for PWM rectifiers with voltage disturbance rejection
and adaptive power factor. IEEE Trans. Ind. Electron. 2015, 62, 1140-1151. [CrossRef]

Blasko, V.; Moreira, J.C.; Lipo, T.A. A new field oriented controller utilizing spatial position measurement of
rotor end ring current. In Proceedings of the IEEE PESC Record, Milwaukee, WI, USA, 26-29 June 1989.
Song, H.; Nam, K. Dual current control scheme for PWM converter under unbalanced input voltage
conditions. IEEE Trans. Ind. Electron. 1999, 46, 953-959. [CrossRef]

Limongi, L.R.; Bojoi, R.; Pica, C.; Profumo, F; Tenconi, A. Analysis and comparison of phase locked
loop techniques for grid utility applications. In Proceedings of the IEEE PCCON 2007, Nagoya, Japan,
2-5 April 2007.

Ko, Y; Park, K.; Lee, K.-B.; Blaabjerg, F. A new PLL system using full order observer and PLL system
modeling in a single phase grid-connected inverter. In Proceedings of the IEEE ICPE 2011, Jeju, South Korea,
30 May-3 June 2011.

Freijedo, ED.; Doval-Gandoy, J.; Lépez, O.; Acha, E. A generic open-loop algorithm for three-phase grid
voltage/current synchronization with particular reference to phase, frequency, and amplitude estimation.
IEEE Trans. Power Electron. 2009, 24, 94-107. [CrossRef]

Fortescue, C. Method of symmetrical coordinates applied to the solution of polyphase networks. Trans. AIEE
1918, 37, 1027-1140.

Yun, E.; Kim, D.; Yoon, S.Y.; Kim, K.C. Experimental investigation of an organic Rankine cycle with multiple
expanders used in parallel. Appl. Energy 2015, 145, 246-254. [CrossRef]

Sung, T.; Yun, E.; Kim, H.D.; Yoon, S.Y.; Choi, B.S.; Kim, K.; Kim, J.; Jung, Y.B.; Kim, K.C. Performance
characteristics of a 200-kW organic Rankine cycle system in a steel processing plant. Appl. Energy 2016, 183,
623-635. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

258



energies

Atrticle

Study of Inertia and Damping Characteristics

of Doubly Fed Induction Generators and Improved
Additional Frequency Control Strategy

Xiangwu Yan *, Zijun Song, Yun Xu, Ying Sun, Ziheng Wang and Xuewei Sun

Key Laboratory of Distributed Energy Storage and Micro-Grid of Hebei Province, North China Electric Power
University, Baoding 071003, China; 2172213052@ncepu.edu.cn (Z.S.); xuyun2009054@163.com (Y.X.);
syingmeer@163.com (Y.S.); wangzh0306@126.com (Z.W.); sun_xw@126.com (X.S.)

* Correspondence: xiangwuy@ncepu.edu.cn; Tel.: +86-139-0336-5326

Received: 20 November 2018; Accepted: 17 December 2018; Published: 23 December 2018

Abstract: Large-scale wind farms connect to the grid and deliver electrical energy to the load center.
When a short-circuit fault occurs on the transmission line, there will be an excess of electric power,
but the power demand will increase instantaneously once the fault is removed. The conventional
additional frequency control strategies of wind farms can effectively reduce the frequency fluctuation
caused by load mutation, but still there are some limitations for the frequency fluctuation caused by
the whole process of occurrence, development and removal of a short-circuit fault on the transmission
line. Therefore, this paper presents an improved additional frequency control strategy for wind
farms. According to the variation law of system frequency during the whole process of a short-circuit
fault, the proposed strategy revises the parameters in conventional additional frequency control of
the doubly-fed induction generator (DFIG) to have effective damping characteristics throughout
the entire process from failure to removal, thereby the output power of DFIGs could respond to
frequency fluctuation rapidly. MATLAB/ Simulink is used to build a four-machine two-area model
for simulation analysis. The results show that the control strategy can effectively reduce the frequency
fluctuation of DFIGs, and enhance the stability of the system.

Keywords: doubly-fed induction generator; short-circuit fault; frequency regulation; variable power
tracking control; improved additional frequency control; variable coefficient regulation; inertia and
damping characteristics

1. Introduction

There is abundant wind energy in Northwest China and large-scale wind farms are connected to
the grid. Wind energy is transported to the load center through long distance high voltage transmission
lines. Since 2009, IEA Wind TCP member countries have increased their wind share in the energy mix
at an average rate of 0.44% per year. Wind-generated electricity met almost 5.6% of the world’s demand
in 2017 [1]. The steady increase of wind turbines brings new challenges to the safe and stable operation
of the system [2—4]. Because of the high power generation efficiency, small capacity of the converter
and decoupling control of active power and reactive power, doubly-fed induction generator (DFIG)
has become the main model of large-scale wind farms. DFIGs have become a dominant wind turbine
(WT) technology, therefore, this paper takes DFIGs as the research object [5,6]. However, the rotor
speed is decoupled from the system frequency when DFIGs adopt the converter control mode [7-9],
which reduces the equivalent inertia of the system. When the permeability of wind turbines increases
to a certain extent, the dynamic response ability to the system frequency will be greatly declined [10].
In fact, the rotational speed range of DFIGs is 0.7 pu~1.2 pu, and the rotational kinetic energy stored in
the rotor (the blades, hubs, gearboxes and generator rotors of WTs are equivalent to one mass) is much

Energies 2019, 12, 38; doi:10.3390/en12010038 259 www.mdpi.com/journal/energies



Energies 2019, 12, 38

larger than that of a synchronous machine [11-13]. If the rotational speed of DFIGs and the system
frequency can be coupled, the frequency regulation ability will be greatly improved.

A certain control strategy can make the WTs have a frequency adjustment characteristic similar to
that of the synchronous generator, which can control the WTs to participate in the system frequency
regulation. The currently applied methods include virtual inertial control and droop control [14].
Virtual inertial control [15-17] and droop control [18-20] are additional frequency control modules
in the rotor side control system of WTs. WTs usually operate in the Maximum Power Point Tracking
(MPPT) mode. Therefore, due to the lack of reserve capacity of WTs, the WTs can only participate in
the system frequency regulation in a short time by increasing the virtual inertia. In order to expand the
time scale of frequency regulation, the common method is to increase the over speed method [21-24]
or the pitch angle control method [25,26] on the basis of additional frequency control, so WTs obtain
a certain reserve capacity to participate in the primary frequency regulation. Although the above
methods solve the basic problem of DFIGs participating in system frequency modulation, there are still
many detailed problems to be considered for additional frequency control. Due to the droop control
coefficient is not easy to determine, the excess coefficient makes it difficult for the system to reach a
stable state [27]. In order to avoid this problem, the relationship among the virtual inertia of DFIGs,
the speed regulation and the frequency variation of the grid is discussed in [28], and the wind power
tracing curve is adjusted according to the frequency fluctuation of the system. However, the scheme
is slow to respond at the initial time of frequency fluctuation. Therefore, [29,30] adopt active power
control instead of phase-locked loop (PLL) technology to realize synchronous operation between
DFIGs and the grid. Although the response speed and the stability are improved, the control strategy
proposed in the above studies only regulates the frequency fluctuation caused by load mutation and
the frequency fluctuation in an event of a short-circuit fault is not taken into consideration. There is a
clear difference in the frequency fluctuation trend between the load mutation and the short-circuit fault.
Therefore, the above methods are not applicable to the frequency regulation when the short-circuit
fault occurs.

In view of this situation, the inertia damping characteristics of DFIGs during the whole process
of occurrence, development and removal in an event of a short-circuit fault are studied in this paper.
On this basis, this paper proposes an improved frequency control strategy for DFIGs. The parameters
of additional frequency control are modified according to the variation of the system frequency during
the process from fault occurrence to complete removal. The output power of DFIGs is adjusted
rapidly with the frequency fluctuation of the system, and the transient stability of the system is
improved. Finally, a four-machine two-area simulation model is built in MATLAB/Simulink to
verify the effectiveness of the proposed strategy. The results show that after adopting the improved
additional frequency control, DFIGs can adjust the rotational speed in time to release the stored kinetic
energy to increase the output power once the fault is removed. The proposed method could also
effectively reduce the frequency offset, and the improved control method is suitable for different
operating conditions.

2. Principle of Conventional Additional Frequency Control for DFIGs

2.1. Conventional Additional Frequency Control Strategy

The power generation and power consumption of the power system are real-time balanced.
When the system frequency fluctuates greatly, synchronous generators can respond in time and release
or absorb the rotational kinetic energy to damp the system frequency fluctuation, because the rotating
speed is closely coupled with the system frequency. Especially in the early stage of the event, the inertia
of the generator directly affects the rate of frequency fluctuation and even the stability of the system [31].
The rotor motion equation of synchronous generators is shown as Equation (1):

dAw

2Hw=7" = Py — Py — DAw 1)
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where, H is the inertia constant of the generator; Aw = w — wy, w is the actual angular velocity, wy is
the rated angular velocity; Py is the mechanical power; Pg is the electromagnetic power; D is the
damping coefficient.

DFIGs usually operate in MPPT mode without the capability of frequency response. When the
permeability of WTs is high, in order to improve the frequency dynamic characteristics of the system,
additional frequency control such as virtual inertial control is usually added to DFIGs to increase the
system inertia.

The conventional additional frequency control method is to add frequency regulation auxiliary
power on the basis of MPPT control of WTs. The additional power comes from the kinetic energy
released or absorbed by the rotor, as shown in Figure 1.

Wi
, =+ P, : Rotor Side
—_—>
Converter
/ r—————————= -
A I I
V| -K L——> Droop control
» |
Iy | |
o Ll el
| 41 » K, ~ — — » Inertial control
|

Figure 1. Conventional additional frequency control.

where w; is the rotor speed; P, is the active power reference value of the rotor side converter
under the maximum power tracking mode; AAf is the deviation between the system frequency f and
the rated frequency fn. Additional active power can be expressed as Equation (2):
dA
AP = AP + AP, = —(KpAf—O—Kdd—tf) )
The form of the equation can be expressed as the follow, which is similar to the rotor motion
equation of a conventional synchronous generator:

Kddditf = AP — KpAf 3)

By comparing Equations (1) and (3), it can be seen that when the differential control coefficient
K; >0, the rotational inertia is similar to that of a synchronous machine, so differential control is also
called inertia control; When the proportional control coefficient K, > 0, it can increase the damping
coefficient and improve the frequency dynamic response ability, so the proportional control is also
called droop control.

Because of the different feedback signals, the adjustment processes of inertial control and droop
control are different. Inertial control is a transient process, which uses the rate of frequency fluctuation
as the feedback signal. It is mainly used to damp the abrupt fluctuation of frequency. Therefore,
it can provide a larger active power support at the initial time of the event. But near the frequency
extreme point, the rate of frequency fluctuation is close to zero, and the active power support is weak.
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In contrast, the additional signal of droop control is related to the frequency deviation. In most cases,
it is a steady-state process and is mainly used to reduce the frequency deviation of the system. In the
process of transient frequency fluctuation caused by various events in the grid, droop control mainly
plays a damping role and provides strong active power support near the peak frequency, but the
supporting effect is weak at the initial time, so that the control speed is slower than that of inertial
control. Effective combination of the rapidity of inertial control and the persistence of droop control
can make the system have good dynamic frequency characteristics.

2.2. Limitation Analysis of Conventional Additional Frequency Control under A Short-Circuit Fault

DFIGs are connected to the grid and deliver electrical energy to the load center through high
voltage transmission lines. When an instantaneous three-phase short-circuit fault occurs on high
voltage transmission lines, the variation of relevant parameters of DFIGs under the condition of

conventional additional frequency control is shown in Figure 2.
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Figure 2. Variation of parameters under a short-circuit fault using conventional additional frequency
control (a) Voltage of the DFIGs; (b) Current at the common connection point between the DFIGs
and the grid; (c) System frequency; (d) Rotor speed of DFIGs; (e) Active power provided by DFIGs;
(f) Additional power.

In Figure 2, the short-circuit fault occurs in 50 s. At50.15 s, the fault is removed. During the period,
the lowest terminal voltage of DFIGs falls to 0.75 pu, and the frequency of the system rises sharply
during the fault period and falls rapidly after the fault is removed. In this paper, the frequency variation
curve is obtained through the simulation in the whole process of fault occurrence, development and
removal. The frequency variation trend is similar to that of the permanent-magnet direct-drive wind
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turbines in the short-circuit fault at the common connection point [32]. The increase or decrease of
load results in the single decrease or increase of the system frequency. But the short-circuit fault will
go through two processes of frequency rise and decrease continuously from occurrence to removal.
During the period of frequency rise, the additional power AP1 and AP2 make the reference value
of active power on the rotor side smaller. This could control the acceleration of the rotor and absorb
the excess active power, which can reduce the output power of the WTs to damp the system frequency
rise. Inertial control plays a leading role in the initial time of the short-circuit fault and provides strong
power support, while droop control plays a weak role. With the increase of frequency deviation,
the additional power of droop control gradually increases. After 0.15 seconds, the fault is removed
and the frequency rises to the maximum and then goes down. The active power demand of the system
increases instantaneously, and the generators are required to replenish the shortage of active power in
time. During this period, the power AP2 produced by inertial control becomes positive, which helps
to increase the reference value of active power on the rotor side, but the inertial support function is
weak. At this time, the frequency deviation is large, and the power AP1 produced by droop control
plays a strong role. But the value is negative and the total additional power is negative, the reference
value of active power on the rotor side is still low. The output electromagnetic power of WTs is less
than the captured mechanical power, so the rotor keeps the acceleration trend and cannot release
kinetic energy to meet the instantaneous surge of active power demand. As the frequency gradually
decreases, the additional power eventually becomes positive and the rotor starts to decelerate.

3. Improved Additional Frequency Control Strategy

According to the analysis in Section 2.2, the instantaneous increase of active power demand causes
the system frequency to drop dramatically after the short-circuit fault is removed. At this time, if the
advantages of fast response of speed regulation of DFIGs can be brought into play, the rotating speed
of DFIGs can be regulated in time to release kinetic energy. This can supplement the active power
shortage of the system, and alleviate the frequency regulation pressure of synchronous generators.
In order to reduce the rotating speed of DFIGs, the reference value of active power on the rotor
side should be increased firstly, so that the output electromagnetic power of WTs is greater than the
captured mechanical power.

As can be seen from Figure 2, after the short-circuit fault is removed, the frequency begins to
decrease, and the frequency deviation starts to decrease from the positive maximum value. At this
time, the droop control which plays a dominant role is still negative, so that the output electromagnetic
power is still lower than the captured mechanical power. The rotor of WTs is in the acceleration trend,
which not only hinders the rapid release of kinetic energy, but also enhance the rapid drop of the
system frequency.

Based on the analysis of inertia damping characteristics of conventional additional frequency
control strategy for DFIGs under the condition of short-circuit fault exists in Section 2.2, this section
proposes an improved additional frequency control strategy to overcome the limitations. The strategy
modifies the droop control coefficient according to the frequency variation during the occurrence,
development and removal of a short-circuit fault. The DFIGs have effective inertia damping
characteristics throughout the whole process, so that the output active power will be adjusted in time
with the frequency fluctuation. The implementation method of the improved additional frequency
control strategy is shown in Figure 3, and the specific implementation process is shown in Figure 4.
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When the frequency fluctuates due to a short-circuit fault, the WTs adopt the improved additional
increase of system frequency
cause a short-term increase
in terminal voltage, while a short-circuit fault will cause a large drop in terminal voltage. In order
e and the system frequency
are introduced to judge whether a short-circuit fault occurs. When the terminal voltage amplitude is

frequency control strategy shown in Figure 3. The event that can cause the
are mainly load reduction or a short-circuit fault. Load reduction will

to distinguish the two kinds of events, the variation of terminal voltag
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lower than 0.9 pu and the system frequency is higher than 50.1 Hz, the short-circuit fault of the system
occurs. After the short-circuit fault is removed, the frequency starts to decrease and the frequency
is still higher than the rated value, the value of additional active power produced by droop control
remains unchanged when the symbol changes. Not until the frequency is below the rated value that
the WTs are restored to the conventional additional frequency control. The detailed adjustment process
can be seen in Figure 4.

4. Results

In this paper, a simulation model of four-machine two-area system including DFIGs is built in
MATLAB/Simulink. The four-machine two-area test system of Kundur has been used to investigate
the impact of the DFIGs on the power oscillation damping of the power system [33]. This system is
specifically used to study low frequency electromechanical oscillation modes in the interconnected
power system. The single line diagram of the two-area test system is shown in Figure 5. The two-area
system is linked together by 230 kV lines of 220 km length. Each area has two round-rotor synchronous
generators each with 20 KV /900 MVA rated power. All conventional synchronous generators are
steam turbine driven, round-rotor synchronous generators provided with governor and excitation
control. The synchronous generators are identical. The loads are modeled as constant impedances.

8
‘110km

Figure 5. Four-machine two-area test system.

In order to examine the impact of DFIG-WPP on inertial damping characteristics of the power
system, the synchronous generator G1 is replaced by the DFIG-based WPP as shown in Figure 6.
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Figure 6. Two-area test system with G1 replaced by WPP.

To simplify the analysis, the above model is simplified as Figure 7a, G1 is a doubly-fed wind farm
with 300 doubly-fed wind generators. G2~G4 are power plants with governor and excitation regulator.
The load L1 and L2 are constant active load respectively, C1 and C2 are reactive power compensation
devices and the three-phase short-circuit fault occurs on the single circuit.
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The typical DFIG configuration is considered, as illustrated in Figure 7b. Its model includes the
main electrical components, the mechanical and aerodynamic subsystems, and the controllers. In the
converter control system, shown in Figure 7c, the rotor-side converter (RSC) controls the active and
reactive power delivered to the grid, while the grid-side converter (GSC) regulates the dc-bus voltage,
operating at unity power factor.
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Figure 7. Simplified model of four-machine two-area system and control scheme (a) Simplified model

of four-machine two-area system; (b) DFIGs configuration; (c) Converter control scheme for the DFIGs.
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The controller structure is based on cascaded loops: a fast inner current controller regulates
current to the reference values, specified by external power control loops. The control scheme are
presented based on the phasor model of the DFIGs system. In this section, an outline of the models
used is only presented for the sake of completeness. Details are provided in [34]. The load flow data is
shown in Table 1 and the main component parameters are reported in Table 2.

Table 1. Load flow data.

P Area-1 Area-2

Penetration of Wind (%) Wind G i Sy Synct Synck
G1 (MW) Machine G2 (MW) Machine G3 (MW) Machine G4 (MW)

10 160 484 483 483 1610

Total Load + Losses (MW)

Table 2. Simulation parameters.

Header Components Parameters Values
Pitch angle, 0
. . Tip speed ratio constant, A 8.1
Wind turbine parameters Power coefficient, Cp 0.48
Wind speed, v 10m/s
Stator resistance, Rg 0.00706
Stator leakage inductance, Ljg 0.171
Rotor resistance, R, 0.005
Rotor leakage inductance, Lj,- 0.156
DFIG parameters Magnetizing inductance, L, 2.9
Inertia constant, H 5.04
Viscous friction factor, F 0
Number of pole pairs, p 3
Nominal DC bus voltage, Uy, 1200 V
DC voltage proportional gains, kp, 0.002
GSC controllers parameters DC voltage 1nteg1"al sams, ki 005
GSC current proportional gains, kp, 1
GSC current integral gains, k; 100
Power proportional gains, kp 1,
Power integral gains, k; 5
RSC controllers parameters RSC current proportional gains, kp, 0.3,
RSC current integral gains, k; 8
The d-axis synchronous reactance, X4 1.8
The d-axis transient reactance, Xy 0.3
The d-axis subtransient reactance, Xq~ 0.25
Synchronous generator parameters The g-axis synchronous reactance, Xq 1.7
The g-axis transient reactance, qu 0.55
The g-axis subtransient reactance, Xq~ 0.25
The stator resistance, Rg 0.0025

At 50 seconds, a three-phase short-circuit fault occurs in one circuit of 220 kV high voltage
transmission line. After the fault continues 0.15 s, the system is restored to the normal operation.
In the additional frequency control, the virtual inertial control coefficient is 10.08 and the droop control
coefficient is 1/0.03.

Under the three modes of no additional frequency control, conventional additional frequency
control and improved additional frequency control proposed in this paper, the terminal voltage of
DFIGs, the grid-connected point current, the voltage of the converter on DC side, the transmission
frequency, the active power provided by WTs and the rotor speed of DFIGs are shown in Figure 8.
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Figure 8. Variation of parameters under a short-circuit fault by three different control methods
(a) Voltage of the DFIGs; (b) Current at the common connection point between the DFIGs and the grid;

(c) DC voltage of converter; (d) System frequency; (e) Active power provided by DFIGs; (f) Rotor speed
of DFIGs

4.1. Analysis of System Frequency Change

According to the comparative analysis of frequency variation under three different control
strategies in Figure 8d, it can be concluded that when the system adopts MPPT control without
additional frequency control for DFIGs, the frequency fluctuation amplitude is the largest.
The maximum frequency increased to 50.32 Hz. After the fault is removed, the frequency decreases
to 49.50 Hz. By contrast, the maximum frequency offset is reduced to a certain extent by using
conventional frequency control in addition. The maximum frequency amplitude is reduced from
50.32 Hz to 50.26 Hz during the period of a fault, and the maximum frequency deviation is reduced
by 18.7% during the period of frequency rise. After the fault removal, the minimum amplitude of
frequency is improved from 49.50 Hz to 49.68 Hz. The maximum frequency deviation decreased by
36% in the period of frequency drop. The DFIGs play an obvious role of inertia support in the process
of frequency fluctuation. After adopting the improved additional frequency control, the DFIGs can
adjust the rotational speed in time. This can release the stored kinetic energy in the rotor after the fault
is removed and resumed normal operation, and the output active power increases, which effectively
reduces the frequency offset. The minimum amplitude is 49.76 Hz during frequency decline, which is
25% higher than that of conventional additional frequency control. Compared with the former two
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methods, we can see that this method significantly weakens the trend of frequency oscillation and
improves the stability of the system in the later period of frequency regulation.

4.2. Analysis of additional power variation

Figure 9 shows the variation of the additional power of DFIGs under the three control modes.
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Figure 9. Change of additional power under a short-circuit fault by three different control methods

(a) Additional active power produced by droop control of DFIGs, APy; (b) Additional active power
produced by inertial control of DFIGs, APy; (c) Total additional power, AP.

As shown in Figure 9, the additional power is 0 without additional frequency control. In the case
of conventional additional frequency control, the analysis of additional power changes is detailed
in Section 2.1. In the case of improved additional frequency control, after the short-circuit fault is
removed, the frequency deviation begins to fall from the maximum positive value to zero. During this
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period, the additional power AP produced by droop control is changed from positive to negative.
The total additional power is increased from —0.1 pu of the conventional additional to 0.2 pu at the
time of the fault removal. The increase of active power reference value enables the DFIGs to adjust the
kinetic energy and the rotational speed timely and increase the output active power.

4.3. Analysis of Output Active Power of DFIGs

By comparing and analyzing the change of output active power of DFIGs in the process of
frequency mutation in Figure 8e, it can be seen that when the DFIGs operate in MPPT mode without
additional frequency control, the output active power fluctuates in a small range near 0.38 pu,
and almost has no response to system frequency. With conventional additional frequency control,
the output power of DFIGs can rapidly follow the change of active power reference value through
additional power signal after a short-circuit fault occurs, and instantaneously reduces to 0.13 pu.
The reduction of output power leads to the increase of speed, which makes the WTs deviate from
the MPPT mode and overspeed. The reserve of rotor kinetic energy is increased. After the fault is
removed, the additional power signal makes the output power instantly rise to 0.28 pu, which is still
lower than the mechanical power. It is unable to meet the instantaneous active power demand of the
system. Then the output active power gradually increases until the electromagnetic power is greater
than the captured mechanical power. The speed begins to drop and the power is released. When the
additional frequency control is improved, after the fault is removed, the additional power signal makes
the output power rise to 0.43 pu instantaneously, which is larger than the captured mechanical power.
The rotational speed of the WTs decreases and releases kinetic energy to replenish the active power
in time.

4.4. Analysis of Speed Variation of DFIGs

Through the change of rotational speed of DFIGs in Figure 8f, we can see that when DFIGs
have no additional frequency control, in order to maintain the optimal tip speed ratio, the rotational
speed only adjusts with the change of wind speed, and cannot respond to the frequency change of
the system. The rotational speed is always maintained at 1pu. Under the condition of conventional
additional frequency control, the WTs can adjust the rotational speed of the system to response to
the frequency change of the system. The rotational speed of DFIGs increases with the increase of
the system frequency and absorbs excess active power in the period of a fault. However, after the
fault is removed and returns to normal operation, the frequency shows a downward trend, but still
higher than the rated value. Droop control plays a leading role, and the additional power is related to
frequency deviation. In a short period after the fault is removed, the value is opposite to the frequency
change rate. The rotational speed of the WTs still has an upward trend, which is not conducive to the
rapid stability of the system frequency. Aiming at the problems of conventional additional frequency
control, improving additional frequency control can make the rotational speed of WTs adjust rapidly
according to the change trend of system frequency. From the figure, it can be seen that the improved
additional frequency control can reduce the rotational speed in time after the frequency starts to
decrease, and release kinetic energy to provide effective support for the system.

4.5. Analysis at Different Wind Speeds

In order to verify the effectiveness of the improved strategy, this section performs simulation
analysis under different wind speeds, which is to prove that the improved strategy can effectively
improve the frequency regulation of the system under different operating points. Figure 10 shows the
variation of the system frequency, the output active power of DFIGs, the additional power of DFIGs
and the rotational speed of DFIGs under three different control modes in the wind speed of 8 m/s.
and Figure 11 shows the variation in the wind speed of 11 m/s.
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Figure 11. Change of parameters under a short-circuit fault by three different control methods in the
wind speed of 11 m/s (a) System frequency; (b) Output active power of DFIGs; (c) Additional power
of DFIGs; (d) Rotational speed of DFIGs.

It can be seen from Figures 10 and 11 that the variation trends of each variable are similar under

different wind speed conditions. After adopting the improved additional frequency control, the DFIGs
can adjust the rotational speed in time to release the stored kinetic energy in the rotor after the fault
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is removed and resumed normal operation, and the output active power increases, which effectively
reduces the frequency offset. Comparing with the former two methods, we can see that this method
significantly weakens the trend of frequency oscillation and improves the stability of the system in the
later period of frequency regulation. Therefore the improved control method is suitable for different
operating conditions.

5. Conclusions

The large-scale grid connection of DFIGs has a significant influence on the stability of the power
system. The additional frequency control strategy of DFIGs has a vital effect on the frequency
fluctuation caused by the sudden change of load, but the control has some limitations on the frequency
fluctuation caused by the short-circuit fault. In this paper, the variation law of the system frequency
during the whole process from the occurrence to the removal of the short-circuit fault has been deeply
studied, and the parameters in the additional frequency control of the DFIGs have been modified,
so that the output power of the DFIGs can be quickly adjusted with the change of the system frequency.
And the transient stability of the system is improved. The experimental results have shown that
after adopting the improved additional frequency control, the DFIGs release the stored kinetic energy
after the fault removal and resumes normal operation, which effectively reduces the frequency offset,
and the improved control method is suitable for different operating conditions, which has a highly
applicability to the frequency regulation of wind power grid-connected systems in the future.
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Abstract: Peak current-mode (PCM) control has been a very popular control method in power
electronic converters. The small-signal modeling of the dynamics associated with PCM control has
turned out to be extremely challenging. Most of the modeling attempts have been dedicated to
the converters operating in continuous conduction mode (CCM) and just a few to the converters
operating in discontinuous operation mode (DCM). The DCM modeling method published in 2001
was proven recently to be very accurate when applied to a buck converter. This paper provides the
small-signal models for a boost converter and analyses for the first time its real dynamic behavior
in DCM. The objectives of this paper are as follows: (i) to provide the full-order dynamic models
for the DCM-operated PCM-controlled boost converter; (ii) to analyze the accuracy of the full and
reduced-order dynamic models; and iii) to verify the validity of the high-frequency extension applied
in the DCM-operated PCM-controlled buck converter in the case of the boost converter. It is also
shown that the DCM-operated boost converter can operate only in even harmonic modes, similar to
all the CCM-operated PCM-controlled converters. In the case of the DCM-operated PCM-controlled
buck converter, its operation in the odd harmonic modes is the consequence of an unstable pole in its
open-loop power-stage dynamics.

Keywords: boost converter; peak-current-mode control; dynamic modeling; discontinuous
operation mode

1. Introduction

The concept of peak current-mode (PCM) control was launched publicly in 1978 [1,2], and it
has become a very popular control method in DC-DC converters. The popularity is a consequence
of the properties it provides, such as virtually first-order control dynamics, inherent overcurrent
limiting of the switching elements, and high input-to-output voltage-noise attenuation in buck-derived
converters [3]. The dynamic modeling of PCM control has turned out to be quite challenging.
A large number of different modeling attempts has been published for the converters operating
in continuous conduction mode (CCM), as discussed in [4], but just a few for the converters operating
in discontinuous conduction mode (DCM), such as [5-9]. The DCM models in [5] (pp. 478-480) were
given implicitly as equivalent circuits for buck, boost, and buck-boost converters, but the low-frequency
control-to-output-voltage transfer function was given explicitly in a generalized form applicable to
the named converters, which seemed to predict quite well the location of the load-resistor-affected
low-frequency pole in the case of a buck converter [9]. The models are load-resistor affected, and the
effect cannot be removed to obtain the required unterminated models. The dynamic models in [6] were
derived assuming that there was no internal feedback from the inductor current even if it was used
for generating the duty ratio. The author of [6] promoted earlier, in the case of CCM operation, the
influence of the sampling effect on the dynamic behavior of PCM-controlled converters but forgetting
it in the case of DCM-operated converters. The basic assumption in the modeling method in [6] was
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wrong, and therefore, the dynamic models were inaccurate as well. A discrete-time modeling method
was applied to PCM-controlled DCM-operated buck converter in [7], but no explicit dynamic models
were given. The modeling method proposed in [8] in the early 2000s and applied to buck converters
was proven to be very accurate in [9]. The dynamic models in [8] were load-resistor affected, which hid
the true, unterminated dynamic behavior, as discussed in [9,10]. The reduced-order (i.e., no parasitic
elements are considered), unterminated small-signal state spaces applicable to DCM-operated PCM
control in buck, boost, and buck-boost converters were also given in [11] (pp. 222-224), but the transfer
functions were not solved for comparison.

It was recently proven that the small-signal models of PCM control in CCM contain infinite
duty-ratio gain at the mode limit (i.e., the maximum duty ratio after which the converter enters into the
harmonic mode of operation), which forces the converter to enter into the second-harmonic mode of
operation, as discussed and demonstrated explicitly in [4]. The modeling method introduced in [8] also
includes the infinite duty-ratio gain, which takes place at the boundary between the DCM and CCM
operations. This implies that the existence of the infinite duty-ratio gain at the mode limit between the
operations at the switching frequency and its harmonics are characteristic features of PCM control.

It is widely assumed that PCM-controlled converters are very sensitive to bifurcation phenomena
and chaotic operation regardless of the operation mode (i.e., CCM or DCM) [12,13]. The harmonic
operation modes are assumed to be the consequence of the bifurcation phenomena, which can take
place in open and closed conditions as well. The infinite duty-ratio gain at the mode limit forces the
converter to enter into the harmonic operation mode, as discussed explicitly in [4,9]. The harmonic
operation mode can also take place as a consequence of a high-switching frequency ripple applied to
the duty-ratio process, as discussed in [12,13]. Actually, a proper controller design will eliminate the
appearance of the harmonic modes; when the control bandwidth is limited to 1/5th of the switching
frequency, the controller is provided with a high-frequency noise filtering, and the operation is
limited to the duty ratios less than the mode-limit duty ratio, as discussed and demonstrated in [4].
Both Reference [12] (plain proportional controller) and Reference [13] (proportional-integral (PI)
controller without high-frequency pole) demonstrate the appearing of the bifurcation phenomena by
using highly impractical controllers.

The main objective of this paper is to provide a comprehensive analysis of the dynamic behavior
of a PCM-controlled boost converter operating in DCM including all the relevant parasitic circuit
elements. The corresponding analyses are not published earlier in the literature. The investigations of
this paper show clearly that the modeling technique introduced in [8] will also accurately predict the
dynamic behavior of the DCM-operated PCM-controlled boost converter, when the relevant parasitic
elements are considered [14] and the load-resistor effect is removed [10]. In addition, the boost
converter is shown to operate only in even harmonic modes, where the averaged duty ratio equals
approximately the duty ratio in boundary conduction mode (BCM). The validation of the proposed
models was performed in a simulated environment, where all the components with parasitic elements
were exactly known, and there were no extra source or load interactions.

The rest of the paper is organized as follows: Section 2 introduces the modeling method briefly and
provides the relevant full and reduced-order state spaces, as well as the corresponding explicit transfer
functions. Section 3 provides the validation of the developed small-signal models by utilizing Matlab™
Simulink-based switching models [11] (pp. 279-291) and the pseudorandom-binary-sequence-based
frequency-response measurement technique introduced in [15,16]. The conclusions are presented in
Section 4.

2. Modeling of PCM Control in DCM

The PCM small-signal state space can be obtained from the corresponding state space of a
direct-duty-ratio (DDR) or voltage-mode (VM) controlled converter [4,11]. The transformation can be
performed by replacing the perturbed duty ratio (d) with the duty-ratio constraints given in Equation
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(1), where Fy, denotes the duty-ratio gain, x. is the control variable, x; is the state and input variable,
and g; is the different feedback and feedforward gains related to x;.

dA: Fm(fc - qufl) (1)
i=1

The DCM dynamic modeling under DDR control was established in the late 1990s [17], and it
was later elaborated into a more convenient form in [14], providing the possibility of adding the effect
of parasitic circuit elements and performing mixed-conduction-mode modeling as well. The models
in [15] were load-resistor affected, and therefore, the modeling technique introduced in [14] is applied
in this paper to obtain the unterminated state space, which accurately represents the DDR control
dynamics in DCM. The power stage of the boost converter is given in Figure 1 with the open-loop
PCM control system that is analyzed in this paper. The selection of the inductor was performed in such
a manner that the converter would operate in DCM, when the duty ratio varied from approximately
0.039 to 0.786. The given duty-ratio range can be computed based on K = DD?and K = 2L/ Ts/ Ry,
(i-e., Kerit = K), as instructed in detail in [5] (pp. 107-125) (Note: The method based on the application
of Kt can yield quite inaccurate values for the corresponding minimum and maximum duty ratios,
because it omits the effect of the circuit parasitic elements).

Figure 1. The power stage of the peak current-mode (PCM)-controlled boost converter in open loop
with definitions of the component values and the operational conditions.

In principle, the accuracy of the DDR small-signal models in DCM is important for obtaining
accurate PCM small-signal models due to the method used to develop the latter models. The frequency
response of the control-to-output-voltage transfer function of the DDR-controlled boost converter
in DCM (cf. Figure 2) is extracted from the Simulink-based switching model by applying the
pseudorandom-binary-sequence method described in [15,16]. The construction of the Simulink-based
switching models is described in detail in [11] (pp. 279-291).
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Figure 2.

The frequency responses of the control-to-output-voltage transfer function of the

direct-duty-ratio (DDR)-controlled boost converter at the input voltages of 20 V (red) and 50 V (blue).
The solid lines denote the predicted responses, and the squares (20 V) and diamonds (50 V) denote the

simulated responses.

Figure 2 shows explicitly that the predicted (solid lines: red at Vi, = 20 V and blue at Vi, = 50 V)
and simulated (squares marked at 20 V and diamonds marked at 50 V) frequency responses matched
each other perfectly. The predictions were based on the full-order models, which were computed
according to the method introduced in [12]. The used modulator gain (i.e., 1/ V) equaled 1/1 V

(ct. [5)).

2.1. Small-Signal State Space of DDR-Controlled Boost Converter in DCM

The average state space of the DDR-controlled boost converter can be derived from Figure 1 by
applying the methods described in detail in [14], which yields the following:

(ve) + rCCd<vC>

=

d((R *Rz)<iL>+£vc>*fc<io>+VD) 2(iL) . Ry(i)+(vc) —rc(io) +Vp—(vin)

dTs (0in) —Ra (iL)

c gZL]é“Um) — Rp(ir)) — @

@

dt

1 =1L+rq+rc Ry =rp+rgs

The corresponding small-signal state space can be derived from Equation (2) by linearizing the
averaged state space at a certain operating point by applying a partial-derivative-based method, which
was introduced in detail in [11] (pp. 60-61). This procedure yields the following:

di Az Ap Az A Ag? V. 5

= — T — Poc + PO+ To + 1°d

doc _ (14+BiRs)» _ By o L g

a = c - ¢On—¢—¢d 3
R ©)
lin = 11

N o
o = 0c +rcCHf

D

where Aj_4, By, Ve, and I, are given in Equation (4), as well as V;_3 and R;, in Equation (5),

respectively.
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M:Dmrﬂﬂ+£xﬁ%¢+&%%
Ay=—D+ 2L 1A, — 20 7

- DTs V3 DTs 2V732 . ()
_ 1 _ DT,
Ay = (P — D)rcBr = 5

— 2LILVi 7 _ DTV3
Ve=Vo+ DZTSVIe = Tb

Vi=Vo—Vin+Vp+RilL —rcly
Vo =Vo+ Vp+ (Ry —Ro)It, — rcloV3 = Vin — Rolp. . ®)
Ri=ro+rq+rc Ro =1, +rgs

The operating points (i.e., I and D) with the parasitic circuit elements can be computed by

the following:
DT,
SV;

I = lo+ %L i
1+ 2L R, (6)
f(D) = ayD* + ;D% + a9 =0

where

215

a5 = — 37 (VinloRa(Ry — Ry) + V41oR3)
ay = —Ts(Rz(Ry — Rp) I3 + VinIoRy — V2 4+ 2V4IoRy)

a9 = 2LI,(Vin — V4 — Ry 1)

@)

Vi=Vo+Vp—rcly

and without the parasitic circuit elements by

I = MI,

D = /KM(M—1) ®)

where M = V,/Vi,. The duty ratio (D) in Equation (6) (i.e., f(D) = 0) can be solved by Matlab™
as follows:
D = min(abs(roots(f(D))). )

2.2. Averaged Comparator Equation for PCM-Controlled DCM Boost Converter

The development of the generalized form of the duty-ratio constraints, which is applicable to
the second-order converters, was given explicitly in [9]. The comparator equation applicable to the
conventional boost converter can be given by the following:

d my+mp

<ico> — mCdTS = <ZL> + m]dTS(l — E "y

) (10)

where i¢, denotes the control current (cf. Figure 1: Rsic,), d denotes the duty ratio, m17 and m, denote
the inductor-current up and down slopes as absolute values, and m. denotes the inductor-current
compensation slope (cf. Figure 1: RsM.), respectively.

The averaged comparator equation in Equation (10) can be given as a function of D in a steady
state with M. = 0 [11] (p. 199) according to Equation (10) by the following:

2M 2Mp A
2 2 24l
_ . =0 11
M+ My D MMy + My)T (
where Al = I, — I.. Equation (11) can be developed further in terms of M and K (ie.,

Req = RL), when the inductor-current slopes My and M are substituted with their physical values
(Note: the parasitic circuit elements are omitted) corresponding to the actual converter as follows:
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KRLICO

m

2D =0 12)

which is applicable for boost and buck-boost converters. The final form of Equation (12) can be
obtained for a boost converter by substituting D with \/KM(M — 1) (cf. (8)) yielding

2 ICORL 2
M7M7K<2Vm> =0. (13)

Equation (13) has two real roots, which means that there are no right-half-plane (RHP) poles in the
open-loop dynamics of a boost converter (i.e., the converter is stable in open loop). The corresponding
buck converter incorporates one RHP pole, and therefore, it is unstable in open loop, as discussed and
demonstrated in [9].

As discussed in [9], the duty-ratio gain (Fy) will become infinite when the converter enters into
the boundary between DCM and CCM operation, i.e., into the boundary-conduction-mode (BCM)
operation, which will take place in the case of the boost converter in Figure 1, at approximately
Vin = 17.5 V with D ~ 0.76. Figure 3 shows the behavior of the inductor current, when the converter
enters into the mode boundary at Vi, ~ 17.5 V and goes deeper into the harmonic operation mode.

(@ (b)

Figure 3. The behavior of (a) the inductor current and (b) the average duty ratio in the mode limit
(boundary conduction mode (BCM)) and in harmonic operation modes.

Figure 3a shows that the converter entered into the second harmonic mode when the operating
point passed through the BCM mode of operation (i.e., the black line), and it kept operating in DCM
and in the second harmonic mode as well (i.e., the blue, magenta, and green lines). Figure 3b shows
that the averaged duty ratio, which was computed based on D,y = 1 — V;j,/V,,, stays approximately at
the value of D ~ (.76, equaling the value in BCM. This kind of behavior equals the behavior of D,y in
CCM, as discussed in [4]. The origin of such a behavior is the infinite duty-ratio gain at the mode limit,
maintaining the average derivative of inductor current at zero.

The DCM-operated PCM-controlled buck converter can adopt both odd and even harmonic
operation modes, when the operating point passes through the mode limit, as demonstrated in [5].
The existence of the odd harmonic operation modes is the consequence of the open-loop instability at
M = 2/3 at the resistive load. In Reference [8], the operation at odd and even harmonics was assumed
to be a characteristic feature of the DCM-operated PCM-controlled converters in general. The analyses
performed with the boost converter, in this paper, show clearly that the even harmonic operation is a
general characteristic of PCM control.
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2.3. Small-Signal Duty-Ratio Constraints for PCM-Controlled DCM Boost Converter

The coefficients of the duty-ratio constraints in Equation (1) can be solved by replacing m; and 1,
with their physical values, which are given for a boost converter in Equation (14), and by linearizing
the averaged comparator equation in Equation (10), including all the parasitic circuit elements.

"y = (%)—52(&)
o R (14)
y = 1<1L)+<vc>—ch<lo>+ D—(Vin)
The duty-ratio constraints for a boost converter can be given in general by
dA = Fm(;co - quL - QCﬁC - qinﬁin - qofo) (15)
and the corresponding full-order coefficients by
Fm - 7 L 7 /
T, <Mc+ V3(D (V0+VD)7Vin+’(Nl‘?/)1R]+DR2)IL—D rCln))
2
g=1-5CRy — IZDT\]/;S((RI = Rp)Vin = Ro(Va + (R1 = Rp)I1)) — %f%)
D21, V3
re=5E (16)
DT, Vi
in = (1_%‘7?2)
— DZTsrC V32
fo="21"v2

where Vj_3 and R; , are defined in Equation (5).

The duty-ratio constraint coefficients in Equation (16) can also be given in a reduced-order
form as a function of M and K by omitting all the parasitic circuit elements, as in [8,11], as given in
Equation (17).

Fn = v~1 (D'M-1)
=1
_ M
9C = RgM-T) : (17)

eq
M(M-1
ﬂm:R%q<2 ( )—m>

qo =0
2.4. Full-Order PCM State-Space for PCM-Controlled DCM Boost Converter

The full-order PCM state space can be obtained by replacing the perturbed duty ratio in
Equation (3) with Equation (15) yielding

d;{: _ ,Al‘*'Flr‘n‘?LVe Z’L _ A2+Finﬂcve.&c + AS_FZ]qinveﬁin + A4—FLm%Ve l°0 + %{j

djtc _ (1+31R2C+Fm‘7LIe){L+ quCCIeﬁC

7517%%\13 B — 171%(.,:\1701e iy — Enled (18)
Z.\in = AL

where A;_4, B, Ve, and ¢ are given in Equations (4) and (5).
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The reduced-order state space can be obtained from Equation (18) by applying the reduced-order
duty-ratio constraints in Equation (17) and replacing A;_4, By, Ve, and Ie with

A= M2/ KM 4, —0 B, = M(gg;w . (19)

Ve =2V, lo = 2[5/ ML

2.5. Full-Order PCM Transfer Functions for PCM-Controlled DCM Boost Converter

The full-order transfer functions can be solved from the linearized state space in Equation (18)
with the complete duty-ratio constraints in Equation (16) and the complete DDR elements (i.e., A1_4,
Bi, Ve, and I.) in Equation (4) by formulating the state space into a matrix form and applying matrix
manipulation techniques (cf. [11] (pp. 57-64).

The determinant (A) of the transfer functions can be given by

52+S Aq +FmQLVe _ qucle + (A2+FmQCVe)(1+BlR2) +Fm1e(A2qL *Aqu) (20)
L C LC
and the transfer functions representing the input dynamics by
AGeio = Fm(s¥e + 42k)
AToio = SA4*F£1%Ve + Az*ir(n:’icve _ lee(A4ng+A2q<)) (21)

- _ As—FnginVe | AsBi—Fnle(A2qgin+Asqc) | BiFmgcVe
AYm—o =5 L + LC + LC

where Gei.o = iin/icor Toi-o = tin/ 1o, and Yin.o = fin/ 0in and the transfer functions represent the output
dynamics as follows:

AGeoo Fm(—sLIe+(14B1Ry) Ve— A1 Le)

(14srcC) LC

AGip.o _ SL(Fmdinle—B1)+A3(14B1Ry+Fnqrle) = A1 (Bi —Fnfinle) +Fin Ve (B1 (4L +4inR2) +Gin) 22)
1+srcC — LC

AZoo _ SL(1=Fngole)+A1(1—Fnfole) —As(1+B1 Ry +Fnfole) +Fm Ve (qL+(1+B1R2)q0)

1+srcC LC

where Geoo = 730/fc0/ Gio-o = 0o/ 0in, and Zoo = @o/fw
2.6. Reduced-Order PCM Transfer Functions for PCM-Controlled DCM Boost Converter

The denominator (A) of the reduced-order transfer functions can be given by

RegD M—-1 KM 1 KM KM?
2 eq _ i I, -
’ +S<D/Ml( LM quc)>+Lc< M1+D/M1>' (3)

The transfer functions representing the input dynamics can be given by

M(M-1
[ MR —2Fngin o (Req V() BM —2Fngc Vo) +2Fmlo (gin+M2qc)
AYino=s T + IC

B 2, 24)

Aloio = ¢
AGgio = 2l (sReqC +1)
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and the transfer functions representing the output dynamics can be given by

K(M-1 KM-1)M
AZgo_ (SL+Req(y M+ KRI))
T4srcC LC

M-1_ M(M-1)
AGig _ o XminloV KA~ "Reg |
I+srcC — C . (25)
M2/ EM— (M—1)\/KM(M—1)+2Fnlo(ginReq 272 +M?)

IC

AGeso _ 2FnVin(1—s-2F)
T4srcC LC

2.7. Load-Resistor-Affected Dynamics

The load resistor effect on the control-to-output-voltage transfer function (Geo-o) can be computed
by [11] (pp. 38-39)
GCO-C

Ry
GCO'O - 1 Jr ZO'O
RL

(26)
where Geo-o and Zg., (i.e., output impedance) are the unterminated transfer functions of the converter
given in Equation (22) or in Equation (25). Here, we treat only the load effect on the denominator of the
transfer functions, which represents the dynamics of the system. The load-resistor-affected full-order
denominator is given in Equation (27), and the reduced-order denominator with M. = 0 is given in
Equation (28), respectively.

Aq1—Ay(14B1 R
Avtag Ve Fnlelict) | (Aathnfc%) (14BiRy) + 1A )
L C

LC

Foe(met @)
7
1+Bq R A A
+Fmveqnqo(R: 1R2) | F T (Asgr — Arge— 1qu+L 441 )
LC

2o L ReaD M-1 KM 1 (aMo1 [ KM . KM(2m - 1) 8)
RIC DM-1" LM RAC c\~ M VM—1" DM-1 )

The damping in the DCM-operated PCM-controlled converters is very high [9], and therefore, the
system poles are well separated, where the low-frequency pole (wp.LF) is located close to origin and
the high-frequency pole (wp.-pF) is located close to the switching frequency or beyond it. Therefore, the
system poles can be approximated by utilizing the properties of a second-order polynomial s + sa + b
as follows:

b
wp-LF ~ Ewp_HF ~ d. (29)
According to Equation (29), the poles of the unterminated system in Equation (23) can be given by

KM | KM?2
M-1"D'M-1

(e pD

R3 (30)
(D'M-1)M,/ KM, + kM3
~ CReqD(M-1)

Wp-LF ¥ ReqD
D'M—1

and
RegD ,M—1 KM, _RegD(M-—1)

WprE ~ By —1 (ar quc) ~L(DM-1)M

@1
In the case of the load-resistor-affected system in Equation (28), the poles can be given by

R (2M—-1)(D'M-1),/ &M% +KM?(2M—1)
Wp-LF & RLCD(M—1) (32)
M1 (D'M—1),/ KM kM2
~ R.C(M-1) D
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and
R, ~ 1
Wonur ~ rctom=ilT T RLC -
o : (3)
~ LM(D'M-1)

ReqD (M—l KM)

According to Equations (31) and (33), we can conclude that the load resistor does not affect
significantly the location of wp,.pyr. Equation (32) indicates that the low-frequency pole given in [5]
(p- 480) (i.e., Equation (34)) resembles the pole given in Equation (32) but it does not equal it.

Ry 2M —1

“piF ¥ RCM—1)" o9

The denominator of the transfer function in [5] can be computed to be

2 R, M-1 1 2M-1
2 BB B “ ol [l el
i +S<RLC+ L M ) IC M2 (35)
from which the low and high-frequency poles can be approximated to be
WoLF ~ M1 ~ _2M-1
p 2M2 g +RL.C(M-1) © RLC(M-T) (36)

wp_HF%ﬁ+%%%%%
The low-frequency pole in Equation (34) can be obtained from Equation (36) by setting L = 0,

as instructed in [5].
Table 1 shows the computed values for wp,. f and wp,.yr at the input voltages of 20 V and 50 V.
The values in parenthesis equal the load-resistor-affected values. Table 1 shows clearly that the system
poles were well separated. It shows also that the effect of the load resistor was quite small. In addition,
it shows that the low-frequency pole “’E-LLF in Equation (34) and Equation (36) predicted quite well the

location of the load-resistor-affected low-frequency pole as well. The high-frequency pole wE_LHF in
Equation (36) predicted quite inaccurately the load-resistor-affected pole.

Table 1. The location of the system poles wp.r and wppE, as well as the location of the right-half-plane
RHP zero (w,.ryp) of Geo-o at Vo =75V and I, = 1.5 A.

Input Voltage wp.Lu/Hz wp.gr/Hz w,.ryp/Hz
20V 14 (24) 1M (864 k) 53k
50 V 29 (40) 193 k (192 k) 195 k
20V [5] (24) (648 K) -
50 V [5] (40) (295 K) -

Equation (25) indicates that Go-o contains a right-half-plane (RHP) zero approximately at 2/ DTs.
Table 1 (i.e., w,.rup) shows that the RHP zero is located at much higher frequencies than in the
corresponding CCM boost converter (i.e., wPSM, > f/2 vs. wSSM, > £/100; cf. [9] (p. 153). Thus,
the main contributions of the RHP zero on the control design are reflected via the high-frequency
phase behavior in DCM, which allows for the use of higher bandwidth controllers than in CCM.

2.8. Generalized Transfer Functions

The control engineering block diagrams, from which the generalized transfer functions in
Equation (37) (output dynamics) and in Equation (38) (input dynamics) are defined, are given explicitly
in [9]:
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oo T 3T TFLcFLy
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PCM _ ip _ TDDR | fmGg. B | 4y Hsr\~DDR _ 4qpHsr
Ty = o= Too + THLotly ((q5 + AZc )Zss <) (38)
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- iCO

where L. and L, denote the inductor-current and output-voltage feedback-loop gains as given in

Equation (39), GPL]_D‘? and GP(POR denote the control-to-inductor-current and control-to-output-voltage

transfer functions of the corresponding DDR-controlled converter
Le = FnqP Hy: GRPR )
Ly = Fnga G

and Zc denotes the impedance of the output capacitor, Hs; denotes the high-frequency extension for

correcting the phase behavior given in Equation (40), and A, B, and C are defined in Equation (41) for

a boost converter, respectively.

2 2
Hsr:1+s—€+s—z. (40)
Wsr W
D2T, DT. D?T,
A=1- 2Lb(rL+rds) B:Tsvmcz ZLS' (41)

The duty-ratio constraints applicable for Equations (37) and (38) in the case of a boost converter
can be derived from Equation (16) by setting rc = 0 as

FB ~ Fn

(42)
b & qL 9 = Gin 45 = qc

and GRPR and GEPR for computing GECM of the boost converter in Equation (43) can be given by
_ —sLIe+(14B1Ry)Ve—Ag Lo
Geoe = LC(sz+sA—L1+A2(lzglR2)) (1+srcC)
Guto = sVeCtArle (43)

- A Ao (1+Bq R
LC(s24s 31 4 22 T Ra)

where A1, By, Ve, and I are given in Equation (4), respectively.

3. Simulink-Based Model Validation

The validation was performed in such a manner that the simulated frequency responses were
extracted from the Simulink-base switching model corresponding exactly to the boost converter given
in Figure 1. The pseudo-random-binary-sequence-based method to extract the frequency responses is
described in [13,14]. The predicted frequency responses were computed based on the complete transfer
functions given in Equation (22), where the effect of the high-frequency extension Hg; in Equation (40)
is added with = 0.5 and wsr = 27 f (ie., fs = 100 kHz) (cf. [9]).

Figure 4 shows the predicted (solid lines) and simulated (diamond and square marks) output
impedance at the input voltages of 20 V and 50 V. The figure shows that there were no high-frequency
effects visible at the magnitude or phase, which were actually removed by the output capacitor, as also
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discussed in [5]. This means that the average-model-based transfer function given in Equation (22)
predicted exactly the dynamic behavior of the output impedance as such.

Figure 4. The predicted (solid lines) and simulated (diamond and square marks) frequency responses
of the output impedance at the input voltages of 20 V (red) and 50 V (blue).

Figure 5 shows the predicted (solid black lines) and simulated (red square marks at 20 V and
blue diamond marks at 50 V) frequency responses of the control-to-output-voltage transfer functions.
The figure shows that the predicted and simulated responses with the application of Hg, in Equation (38)
had very good matches with each other.

Figure 5. The predicted (solid black lines) and simulated (diamond and square marks) frequency
responses of the control-to-output-voltage transfer functions at the input voltages of 20 V (red) and
50 V (blue).

Figure 6 shows the comparison of the predicted responses of the control-to-output-voltage transfer
functions, where the solid black lines denote the responses computed by using the full-order transfer
functions, and the dashed lines denote the responses by using the reduced-order transfer functions,
respectively. The figure shows that the responses coincided. This implies that the reduced-order
models can be used for different design purposes, but it is, however, recommended to verify the
situation with the actual design in a similar manner as shown in Figure 6.
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Figure 6. The black solid lines represent the frequency responses of the control-to-output transfer
function predicted by the full-order model, and the dashed lines represent the corresponding frequency
responses predicted by the reduced-order model at 20 V (red) and 50 V (blue).

Figure 7 shows the unterminated (dashed lines) and load-resistor-affected (solid lines) frequency
responses of the control-to-output-voltage transfer function at the input voltages of 20 V (red)
and 50 V (blue), respectively. The figure confirms that the load-resistor effects were concentrated
at the low frequencies, as discussed in Section 2.6. It is obvious that the load-resistor-affected
control-to-output-voltage responses can be utilized in the control design, when the feedback-loop
crossover frequency is designed to be at high enough frequencies (i.e., >1 kHz in this case).

Figure 7. The dashed lines denote the predicted unterminated control-to-output-voltage frequency
responses, and the solid lines denote the predicted load-resistor-affected frequency responses at the
input voltages of 20 V (red) and 50 V (blue).

The output-voltage feedback loop of the boost converter was designed at the input voltage of
20 V, where the RHP zero is at its minimum frequency (cf. Table 1). The phase behavior of the
control-to-output-voltage transfer function is such that a proportional-integral (PI) controller can be
used (cf. Figure 7) as given in
1+s/w,
Gee = Kee———F—.
T T Cs(1+s/wp)

The controller zero (w,) was placed at 1 kHz, the controller pole (wp) was placed at 5 kHz, and
the controller gain (K.) was set to 88,614 to obtain the feedback-loop crossover frequency of 10 kHz
and the phase margin of 60 degrees, as shown in Figure 8. If looking carefully the behavior of the
high-frequency magnitude of the feedback-loop gain (solid red line) at the input voltage of 20 V, then
it would be clear that the sufficient gain margin (i.e., 6 dB at least) would determine the obtainable

(44)
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crossover frequency. The dashed lines denote the PI-controller design, where the high-frequency pole
was omitted, as in [17]. According to the corresponding high-frequency-magnitude behavior (dashed
red line), it would be obvious that the design would be easily sensitive to the high-frequency ripple
effects in the duty-ratio generation process.

Figure 8. The output-voltage feedback-loop gains, when the PI controller with a high-frequency pole is
used (solid lines) and when the PI controller without the high-frequency pole is used (dashed lines).

Figure 9 shows the output-voltage response to a load current change of 1.5 A at the input voltages
of 20 V (red) and 50 V (blue). The responses were quite close to each other, because the feedback-loop
gains do not change much when the input voltage varies. The same responses in the case of the
CCM-operated PCM-controlled boost converter can be seen in [11] (p. 324, Figure 6.53), where the
voltage dipped at 20 V and 50 V to 1.37 V and 0.56 V, respectively, for a steep change in the output
current of 1.3 A. This is a very good indication of why the DCM operation is preferred in converters
having a RHP zero in their control dynamics.

Figure 9. The output-voltage response to a load current change of 1.5 A at the input voltages of 20 V
(red) and 50 V (blue).

4. Conclusions

The full-order dynamic modeling and comprehensive analysis of a DCM-operated PCM-controlled
boost converter are presented for first time in the literature in this paper. The investigations show that
the PCM-modeling technique introduced in [8] and validated in the case of a buck converter in [9]
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also produces accurate models for a boost converter, when the load-resistor effect is removed [10]
and the high-frequency extension introduced in [9] is added. In addition, this paper shows that the
reduced-order models also quite accurately predicted the dynamic behavior in this particular case.
This phenomenon should not be generalized until the validity of the reduced-order models in each
specific case is verified by means of the full-order models.

Suntio [8] stated explicitly that DCM-operated PCM-controlled converters will operate in
harmonic operation modes at both even and odd harmonic frequencies. The investigations in this paper
show explicitly that the even harmonic-mode operation is a characteristic feature of PCM-controlled
converters in general because of the infinite duty-ratio gain at the mode limit. The even and odd
harmonic-mode operations of the buck converter are the consequence of the open-loop RHP pole.

It was also shown that the output-voltage transient response of the DCM-operated PCM-
controlled boost converter is outstanding compared with the corresponding CCM-operated
PCM-controlled boost converter.
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Abstract: With plenty of parallel inverters connected to a weak grid at the point of common coupling
(PCC), the impedance coupling interactions between the inverters and the grid are enhanced, which
may cause high-frequency harmonic oscillation and further aggravate the system instability. In this
paper, a basic technique for inverter output impedance is proposed to suppress the oscillation,
showing that the inverter output impedance should be designed relatively high at the harmonic
oscillation frequency, while relatively low at other frequencies. On the basis of the proposed technique,
two virtual impedances are added to be in parallel and in series with the original inverter output
impedance, respectively. Thus, an oscillation suppression method by two notch filters is proposed to
realize the virtual impedances and increase the whole system damping. The implementation forms
of the virtual impedances are presented by the proposed PCC voltage feedforward and grid-side
inductor current feedback with two notch filters. Finally, simulation and experimental results are
provided to verify the validity of the proposed control method.

Keywords: weak grid; parallel inverters; oscillation suppression; notch filter; impedance reshaping

1. Introduction

With the increasing energy crisis and environmental problems, renewable energy generation,
mostly in power plants or microgrids, have grown rapidly [1-3]. Due to the distributed locations of
renewable energy generators, multiple transformers and long transmission lines are utilized to connect
the systems to the public grid [4]. Thus, the public grid exhibits the feature of a weak grid in which
grid impedance cannot be ignored [5].

Especially, in a large-scale power plant or microgrid, renewable energies are mostly connected
to the grid via parallel inverters [6,7]. By this way, the power plant or microgrid can easily expand
the output power capacity, and it is also convenient to connect plenty of renewable energies into the
grid [8]. Under weak grid conditions, the impedance coupling interactions between the inverters and
the grid are enhanced further due to grid impedance [9]. If control parameters and device selection of
all inverters are the same, the grid impedance seen by each inverter will become n times of the real
grid impedance [10]. Therefore, these interactions may cause oscillation if inverters are improperly
designed or controlled.

There are two methods to analyze the system’s stability. The first is the eigenvalue-based
analysis [11], which is usually utilized to evaluate the system’s stability. The eigenvalue-based stability
analysis studies the eigenvalues of a system’s state space model matrix, which requires the physical
features and control parameters in the system [12]. The second one is the impedance-based stability
criteria [13,14], which is well built to adjudicate the system stability. The system will be stable if two
requirements are satisfied [13]. The first requirement is that the grid-connected inverter is stable in
the public grid, and the other is that the product of grid impedance and inverter output admittance
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satisfies the Nyquist criterion. The industrial and academia community have widely accepted the
theory of impedance-based stability analysis [15,16].

Some strategies were proposed to suppress the oscillation, which can be divided into two cases.
One is to introduce additional hardware equipment to the PCC [17], the other is to reshape the inverter
output impedance [18-23]. Adding additional equipment was adopted to stabilize the paralleled
multi-inverter system, in which structures and control parameters of the inverters are unknown.
Reference [17] installed an active damper at the PCC to suppress the oscillation. However, extra cost
may exist owing to the demand of additional circuitry [24].

Different impedance reshaping methods need to be adopted to suppress the oscillation. The
existing impedance reshaping methods mainly include: capacitance-current-feedback methods [18,19],
capacitance-voltage-feedback methods [20,21], and virtual resistor methods [22,23]. In Reference [18],
the real-time computational method was proposed to decrease the computational delay, which can
simplify the design and enhance the performance. However, if the grid voltage has much harmonics,
it will make the duty cycle of the inverters change sharply. Similar to the capacitance-current-feedback
methods, useful active damping was induced by the derivative feedback of the capacitance
voltage [20,21]. However, the capacitance-voltage-feedback methods should handle the challenge
of grid voltage variation. In References [22,23], the virtual resistor methods made the inverter
output impedance show high impedance at all frequencies, which can suppress the oscillation.
However, due to the high impedance characteristics of the inverters at the fundamental frequency,
the methods will cause the change of the fundamental current, and then influence the tracking
precision of the grid-connected power. Therefore, the fundamental impedance and high-frequency
harmonic impedance of inverters are separately considered. The fundamental impedance should be
designed as the low impedance, which does not affect the grid-connected power tracking. However,
the high-frequency harmonic impedance is designed as the high impedance to suppress the oscillation.

In this paper, the oscillation suppression method by two notch filters is proposed to increase
the whole system damping. This paper is organized as follows. Section 2 analyzes the oscillation
mechanism of a paralleled multi-inverter system. Section 3 presents the demand for the inverter
output impedance for the purpose of oscillation suppression, and the method of adding the virtual
impedances to meet the demand is proposed, which introduces two notch filters to the PCC voltage
feedforward and grid-side inductor current feedback. Section 4 compares and analyzes the system’s
stability in two cases. Sections 5 and 6 provide the simulation and experimental results to verify the
validity of the proposed control method. Finally, Section 7 gives the conclusion.

2. Oscillation Mechanism of Paralleled Multi-Inverter System

2.1. System Description

The structure of a paralleled multi-inverter system is shown in Figure 1. The left and right side
are the inverter subsystem and the grid subsystem. j=1,2, ..., n. Uy is the DC voltage. Uinyj, UC1js
and upcc are the inverter output voltage, filter capacitor voltage, and PCC voltage. ug is the grid
voltage. Zg is the grid impedance. Inductor-capacitor-inductor-type (LCL-type) filter is constituted by
the inverter-side inductor Ly;, grid-side inductor Ly;, and filter capacitor Cy;. Rp1; and Ryy; are parasitic
resistances of Lyj and Ly;. iLlj is the inverter-side inductor current. iClj is the filter capacitor current.
ij is the grid-side inductor current. ig is the grid-connected current.
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Figure 1. Structure of paralleled multi-inverter system.

2.2. Oscillation Mechanism

In the grid-connected mode, single inverter is equivalent to the current source i; in parallel with
equivalent admittance Yj, which is the Norton equivalent circuit [23]. The grid is equivalent to the grid
voltage ug in series with grid impedance Zg. From the PCC, the Norton equivalent circuit of paralleled
multi-inverter system is shown in Figure 2a. From Figure 2a, the circuit relationship about upcc is

shown in Equation (1) by the nodal analysis method.

(Y1 + Yo+ -+ Ya)upcc +upcc/Zg = (i1 +ip+ - +in) + g/ Zg

)

where ij is the current source of a single inverter, and Yj is the equivalent admittance of a single inverter.
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Figure 2. Output admittance model and oscillation mechanism of paralleled multi-inverter system.
(a) Norton equivalent circuit; (b) Output admittance model; (c) Parallel oscillation; (d) Series oscillation.
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From Equation (1), the output admittance model of paralleled multi-inverter system satisfies the
Equation (2), as depicted in Figure 2b.
n n
upcc) | Yi+upcc/Zg =Y ij+ug/Zg (2)
j=1 j=1

The frequency of harmonic current iy,; is caused by the system nonlinear factor. If it is equal to or
close to the parallel resonance frequency of impedance network, it will cause the parallel oscillation,
as shown in Figure 2c. The frequency of harmonic voltage gy, is caused by the grid distortion. If it is
equal to or close to the series resonance frequency of impedance network, it will result in the series
oscillation, as shown in Figure 2d.

From Figure 2b, the grid-connected current ig can be derived as

1

LSS K ) ®)
2

n
P14+ Zg Y Y,
j=1

where the product of grid impedance and inverter output admittance is defined as the impedance ratio
K, which can be expressed as

K=Zg)"Y; @

From Equation (3), it can be assumed that the grid voltage is stable in the absence of the inverter,
and the inverter will be stable if the grid impedance is zero. Nevertheless, when the grid impedance is
not negligible, the system will be stable only if the impedance ratio K satisfies the Nyquist criterion in
Reference [12]. In other words, the system will be stable, only if the Nyquist curve of the impedance
ratio does not surround (—1, j0).

Thus, there are impedance coupling interactions between the inverters and the grid, which will
aggravate the harmonic distortion of grid-connected current, lead to the oscillation in paralleled
multi-inverter system, and even cause the system to be unstable.

3. Oscillation Suppression Method by Two Notch Filters for Parallel Inverters

3.1. Demand for the Inverter Output Impedance

To suppress the oscillation, the inverter output impedance should be designed relatively high
at the harmonic oscillation frequency while relatively low at other frequencies. For this purpose,
the virtual impedances are added to be connected with the original output impedance, as shown in
Figure 3. Figure 3a—c presents parallel, series, and parallel-series virtual impedances, respectively.
The above three forms can reach the same performance for oscillation suppression. For the first and
second forms, it is relatively complicated to introduce one virtual impedance to realize that the inverter
output impedance shows high at the harmonic oscillation frequency while relatively low at other
frequencies. However, the third form with two virtual impedances is relatively easy to achieve this
purpose. Thus, the third form is mainly discussed in this paper.
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Figure 3. Equivalent schematic diagram. (a) Parallel virtual impedance; (b) series virtual impedance;
(c) parallel-series virtual impedances; (d) equivalent output impedance model.

In Figure 3¢, Z,,; is the self-impedance when the parallel-series virtual impedances are not added.
The equivalent impedance Z; (Z; = 1/Y)) is formed by Z,; in parallel with Z;, and then in series with Z;.
The grid equivalent impedance Zg,; consists of the virtual impedance Zg; and the grid impedance Zg
connected in series. if/nj, if/h1j, if/h2j, and if/n3; are total fundamental /high-frequency harmonic current,
fundamental /high-frequency harmonic current of Z,; branch, fundamental/high-frequency harmonic
current of Zp; branch, and fundamental/high-frequency harmonic current of Zg,; branch, respectively.
it/hj = I/h1j + if/h2j + ig/n3j. The total fundamental frequency current iy and the total high-frequency
harmonic current i,; are determined by the shunt circuit, consisting of the self-impedance Z,;, parallel
virtual impedance Z;, and grid equivalent impedance Zgg;. From the PCC, the Norton equivalent
circuit of Figure 3c is refined into the forms of Figure 3d.

On the basis of the proposed basic technique, the parallel virtual impedance Z; should
be designed to show low impedance at the harmonic oscillation frequency. By doing so, most
high-frequency harmonic current will flow into the parallel virtual impedance Z,; branch; it effectively
suppresses the oscillation of paralleled multi-inverter system. In the meantime, to improve the power
quality of grid-connected current, the series virtual impedance Zg; should be designed to display low
impedance at the fundamental frequency. This way, most fundamental frequency current flows into
the grid branch with relatively low impedance.

3.2. Oscillation Suppression Method

The parallel-series virtual impedances in Figure 4 can be realized by introducing two notch filters.
In Figure 4, two virtual impedances are added in parallel and series with inverter output impedance,
respectively. G; is the grid-connected current loop proportional resonant (PR) controller, Gpwyy is the
equivalent gain of the inverter, Zy 1; = sLy; + Ry1j, Zc1j = 1/5Cqj, Z1oj = sLyj + Ryoj.

The parallel virtual impedance Z,; and series virtual impedance Z; can be expressed as

Zyi =1/G
Pj 175N (5)
{ Zsj =16N
where 71 and r; are the proportional coefficient and Gy is the notch filter.
The grid-connected current loop PR controller G;j can be expressed as
_ Zkﬂ Wes
Ci=kt g +2wes + w3 ©)
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where k, is the proportional coefficient of quasi-proportional resonant controller, k;; is the resonance
gain of quasi proportional resonance controller, w, is the cut-off angular frequency, and w, is the
fundamental angular frequency.

The effects of dead-time of switching devices in paralleled multi-inverter system are regarded
as a disturbance, which have a constant amplitude and an alternative direction depending on the
inverter-side inductor current 7y [25]. It is notable that the disturbance can be seen as the controlled
current source iq; in Norton equivalent circuit, which can be presented as

. uej . .
igj = m'ﬂgn(luj) @)

where A = Z141;Z19j + Zc1j(GiGpwm + Z11j + Z12j) and B = Zy4;Zcy; + (Z11j + Ze1j) (Ziaj + Zpj)-
According to Reference [25], U,; in Equation (7) can be expressed as

taj + tonj — toffj

Uej = 2(Ugcj + Upj — Ury) — Up;j — Uy; ®)

sj
where Ur; and Up; are the on-state voltage drop of switching devices and diodes, Ty, tg;, tonj and fof;
are switching period, dead-time, turn-on time, and turn-off time of switching devices.
Meanwhile, sign(i 1) in Equation (7) can be expressed as

. . 1 iLlj >0
sign(iry;) = . 9
g (Ll]) { -1 i < 0 )
From Figure 4, the closed-loop transfer function of the system can be expressed as
‘ S GiGewmZcjZpj. . ZujZay+ (Zuj + Zeyj) (Zpj + Ziaj)

where iy is the reference current of single inverter, G; is the current source equivalent coefficient of
single inverter, and y], is the equivalent admittance of single inverter.

parallel virtual
impedance

—>

considering,
nonlinear effects

Figure 4. Equivalent control block diagram of oscillation suppression method by two notch filters for
parallel inverters.

According to Equation (10), the refined equivalent output impedance model is shown in Figure 5.
The current source i; is equivalent to the current source ij; in parallel with the current source ig;.
Two virtual impedances are added to be in parallel and in series with the original inverter output
impedance, respectively. Thus, Figure 5 is equivalent to the refinement of Figure 3d, which can achieve
the proposed approach.
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Figure 5. Refined equivalent output impedance model.

From Figure 5, the equivalent model of the m-th inverter can be expressed as

iom = Gmirefm + idm — YmUpcc

_ GiGPWMzclmmei g — ZleZc1m+(ZL1m+ZC1m)(me+ZL2m)u (1)
= T ZomATZmB refm dm Zpm A+ZsmB rcc

where irefm, Gm, Ym, idms ZL1m, ZC1m, ZL2m, Zpm, @nd Zsm are the variables of the m-th inverter.
Substitute Equation (1) into Equation (11), and Equation (11) can be rewritten as

n
fom = Geelfmirefm + L Gparalrn, jlrefj — Gserimg + fdm

Jmhm (12)
ZgYmGum - - n ZyY, ) Y., )
= (Gm — A )lrefm + X (_ Er Gj)lrefj - n_Ug +idm
4Zg Y Y j=lj#m  1+Zg L Y; 14Zg L Y
=1 =1 =1

where Gy is the transfer relationship between the grid-side inductance current iy, of the m-th
inverter and reference current i, of the m-th inverter, Gparaim j is the transfer relationship between
the grid-side inductance current iom of the m-th inverter and reference current i of the jth inverter,
and Geerim is the transfer relationship between grid-side inductance current iom of the m-th inverter
and grid voltage ug.

When a similar analysis method is adopted to other inverters, the system can be expressed using
a closed-loop transfer function matrix with reference currents, grid voltage and controlled current
sources as inputs and grid-side inductor currents as outputs

iol Gselﬂ Gparall, 2 0 Gparall, n Z-refl Gseril Z‘dl
iOZ GparalZ, 1 Gsele o GparalZ, n irefZ GseriZ idZ

. = . . . . . - . Ug + . (13)
ion Gparaln, 1 Gparaln, 2 T Gselfn Irefn Gserin idn

It is obvious that the strong coupling between the inverters and the grid may exist and introduce
harmonic oscillation currents under weak grid condition.

According to Figure 4, Figure 6 gives the control block diagram of the oscillation suppression
method by two notch filters for parallel inverters. The first notch filter is introduced into the
feedforward path of PCC voltage and the second notch filter is introduced into the feedback path of
the grid-side inductor current. The feedback path of the grid-side inductor current with the notch filter
is equivalent to a virtual impedance in series with inverter output impedance, which can effectively
improve the power quality of the grid-connected current. The feedforward path of PCC voltage with
the notch filter equals to a virtual impedance in parallel with inverter output impedance. This can
effectively restrain the parallel inverters” harmonic current from flowing into the grid and avoid the
oscillation phenomenon. Hy; is the feedback coefficient of the grid-side inductor current, and Hy; is the
feedforward coefficient of PCC voltage.
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Figure 6. Control block diagram of the oscillation suppression method by two notch filters for

parallel inverters.
From Figure 6, the equivalent closed-loop transfer function of the system can be expressed as

) ) ) GiGpwmZc; . X Z11j + Zc1j + HyiGpwmZca
fof = Gjegietj +faj = Yieqtibce = &g et e = p  F Hipce (14

where Gjeq is the equivalent coefficient of the current source after the single inverter transformation,
Yjeq is the inverter equivalent admittance after the single inverter transformation, C = Zy1;Zy»;,
D = (1+ Hyj)GiGpwmZcij, and E = Zcyj(Z1aj + Zioj)-

In order to achieve the same purpose of Figures 4 and 6, the equivalent coefficient of the current
source and the inverter equivalent admittance in Equation (10) are equal to those in Equation (14).
Thus, it can be expressed as

GiGpwmZciiZpi _ GiGpwmZcij

Z,jA¥ZyB  — ~C+D+E 15)
ZujZerjt+(Zuj+Zey)(Zpj+Ziaj) _ Zij+Zeij+HaGpwmZej
ZnjATZ:B = CIDTE

From Equation (15), the feedback coefficient of the grid-side inductor current Hy; and the
feedforward coefficient of PCC voltage Hy; can be expressed as

He — Zsj(Z11jZcrj+ (Ziaj+Zerj) (Zigj+Zp))
1j GiGrwmZcr Zpj

Hy — Z11jZerj+(Ziaj+2Zcrj) Zioj
2j GrwmZc1Zpj

(16)

At the specific frequency, the amplitude of the notch filter is greatly attenuated while the amplitude
at other frequencies is almost non-destructive. The notch filter Gy can be expressed as

(z25)  +1

ON= 5
(am7;)" + oy +1

17)

where f, is the fundamental frequency and Q is the quality factor of the notch filter.

The analysis diagrams of the notch filter with Q = 0.25, 0.5, and 1 are shown in Figure 7.
From Figure 7a, the larger Q is, the better the notch characteristic of the notch filter, but the worse the
frequency adaptability. From Figure 7b, when Q = 0.25, the characteristic equation has two unequal real
poles on the negative real axis of the s plane, which is over-damping. When Q = 0.5, the characteristic
equation has two equal real poles on the negative real axis of the s plane, which is critical-damping.
When Q = 1, the characteristic equation has the conjugate complex poles on the left half plane, which is
under-damping. From Figure 7c, the tuning time of notch filter with Q = 0.5 is better than Q = 0.25, 1.
Therefore, considering the notch characteristics and dynamics comprehensively, the Q value was
selected to be 0.5.
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Figure 7. Analysis diagrams of notch filter with Q = 0.25, 0.5, 1. (a) The Bode diagram of notch filter;
(b) Pole-zero plot of notch filter; (c) Unit step dynamic responses of notch filter.

The Bode diagrams of parallel virtual impedance Z,,; and series virtual impedance Zg; are shown
in Figure 8. At the fundamental frequency, the parallel virtual impedance Z,; shows a high impedance,
and the series virtual impedance Zg; displays a low impedance, so that the fundamental current flows
into the grid. At the high frequency, the parallel virtual impedance Z,; shows a low impedance, and the
series virtual impedance Z; displays a high impedance, so that the high-frequency harmonic current
flows into the parallel virtual impedance Z,,; branch.

100 p—— e e e

Magnitude (dB)

Phase (deg)

10? 10° 10*
Frequency (Hz)

Figure 8. The Bode diagrams of parallel virtual impedance Z,; and series virtual impedance Zg;.

The Bode diagrams of the inverter self-impedance Z,;, parallel virtual impedance Z;, grid
equivalent impedance Zsgj, and grid impedance Zg are shown in Figure 9. Combined with Figure 5,
the grid equivalent impedance Zg; is much lower than the self-impedance Z,; and the parallel
virtual impedance Z; at the fundamental frequency, thus most fundamental frequency current
flows into the grid branch with relatively low impedance, which improves the power quality of
grid-connected current. At the high frequency, the parallel virtual impedance Z,; is much lower
than the self-impedance Z,; and grid equivalent impedance Z;, thus most high-frequency harmonic
current flows into the parallel virtual impedance Z,; branch with relatively low impedance, and it
effectively suppresses the oscillation of the paralleled multi-inverter system.
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Figure 9. The Bode diagrams of the inverter self-impedance Z,;, parallel virtual impedance Z,;, grid
equivalent impedance Zg;, and grid impedance Zg.

4. Contrast Analysis of System Stability under Weak Grid Condition

In order to compare and analyze the system stability, different conditions of adding parallel-series
virtual impedances are shown in Table 1. Parallel virtual impedance Zp; = r; and series virtual
impedance Z; = 5, abbreviated as case I. Parallel virtual impedance Zpi=1 /GnN and series virtual
impedance Z; = r,Gy, abbreviated as case II (proposed control method).

Table 1. Different conditions of adding parallel-series virtual impedances.

Number Parallel Virtual Impedance Z,;  Series Virtual Impedance Z;;  Control Method

I " %) case |
I 71/GN r2GN case II

To verify that the system satisfies the precondition of using the Nyquist criterion, the open-loop
Bode diagrams and closed-loop pole-zero diagrams of the equivalent coefficient of current source Gjeq
for single inverter in different cases are shown in Figure 10. From Figure 10a,b, it can be seen that
the gain margin (GM) and the phase margin (PM) are greater than 0, no right half-plane pole exists,
and the single-inverter system is in a stable state. Therefore, the system satisfies the precondition of
using the Nyquist criterion. The stability condition of the paralleled multi-inverter system is that the
Nyquist curve of the impedance ratio does not surround (—1, j0).

"
100 1 X[
g " T w .
- - 0.6
& ;‘{B\\ 204
- 107 Hz <02
By oof
o 90 ‘
S 0
2 g0 |
2 gl Pv=3 Bdeg| o
L'm fon=79.0H7. - )
Rt [ 100 10 10" [0°  -1400G -12006 10000 -8000 6000 ~4060 2006
Frequency (Hz) Real Axis
(@)
"
100 520
= x
% 50 S R
5 0 /\
E] S
g -0 GM-18: L\r
Z-100 A 0axIOH,
B o
90
2 0
2 90 1
2.1y | PMSTodee Ly .
- 270 fon=81.2Hz
E 0 2 - T s -l
1 10 10 10 10 <1800-1600-1400:-12006:-1000 -300 -60C -400 -200-
Frequency (Hz) Real Axis

(b)

Figure 10. The open-loop Bode diagrams and closed-loop pole-zero diagrams of the equivalent
coefficient of current source Gjeq for single inverter in different cases. (a) Case [; (b) Case II.
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Figure 11 shows the Nyquist diagrams of impedance ratio K for the paralleled multi-inverter
system. From Figure 11a, when the number of inverters is 2, 3, 4, 5, and 6, respectively, the Nyquist
curve does not surround (—1, j0) in case I, and the system is in a stable state. However, when the
number of inverters is 7, 8,9, 10, and 11, respectively, the Nyquist curves all surround (—1, j0), and the
system is in an unstable state. However, from Figure 11b, regardless of the number of inverters,
the Nyquist curves would never wrap around (—1, jO) in case II, and the system is in a stable state.
Therefore, compared with case I, the proposed oscillation suppression method by two notch filters
can effectively restrain parallel inverters” harmonic current from flowing into the grid, and avoid the
oscillation phenomenon.
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Figure 11. Nyquist diagrams of impedance ratio K for the paralleled multi-inverter system. (a) Case I;
(b) Case II.
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5. Simulation Verification

To verify the correctness of theoretical analysis, the simulation model of a paralleled multi-inverter
system was built based on Figure 1. Several cases including two and seven inverters were simulated by
PSIM (Powersim Inc., Rockville, MD, USA) simulation. The system parameters are shown in Table 2.

When two inverters were connected to a weak grid in case I and case II, the root mean square
(RMS) value of the reference grid-side inductor current i g, for each grid-connected inverter increased
from 18.75 A to 37.5 A at 0.405 s. Therefore, the RMS of the reference grid-connected current igref
increased from 37.5 A to 75 A for the two parallel inverters. Simulation results of the grid-connected
current with two parallel inverters are shown in Table 3.

Table 2. System parameters.

Parameter/Unit Value Parameter/Unit Value
DC voltage Ugy./V 720 Switching frequency fs/kHz 10
Grid phase voltage Ug /V 220 Proportional coefficient k, 2.1
Amplitude of triangular carrier Uy;/V 1 Resonance gain kj; 175
Inverter-side inductor L; /mH 2.2 Cut-off angular frequency w./rad/s 6.28
Parasitic resistance of L1 Ry1/Q 0.002  Fundamental angular frequency w,/rad/s 314
Filter capacitor Cy /uF 10 Fundamental frequency f,/Hz 50
Grid-side inductor L, /mH 0.8 Quality factor Q 0.5
Parasitic resistance of Ly Rp»/Q 0.001 Proportional coefficient 7 5
Grid inductor Lg/mH 2 Proportional coefficient 7, 15

Table 3. Simulation results of grid-connected current with two parallel inverters. THD: total
harmonic distortion.

Before Reference Current Transient After Reference Current Transient

Number Case

Resonance Point and Resonance Point and

THD Resonance Peak THD Resonance Peak
2 I 6.07% 25th harmonic 1.77 A 3.16% 25th harmonic 1.81 A
I 3.27% 39th harmonic 0.88 A 1.51% 39th harmonic 0.79 A

In case I, the transient simulation waveforms of PCC voltage upcc and grid-connected current ig
are depicted in Figure 12a,b. It can be seen that the distortion rate of PCC voltage upcc is 1.57%.
The grid-connected current ig and corresponding spectrum from 0.30 s to 0.36 s are shown in
Figure 12¢,d, which describes the situation before the reference current surges. The distortion rate of
grid-connected current ig is 6.07%, the resonance point is near the 25th harmonic (1250 Hz), and the
resonance peak is 1.77 A. The grid-connected current ig and corresponding spectrum after the reference
current suddenly increases are shown in Figure 12e,f. The distortion rate of grid-connected current ig
decreases to 3.16%, the resonance point is still near the 25th harmonic (1250 Hz), and the resonance
peak value is 1.81 A. At this time, the major high-frequency harmonics of the grid-connected current
are 25th harmonics.

In case II, the transient simulation waveforms of PCC voltage upcc and the grid-connected current
ig are depicted in Figure 13a,b. From Figure 13a, the distortion rate of PCC voltage upcc is 0.82%.
The grid-connected current ig and corresponding spectrum before the reference current surges are
shown in Figure 13¢,d. The distortion rate of the grid-connected current ig is 3.27%, the resonance point
is near the 39th harmonic (1950 Hz), and the resonance peak is 0.88 A. The grid-connected current ig
and corresponding spectrum after the reference current suddenly increases are shown in Figure 13e f.
The distortion rate of the grid-connected current iy decreases to 1.51%, the resonance point is still
near the 39th harmonic (1950 Hz), and the resonance peak value is 0.79 A. Meanwhile, the power
quality of the grid-connected current can be significantly improved, and the resonance phenomenon
has obviously decreased.
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When seven inverters are connected to a weak grid in cases I and II, the RMS of reference
grid-side inductor current iy, for each grid-connected inverter is 10.71 A. Therefore, the RMS of the
reference grid-connected current igf is 75 A for seven parallel inverters. The simulation waveforms
and spectrograms of PCC voltage upcc and the grid-connected current ig are shown in Figures 14
and 15. The simulation results of the grid-connected current with seven parallel inverters are shown in
Table 4. In case I, the system is in an unstable state. The resonance phenomenon is obvious. The reason
is that the high-frequency harmonic current frequency is equal to or close to the parallel resonance
frequency of self-impedance, resulting in a parallel resonance or quasi-resonance of the impedance
network. The grid-connected current is still severely polluted by the impedance coupling interactions
between the inverters and the grid. In case II, the distortion rate of the grid-connected current ig is
3.38%, the resonance point is near the 39th harmonic (1950 Hz), and the resonance peak is 1.51 A.
Due to the sufficient resistive damping introduced to the impedance network, the system can operate
stably. Therefore, case II can effectively improve the power quality of the grid-connected current and
suppress the oscillation of the paralleled multi-inverter system.

200 Upee/ V- Upeee/ V- Ut/ V. reference current transient 100 | two parallel inverters reference current transient
200 so | A A igA
0 0
-200 -50
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Figure 12. Simulation waveforms of point of common coupling (PCC) voltage upcc and grid-connected
current ig in case I during reference current transient (two parallel inverters). (a) PCC voltage upcc;
(b) grid-connected current ig; (c) grid-connected current ig (before); (d) spectrogram of grid-connected
current ig (before); (e) grid-connected current ig (after); (f) spectrogram of grid-connected current
ig (after).
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Figure 13. Simulation waveforms of PCC voltage upcc and the grid-connected current ig in case II
during reference current transient (two parallel inverters). (a) PCC voltage upcc; (b) grid-connected
current ig; (c) grid-connected current ig (before); (d) spectrogram of grid-connected current ig (before);

(e) grid-connected current ig (after); (f) spectrogram of grid-connected current ig (after).

Table 4. Simulation results of grid-connected current with seven parallel inverters.

Number Case THD Resonance Point and Resonance Peak
” I (unstable) (unstable)
T 3.38% 39th harmonic 1.51 A
400 | Upeea/ V Upceed V Upeat/V

200

-200
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Figure 14. Simulation waveforms of PCC voltage upcc and the grid-connected current ig in case I

(seven parallel inverters). (a) PCC voltage upcc; (b) grid-connected current ig.
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Figure 15. Simulation waveforms of PCC voltage upcc and the grid-connected current ig in case II
(seven parallel inverters). (a) PCC voltage upcc; (b) grid-connected current ig; (c) spectrogram of
grid-connected current ig.

6. Experimental Verification

To verify the validity of simulation analysis, a hardware-in-the-loop experimental platform
based on a real controller TMS320F2812 digital signal processor (DSP) (Texas Instruments, Inc, Dallas,
TX, USA) and a real-time laboratory (RT-LAB) (Opal-RT Technologies, Montreal, QC, Canada) was
built [26], as shown in Figure 16a. The system parameters are shown in Table 2. The hardware-in-
the-loop experimental platform mainly includes an RT-LAB simulator OP5700 (Opal-RT Technologies,
Montreal, QC, Canada), real controllers of grid-connected inverters, a host computer as a real-time
control interface, and an oscilloscope, as shown in Figure 16b. The main circuit model of the
system was established in the host computer, which was loaded to the OP5700. When the model
was running, the OP5700 sent the analog signals (voltages and currents) to the real controllers through
the input/output (I/O) ports in real time. After data processing, the real controllers transmitted the
digital control signals (pulses) to OP5700 through the I/O ports in real time. The data interacted in real
time during the simulation process to ensure the normal operation of the system. The measurement
information during the simulation were converted into analog signals through the I/O ports, which
could be observed on the oscilloscope.

voltages

s ———— = =4 ——
—_ —_— and
real controller Ethernet currents

TMS320F2812 DSP ——
j RT-LAB simulator

i OP5700 —
host computer 711 D AO voltages and currents

oscilloscope

pulses

@ (by

Figure 16. Experimental platform for paralleled multi-inverter system based on hardware-in-loop
simulation. (a) Whole; (b) Structure.
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When two inverters operated in parallel, as in case I and case II, the RMS values of reference for
the grid-side inductor current i ., for each grid-connected inverter increased from 18.75 A to 37.5 A at
0.405 s. Therefore, the RMS of reference grid-connected current igf increased from 37.5 A to 75 A for
two parallel inverters. The transient experimental waveforms and spectrograms in case I and case II
are depicted in Figures 17 and 18. Experimental results of the grid-connected current with two parallel
inverters are shown in Table 5. Before the reference current surged in Figure 17b, the distortion rate of
the grid-connected current iy was 7.01%, the resonance point was near the 25th harmonic (1250 Hz),
and the resonance peak was 2.66 A. After the reference current suddenly increased in Figure 17c,
the distortion rate of the grid-connected current iy decreased to 4.22%, the resonance point was still
near the 25th harmonic (1250 Hz), and the resonance peak value was 2.89 A. Thus, the grid-connected
current apparently contained high-frequency ripples, and it is obvious that the major harmonics are
25th harmonics.

Before the reference current surged in Figure 18b, the distortion rate of the grid-connected
current ig was 4.82%, the resonance point was near the 39th harmonic (1950 Hz), and the resonance
peak was 2.06 A. After the reference current suddenly increased in Figure 18c, the distortion rate of
grid-connected current ig decreased to 2.79%, the resonance point was still near the 39th harmonic
(1950 Hz), and the resonance peak value was 2.04 A. Meanwhile, the power quality of grid-connected
current can be significantly improved, and the resonance phenomenon has obviously decreased.
Therefore, the distortion rate was smaller after the reference current surge in the same case. Moreover,
before and after the reference current surged, the distortion rate in case II was less than case I.

Table 5. Experimental results of the grid-connected current with two parallel inverters.

Before Reference Current Transient  After Reference Current Transient

Number Case
Resonance Point and Resonance Point
THD THD
Resonance Peak and Resonance Peak
2 I 7.01% 25th harmonic 2.66 A 4.22% 25th harmonic 2.89 A
I 4.82% 39th harmonic 2.06 A 2.79% 39th harmonic 2.04 A
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Figure 17. Experimental waveforms of PCC voltage upcc and grid-connected current ig in case I during
reference current transient (two parallel inverters). (a) PCC voltage upcc and grid-connected current ig;
(b) grid-connected current ig and spectrogram (before); (c) grid-connected current ig and spectrogram
(after).

305



Energies 2018, 11, 3441

= Upcey Upgeh reference current transient

= /o

<

<

<

<

g

. . reference current transient

= Iga  lgb

< / /

<

=3

=4

2 THD=4.82% | THD=2.79% two parallel inverters

#30ms/div)
(a)
= before reference current transient [ = after reference current transient i/uu i;c i;l>
g A g
< . < .
& | dute =
% near the 39" harmonic %
T i / THD=4.82% e THD=2.79%
- s =2.06A 2% | |, g0 72.04A 3 o
Ehl =1 3
z| | =1 :
% |150Hz | % || SOHz near the 39" harmonic
#(20ms/div) f400Hz/div) #20ms/div) A400Hz/div)

(by ()

Figure 18. Experimental waveforms of PCC voltage upcc and grid-connected current ig in case II
during reference current transient (two parallel inverters). (a) PCC voltage upcc and grid-connected
current ig; (b) grid-connected current ig and spectrogram (before); (c) grid-connected current ig and
spectrogram (after).

When seven inverters operate in parallel in cases I and case II, the RMS of the reference grid-side
inductor current iefy, for each grid-connected inverter was 10.71 A. Therefore, the RMS of the reference
grid-connected current igr.s was 75 A for the seven parallel inverters. The experimental waveforms
and spectrograms in cases I and case II are shown in Figures 19 and 20. The experimental results of
the grid-connected current with the seven parallel inverters are shown in Table 6. As can be seen in
Figure 19, the system is in an unstable state. The resonance phenomenon is obvious. The reason is that
the high-frequency harmonic current frequency is equal to or close to the parallel resonance frequency
of self-impedance, resulting in a parallel resonance or quasi-resonance of the impedance network.
The grid-connected current is still severely polluted by the impedance coupling interactions between
the inverters and the grid. From Figure 20, it can be seen that the distortion rate of the grid-connected
current ig is 4.36%, the resonance point is near the 39th harmonic (1950 Hz), and the resonance peak
is 2.99 A. Due to the sufficient resistive damping introduced to the impedance network, the system
can operate stably. Therefore, case II can effectively improve the power quality of the grid-connected
current and suppress the oscillation of the paralleled multi-inverter system.

Table 6. Experimental results of the grid-connected current with seven parallel inverters.

Number Case THD Resonance Point and Resonance Peak
7 1 (unstable) (unstable)
I 4.36% 39th harmonic 2.99 A
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II (seven parallel inverters). (a) PCC voltage upcc and grid-connected current ig; (b) grid-connected
current ig and spectrogram.

7. Conclusions

In this paper, the oscillation suppression method by two notch filters is proposed to realize the
virtual impedances and increase the whole system damping. The implementation form of the virtual
impedances is presented by the proposed PCC voltage feedforward and grid-side inductor current
feedback with two notch filters. The feedforward path of PCC voltage with the notch filter equals
to a virtual impedance in parallel with inverter output impedance, which is designed to show low
impedance at the harmonic oscillation frequency. By doing so, most high-frequency harmonic current
will flow into the parallel virtual impedance branch, and it effectively suppresses the oscillation.
Meanwhile, the feedback path of the grid-side inductor current with the notch filter is equivalent
to a virtual impedance in series with inverter output impedance, which is designed to display low
impedance at the fundamental frequency. This way, most of the fundamental frequency current flows
into the grid branch with relatively low impedance. In addition, it improves the power quality of the
grid-connected current. Finally, simulation and experimental results are provided to verify the validity
of proposed control method.
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Abstract: Conventional photovoltaic (PV) systems interfaced by grid-connected inverters fail to
support the grid and participate in frequency regulation. Furthermore, reduced system inertia as a
result of the integration of conventional PV systems may lead to an increased frequency deviation
of the grid for contingencies. In this paper, a grid-supporting PV system, which can provide inertia
and participate in frequency regulation through virtual synchronous generator (VSG) technology
and an energy storage unit, is proposed. The function of supporting the grid is implemented
in a practical PV system through using the presented control scheme and topology. Compared
with the conventional PV system, the grid-supporting PV system, behaving as an inertial voltage
source like synchronous generators, has the capability of participating in frequency regulation
and providing inertia. Moreover, the proposed PV system can mitigate autonomously the power
imbalance between generation and consumption, filter the PV power, and operate without the
phase-locked loop after initial synchronization. Performance analysis is conducted and the stability
constraint is theoretically formulated. The novel PV system is validated on a modified CIGRE
benchmark under different cases, being compared with the conventional PV system. The verifications
demonstrate the grid support functions of the proposed PV system.

Keywords: coordination control; energy storage; grid support function; inertia; photovoltaic; virtual
synchronous generator

1. Introduction

This paper proposes a grid-supporting photovoltaic system, including implementation and
performance analysis. In this section, the background, literature review, formulation of the problem
of interest for this investigation, scope and contribution of this study, and organization of the paper
are presented.

1.1. Background and Significance

Synchronous generators (SGs), which take responsibility for frequency regulation in electric
power systems (EPS), operate as inertial voltage sources, providing the inertia to slow down
frequency dynamics and moderate the power imbalance between generation and consumption in
an autonomous fashion. Driven by issues such as potential exhaustion of conventional fossil fuel
based energies (e.g., coal, oil, and natural gas) and increasing environmental concerns, the quantity
of renewable energy sources (RES) integrated into EPS is escalating [1,2]. In consequence, SGs are
gradually being replaced by inverters with high penetration of RES.

Among RES, solar energy via photovoltaic (PV) systems is one of the most promising, and has
largely penetrated the global energy market [3,4]. A decrease of investment costs, technological
development, and governmental support has led to the significant increase in PV systems that has
been seen in recent years, and there is still significant need for growth [1,5].
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However, grid-connected inverters are controlled as current sources with phase-locked loops
(PLL) in conventional PV systems [6], which turns conventional PV systems into power injectors and
grid-following units [7,8]. As power injectors, conventional PV systems inject the power extracted
from the PV array to EPS without the capability to mitigate the power imbalance between generation
and consumption. Meanwhile, conventional PV systems, as grid-following units, provide little of the
inertia that plays an essential role in short-term system stability [9], thus the increasing penetration of
PV generators reduces the inertia of EPS, which exacerbates the system’s stability [9-11]. Therefore,
implementing the function of a supporting grid in PV systems, which offers inertia and participates in
frequency regulation, is significantly beneficial to the stability enhancement of EPS.

1.2. Formulation of the Problem of Interest for This Study

Existing research mainly concentrates on the realization of a virtual synchronous generator
(VSG) and the improvement of the performance of inverters that are assumed to be supplied by stiff
DC voltage sources. However, rare attention has been paid to the realization of a VSG in practical
PV systems. It is a challenge to introduce inertia, the indispensable property for VSGs, into an inverter
only powered by a PV system. To enable the inverter to emulate the inertia of SGs, an energy buffer,
whose function is identical to a rotor for kinetic energy, needs to be installed at the dc link of the inverter.

The main objective of this paper is therefore to equip PV systems with the function of supporting
the grid through emulating SG characteristics, then analyze the performance, formulate the stability
constraint, and corroborate the implemented function with numerical experiments.

1.3. Literature Review

Virtual synchronous generator (VSG) technology, which controls inverters to mimic the
characteristics of SGs to provide inertia and participate in the frequency regulation of EPS, emerged in
response to issues addressed in Section 1.2 [12-15]. The core of VSG technology is to present the various
energy sources interfaced to the grid through power electronic converters as SGs [16]. Researches
on VSGs in References [12-15] are devoted to realizing the basic function of emulating inertia using
converters. Recently, VSG research focus towards developing novel control strategies, and improving
the performance of these strategies from the point-of-view of enhanced dynamics, stability, and so on.
Compared with the method investigated in Reference [14], the filter inductance of the synchronverter
studied in Reference [17] is virtually increased to improve the stability. In the early Ise lab’s topology
presented in Reference [15], active power oscillation becomes one of the major concerns during the
emulation of inertia [18]. In Reference [18], an alternating moment of inertia is proposed to suppress
such oscillation. Furthermore, the self-adaptive inertia and damping approach is presented to improve
the dynamics in Reference [19]. To smooth transitions and reduce frequency excursions, a particle
swarm optimization technique was developed in Reference [20], a self-tuning VSG was investigated in
Reference [21] and an auxiliary loop is proposed to adjust the dynamic response speed through correct
the damping in Reference [22].

In References [14,23], inverters that mimic SGs were studied with an assumption that inverters
are supplied by stiff DC voltage sources, but inverters only energized by PV systems cannot
satisfy this assumption. In Reference [24], a VSG was realized by a battery/ultracapacitor hybrid
ES system, but the inverters based on RES were not competent in emulating the characteristics of SGs.
In References [15,25], it is pointed out that energy storage (ES) should be installed to emulate the
kinetic energy stored in the rotating rotors of SGs, but the detailed system topology is not considered,
nor is the control strategy coordinating ES and the renewable energy generator. In References [26,27],
ES is applied to a PV system to smooth power fluctuation, and this system possesses no characteristics
of SGs. In Reference [28], a battery is used as the backup for a PV inverter that employs only PQ
control or droop control, causing the inverter to operate unlike SGs.
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1.4. Scope and Contribution of This Study

Motivated by the above observations, this paper presents a novel grid-supporting PV system,
achieving emulation of SG characteristics. =~ Consequently, the grid-supporting PV system,
behaving as SGs, contributes to supporting the grid by autonomously mitigating the power imbalance
between generation and consumption, and slowing down frequency dynamics with virtual inertia.
Accordingly, the proposed grid-supporting PV system is superior to the conventional PV system,
while the conventional PV system cannot moderate the deficits and surplus of power in the grid,
and is unable to provide inertia.

1.5. Organization of the Paper

The content of this paper is organized as follows: Section 2 introduces the topology and
control scheme. In Section 3, performance analysis is conducted, and the stability constraint is obtained
through the established small-signal model. Results of case studies conducted on a modified CIGRE
LV network benchmark are presented and discussed in Section 4. Section 5 draws the conclusions of
this paper and discusses future research directions.

2. Topology and Control Scheme

Figure 1 shows the topology and control scheme of the grid-supporting PV system. In order to
mimic the kinetic energy stored in the rotating rotors of SGs, an energy storage (ES) unit equipped
with a bidirectional DC-DC converter was installed in the conventional PV system. Accordingly,
the hardware consists of an ES unit, a bidirectional DC-DC converter, an inverter, and a PV array.
The PV array was tied directly to the dc link, sharing the same dc bus with the DC-DC converter and
the inverter. A buck/boost converter is adopted in this paper.

j¢ ES »}e— DC-DC —sfe— PV —pleinverter bridgesle Filter >l Grid—]
G ~ _ ~
| |

Topology
g
t }—l

Control Scheme

Figure 1. Topology and control scheme of the grid-supporting PV system.

As Figure 1 depicts, the overall control scheme of the grid-supporting PV system comprises
three strategies: DC-DC control, VSG control, and coordination control. The coordination control is
designed to attune the system with two tasks: (1) One is to ascertain the value of the dc link voltage
reference Uy, utilizing a maximum power point tracking (MPPT) algorithm to draw maximum
power from the PV array. Uy s is provided for DC-DC control, which performs the regulation of dc
link voltage 4. (2) Another is to constrain the state of charge (SOC) of the ES unit through regulating
the inverter active power reference Py, which capacitates the buck/boost to control 14, for the inverter
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emulating SGs. P,,ris delivered to the VSG control that drives the inverter to emulate the characteristics
of SGs.

The conventional PV system is only energized by PV input, and its interface inverter is controlled
by a voltage-oriented control method, with an outer dc link voltage control loop and an inner current
control loop [29]. As shown in Figure 1, the proposed grid-supporting PV system however, is energized
by a PV array and ES unit, and the interface inverter is driven by the VSG control. Benefiting from
the topology and control scheme, which are different from those of the conventional PV system,
the grid-supporting PV system is able to provide inertia and participate in frequency regulation as SGs.

2.1. Coordination Control

To behave as an energy buffer like a rotating rotor, the ES unit must have not only energy to release,
but also capacity to store absorbed energy. Therefore, the SOC of the ES unit must be kept within a
proper range. Meanwhile, it is necessary to constrain the SOC to control the dc link voltage u,,, so that
the ES unit can release energy when 1 falls, and store the absorbed energy when 1, rises.

To constrain the SOC, the exchanged power Pgs (positive for discharge and negative for charge)
between the ES unit and the dc link must be regulated. However, Prs cannot be directly controlled by
the buck/boost converter, which is resulted from that the DC-DC control performs the regulation of .

According to the law of conservation of energy, the following equation is obtained when the
energy change of the capacitor at the dc link is ignored:

PES+va:Pe (1)

where Py, is the power generated by the PV array, and P, is the output active power of the inverter in
the system.

Since the PV array operates at the maximum power point, P, in Equation (1) fails to adjust.
Thus, regulating P, is the only way to control Pgs. Due to the emulated SG characteristics of
the inverter, P, can be controlled with coordination control through regulating the inverter active power
reference Py. To track the exchanged power reference Pgs_f, a proportional-integral (PI) regulator,
whose input is the error between Pgs ¢ and Pgs, is used for generating P,r. Then, P,y can be
expressed as

Py = Gpi(s) <PES_ref - PES) (@A)

where Gpj(s) = Ky + K;/s is the transfer function of the PI regulator, K, and K; are the proportional
coefficient and integral coefficient of the PI regulator, respectively, and s is the Laplace operator.

The relationship of exchanged power reference Pgs_,r with respect to the SOC is designed as
shown in Figure 2, where SOCy; is the mean of lower limit SOCy, and higher limit SOCyy, and Py is the
absolute value of the charge power and the discharge power. The ES unit starts charging once the SOC
is less than SOCy,, and discharging when the SOC is more than SOCy;. Both charging and discharging
are terminated when the SOC reaches SOCy;. Applying the curve shown in Figure 2 to specify Prs_rf,
frequent operations of charge/discharge near SOCy,/SOCy can be avoided by the coordination control.
As the charge power and the discharge power of the ES unit depend on Py, the rated power of the
inverter and the charge-discharge rate (C-rate) of the ES unit need to be taken into account when
determining Py. First, the charge power and the discharge power of the ES unit should not be more
than the rated power of the inverter to protect the inverter from over-current. Second, Py should ensure
the charge current and the discharge current do not exceed the maximum C-rate so that the cycling life
and the capacity of the ES unit are not significantly affected.

The dc link voltage reference Uy s is generally equal to Uppp, which is calculated by a maximum
power point tracking (MPPT) algorithm, to ensure that the PV array operates at the point where it can
output maximum power. Incremental Conductance [30,31], a classical MPPT algorithm, is employed
in this paper.
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Figure 2. Relationship between exchanged power reference and SOC.
2.2. VSG Control

The VSG control aims to equip the inverter with the characteristics of a SG so that the inverter is
capable of behaving like the SG. To realize the inverter emulating the characteristics of the SG, there are
three sub-processes to implement during one carrier cycle, as illustrated in Figure 1. The voltages of
the filter capacitors, 1,, 11, and ., are measured in real time, and virtualize the phase terminal voltages
of the stator windings and serve as the input variables of a SG model. Through solving the model,
the stator currents of the SG, iy_yf, iy_rf, and i_yf, are obtained as the reference currents for the inverter.
To complete the emulation of the SG characteristics, the inverter output currents should be driven
to track the reference currents. Thus, proportional-integral (PI) regulators in the rotating frame are
employed to control the inverter.

The SG model adopted in this work comprises third-order electrical equations and second-order
mechanical equations. The electrical equation set, which reproduces the stator circuit of the SG,
is given by

Ls Lta;;_mf = €abc — Ugbe — Rsiabc,ref (3)
where ugpe = [Ug, up, uC]T denotes the phase terminal voltages of the stator windings; Rs and
Ls are respectively the stator resistance and the stator inductance; iapc ref = lia_refr 1b_refs ic_,ef]T
represents the currents of the stator windings, which serve as reference currents for the
inverter; and eupe = [eq, €4, €17 = E[sind, sin(§ — 271/3), sin(@ + 271/3)]T denotes the induced phase
electromotive forces in the stator windings.

The electromechanical characteristics of the SG, neglecting the mechanical losses and considering
the effect of damper windings, can be described as

dw P, P
SC_Im 2 Dlw— 4
dt w w (w = o) @

¥ ©
where H is the inertia constant, Py, is the mechanical power, D is the damping coefficient, w and w are
the actual and the nominal angular frequency, respectively, and 6 is the electrical rotation angle.
To emulate the droop characteristics of the primary frequency control (PFC) and primary voltage
control (PVC), P, and E can be expressed as

2H

Pm:Pref+Kw(wO_w) (6)

E=Ey+ KQ(Qref - Q) @)

where Ky, is the unit power regulation, Ey is the no-load electromotive force (EMF), Qs and Q are the
reference value and the actual value of the inverter output reactive power, respectively, and Ky is the
voltage droop coefficient.
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2.3. DC-DC Control

The objective of the DC-DC control is to keep the actual value of the dc link voltage 1, equal to the
voltage reference Ug._rs provided by the MPPT algorithm of the coordination control. Regulating 14,
to track u4. s enables the PV array to operate at the maximum power point. The DC-DC control
strategy incorporates an outer voltage loop with an inner current loop, as depicted in Figure 1.
Through DC-DC control, a stiff dc link voltage, which is required to emulate the inertia, is provided
for the inverter.

The buck/boost converter works in BUCK mode and charges the ES unit to prevent i, from rising
when Py, > Pe. Under the condition of Py, < P, the buck/boost converter operates in BOOST mode
and discharges the ES unit to stop 14, from dropping. This indicates that the ES unit behaves as an
energy buffer, emulating a rotating rotor through complementing the deficit, or absorbing the surplus,
of PV production.

3. Performance Analysis and Stability Constraint Formulation

In this section, a small signal per unit (pu) model that considers the Q-E droop control is
established. Utilizing the model, performance analysis is conducted, the impact of the Q-E droop
control on stability is investigated, and the stability constraint is obtained.

3.1. Small-Signal Modelling

Figure 3 depicts the equivalent circuit of the inverter when connected to the grid. In this figure,
J is the power angle; Uy is the amplitude of the grid voltage; Rs + jX; is the virtual stator impedance
implemented by the VSG control; Rg + jXj is the grid impedance, which includes the line impedance;
and the grid-side filter impedance jwL, and P, + jQ is the apparent power measured for the
control scheme.

(R TR
Eéél—\m’-DJ—!-\m'-Dﬂ-ll . AR u; £0
[ . 8
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Figure 3. Equivalent circuit of the inverter when connected to the grid.

When R; and Ry are neglected due to Xs > Rs and X > R, Pe and Q can be expressed according

to Figure 3 as follows:
EU

AR —
T X+ X

sin 8)

1
(Xs + Xg)*

Linearizing P, and Q with respect to E and ¢, the deviations of P, and Q are given by

Q= [XgE? = X,U2 + (X, — Xg) Elg cos] ©)
AP, = kpsAS + kppAE (10)

AQ = kgsé + koeAE 11)

where Ax (x = P, Q, E, and ¢) represents the deviation of x, and

u
s = — = cos (12)

kpg = E = —=—sind (13)
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kos = =3 = 5" ging (14)

- N
E (X +Xg)*

The small signal model of the Q-E droop control described by Equation (7) is given by

[2X.E + (X5 — Xq) U, cos ] (15)

AE = —KoAQ (16)

Solving Equations (10), (11), and (16), AP, and AQ can be further derived as

AP. = (kps + AKs) A6 = KsAS 17)
Kgkgs
AE = — "0 A5 KNS 18
T+ Kokor SE (18)
__ Kokpekgs
2K = T ke 0

Normalizing and linearizing Equations (4) and (5) yields [32]

dAw 1

4 = 58P — AP — DAw] (20)
dAs  dAe
TR Tal woAw (21)

where Aw is the angular frequency deviation, APy, is the deviation of Py, D is the damping coefficient,
H is the inertia constant in seconds, and wy is the nominal angular frequency in rad/s.
The incremental Equations of (1), (2) and (6) are

APy, + APgs = AP, (22)
APyoy = Gri(s) (APs_ref — APes) 23)
APy = AP,p — KyBAw (24)

By combining Equations (17)—(24), the small-signal model considering the Q-E droop control is
established in Figure 4, and Aw is correspondingly derived as Equation (25).

Aw = G(s) <APES_M + APP-U> (25)
where the transfer function G(s) is given by

(Kps + K,‘)S

G(s) =
(s) 2Hs% 4 (D + K, )s? + woKs (Kp +1)s + woKsK;

(26)

A AE

Figure 4. Small signal model of the grid-supporting PV system.
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The expected performance of the grid-supporting PV system can be achieved if H, D + Ky, Kj,
and K; are properly selected in such a way that the poles of Equation (26) are located at desired locations.

3.2. Performance Analysis

The root loci family of the proposed PV system is shown in Figure 5a, where 2H =1s,3s,and 15 s,
and D + K, changes from 10 pu to 200 pu. It is clear that H plays an important role in determining the
settling time of the proposed PV system. As D + K, increases, the damping of the system rises and
the stability is improved.
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Figure 5. Family of root loci for variations of: (a) H and D + Ky; (b) K, and K;; (c) Ks.
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Figure 5b depicts the root loci family considering variations of K; from 0.1 pu to 50 pu,
and K, =0.3 pu, 1.1 pu, and 2 pu. As Figure 5b shows, the damping drops, the overshoot rises,
and the undamped natural frequency increases when K, becomes larger. The damped frequency and
the stability margin mainly depend on K;. Instability may happen with an excessively large value of K;.
To ensure the stability of the system, it is necessary to formulate the constraint explicitly on H, D + K,
K}, and K; to guide the tuning of parameters.

Figure 5¢ depicts the root locus where Kg varies from 0.5 pu to 2 pu. Among the three poles
depicted in the plane, s3 is the real root and its position depends on K, and K;. As Kg increases,
the conjugate complex roots s; and s, evolve in the direction of the arrows. A larger Ks increases the
real parts of s; and s,, which improves the stability.

3.3. Impact of Q-E Droop Control on Stability

As Figure 5c illustrates, Kg is a factor that affects the stability of the grid-supporting PV system.
According to Equation (17), K consists of two parts, kp; and AKs. It is indicated in Equation (19)
that AK is related to the coefficient Kg of the Q-E droop control and embodies the impact of the Q-E
droop control on the stability. When the Q-E droop control is invalidated (i.e., Kg = 0) and only P-w is
considered, AKg vanishes identically, and Kg in Equation (17) is equal to kp;.

By substituting Equations (13)—(15) into Equation (19), AKs can be obtained as Equation (27),
where 7 = X,/ Xs. On the condition that the Q-E droop control works, Kg is set to be a positive number.
The power angle ¢ lies in the range from 0° to 90°, and E is generally larger than Us. Thus, kps, kpe,
and kor are all positive. Accordingly, the curve of AKgs with respect to the ratio X,/ Xs is shown in
Figure 6.

r:XX/X

1— EUZsin?§
AKs T E TRy T g

T+r X2(1+ 1) + KgXs[r (2E — Ug cos 6) + Ug cos ]

27)

‘éKs

X/ X
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Figure 6. Curve of AKg with respect to the ratio X/ Xs.

As Figure 6 illustrates, AK; is positive if the ratio X,/ X is less than 1, while AKs is negative if
the ratio X/ X is greater than 1. Accordingly, K is greater than kp; under the condition of X, < X5,
which means the Q-E droop control improves the stability, since a larger Ks improves the stability.
Conversely, Ks is less than kp; when X > X5, which indicates that the Q-E droop control worsens
the stability in the weak grid. Besides, Ks is zero in the case of X = X, implying that the Q-E droop
control has no effect on the stability.

3.4. Stability Constraint Formulation

The closed-loop system of Equation (26) is a third-order linear time-invariant. To analyze the
stability, the Routh-Hurwitz stability criterion is used. The system characteristic equation is obtained
from Equation (26) as

D(s) = as° + 418 + aps + a3 = 0 (28)
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where ag = 2H, a1 = D + K, a2 = woKs(Kp, + 1), and a3 = woKsK;.
Through applying the Routh-Hurwitz stability criterion to Equation (28), the system stability
discriminant is yielded as

{ 4;>0,i=01,...,3 9)

ayap — apaz > 0

Since H, D + Ky, Ky, and K; are positive real numbers, the discriminant can be simplified as

{ Ks >0 (30)

ayay —apaz >0
Substituting a; into Equation (30) gives

Ksg >0
DKy o K; @1
20T 7 K

Equation (31) presents the stability constraint for the grid-supporting PV system, which H, D + K,
K}, K;, and Ks must satisfy to guarantee the stability of the system.

4. Results and Discussion

The proposed grid-supporting PV system was verified on the CIGRE benchmark of the European
LV distribution network elaborated in Reference [33]. The topology of the benchmark is shown in
Figure 7, and the line parameters of the benchmark are given in Table 1. All loads were configured to
be balanced for simplicity. The apparent power and power factor (PF) of the loads are described in
Figure 7. The 20 kV medium voltage grid in this benchmark was equated with a SG system with inertia
constant of H =9 s [32]. The PFC of the SG system reacts in 5 s when there is a frequency deviation,
and the speed regulation of the PFC is 3.33%. Six cases were considered when disturbances occur,
as listed in Table 2.

20kV/400V

200kva  S=100kVA
6% PF=0.95
H Node
— Load
— Bus

== Supply point
800x— Neutral earthing

Figure 7. Modified benchmark of the European LV distribution network.
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Table 1. Line parameters of the benchmark.

Node (From-To) Length (m) Resistance (mQ))  Inductance (uH)

R1-R2 35 10.045 18.6052
R2-R3 35 10.045 18.6052
R3-R4 35 10.045 18.6052
R4-R6 70 20.09 37.2104
R6-R9 105 31.135 55.8156
R9-R10 35 10.045 18.6052
R4-R15 135 155.52 196.811
R6-R16 30 34.56 43.7358
R9-R17 30 34.56 43.7358
R10-R18 30 34.56 43.7358
Transformer - 32 40.7437

Table 2. Cases Description.

Case Disturbance DG1-DG3

Conventional PV System
Proposed PV System

Sudden Load Variation

Conventional PV System

Short Circuit Fault Proposed PV System

Conventional PV System
Proposed PV System

mE | g0 | W

Step of Solar Irradiance

Case A and Case B considered sudden load variation by switching a load of 25 kW in R11 at 2 s.
Case C and Case D considered a three-phase short circuit fault occurring at 2 s, the fault in each case
was located at R17 and was cleared at 3 s. A step of solar irradiance from 1000 W/ m? to 1050 W/m?
was exerted on the PV array of DG3 at 2 s in Case E and Case F. After the disturbance occurred at 2 s in
each case, the PFC was activated in 5 s; that is, at 7 s.

In Case A, Case C, and Case E, three conventional single-stage PV systems were applied to
the benchmark as DG1-DG3. In comparison with the conventional PV system, three proposed
grid-supporting PV systems, with parameters listed in Table 3, were connected to the feeder as
DG1-DG3 in Case B, Case D, and Case F, and each ES unit was comprised of 25 Powersonic PS-121100
batteries in series. The SOC of each ES unit was set to 50%, which leads to Pgs_s = 0.

Table 3. Inverter Parameters of the Proposed PV System.

Meaning, Symbol, and Unit No.1 No.2 No.3
Rated Power S, (kVA) 20 20 50
Nominal frequency f, (Hz) 50
Nominal voltage V; (V) 380
Carrier frequency f. (kHz) 10
Ly (mH) 12 12 0.72
Filter values C (uF) 20 20 50
L, (mH) 08 0.8 0.18
. Kep (pu) 2
Current loop controller gains K, (pu) 1500
Ky (pu) 0.05
Ki (pu) 0.3
2H () 10 14 10
D 30 40 40
Parameter values of SG model Rs ((r;t)) 0.08
Ls (pu) 0.8
No-load EMF Eq (pu) 1.22
. Ko (pu) 20 10 30
Droop gains «
P8 Ko (pu) 0
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To verify the functions of smoothing the power and tracking the maximum power point of the
conventional PV system and the proposed grid-supporting PV system, solar irradiance steps were
used in Case E and Case F to provide the most severe condition, although there is little possibility that
the solar irradiance step would occur in a real case.

4.1. Case A: Sudden Load Variation—Conventional PV System

Figure 8a gives the resultant frequency of the grid, DG1, DG2, and DG3, respectively.
All frequencies decrease consistently between 2 s and 5 s. With the phase-lock loop, the conventional
PV system tracks the grid frequency (i.e., the LV distribution network frequency), but fails to provide
the inertia due to operating as a grid-following unit. As depicted in Figure 8b, the output power
of the conventional PV system injects power into the LV distribution network without change after
the load variation, and thus is incapable of mitigating the power imbalance between generation and
consumption. Figure 8c illustrates the dc link voltages, which are always regulated by the inverter of
the conventional PV systems to perform MPPT.

(b)

(c)

voltage(V) power(pu) frequency(Hz)

0 2 4 6 8 10 12 14 16 18 20
time(s)
— Grid — DGl — DG2 — DG3
Figure 8. Responses to sudden load variation when conventional PV systems are applied as DG1-DG3:
(a) Frequency response; (b) output active power; (c) dc link voltage of the inverter.

4.2. Case B: Sudden Load Variation—Proposed PV System

Figure 9 presents the responses when three proposed PV systems are integrated into the LV
distribution network as DG1-DG3. As depicted in Figure 9a, all frequencies decrease between
2 s and 5 s, with a smaller rate of change of frequency (ROCOF) and higher frequency nadir when
compared with Figure 8a of Case A. Through emulating the inertia of SGs, the proposed PV system is
able to slow down frequency response and allow decent time for frequency control. Figure 9b shows
that the proposed PV system mitigates the power imbalance between generation and consumption
by increasing the output active power P, autonomously, and thus supports the grid, mimicking
the SG. Figure 9c¢ plots the dc link voltage of the interface inverter, which is maintained at Uyspp by
the buck/boost converter with the ES unit, even if there is an imbalance between Py, and P,. It is
demonstrated that a stiff dc link voltage can be provided in the proposed PV system for the inverter to
emulate the inertia. Figure 9d illustrates the exchanged power Pgg between the ES unit and the dc link.
After the sudden load variation, the incremental of Prg is consistent with that of P, shown in Figure 9b.
It is indicated that the ES unit balances the power between the PV array and the inverter, which
emulates the behavior of a rotating rotor releasing kinetic energy when it’s frequency drops. After PFC
activation, the exchanged power Ps, regulated by coordination control, gradually converges to Prs_s
to constrain the SOC.
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Figure 9. Responses to sudden load variation when the proposed PV systems are applied as DG1-DG3:
(a) Frequency response; (b) output active power; (c) dc link voltage of the inverter; (d) exchanged
power between the ES unit and dc link.

4.3. Case C: Short Circuit Fault—Conventional PV System

As Figure 10a depicts, the grid frequency, which is tracked by the conventional PV system,
decreases until the fault is cleared and reaches the nadir of 49.82 Hz at 3 s. However, after the clearance
of the fault, frequencies of the grid, DG1, DG2, and DG3 hardly change until the PFC is activated at 5 s.
This shows that the conventional PV system fails to participate in frequency regulation. As Figure 10b
depicts, the power imbalance resulting from the fault is counteracted only by the grid, while the
conventional PV system is incapable of responding to the power imbalance, and outputs power
without change after the fault occurs. The dc link voltage, illustrated in Figure 10c, is regulated during
the fault to draw maximum power from the PV array.

(a)

(b)

e Xy
o =
o O

(0)

voltage(V) power(pu) frequency(Hz)

590/ RAITHARRTATI Ak AR 4 4k

0 2 4 6 8 10 12 14 16 18 20
time(s)
—— Grid —— DG1

DG2 —— DG3

Figure 10. Responses to a short circuit fault when conventional PV systems are applied as DG1-DG3:
(a) Frequency response; (b) output active power; (c) dc link voltage of the inverter.
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4.4. Case D: Short Circuit Fault—Proposed PV System

System responses to a three-phase short circuit fault, where three proposed PV systems are
integrated as DG1—DGS3, are studied in this case, and given in Figure 11.

(a)

(b)

(c)

0 2 4 6 8 10 12 14 16 18 20
time(s)
—— Grid — DG1

DG2 —— DG3

Figure 11. Responses to a short circuit fault when the proposed PV systems are applied as DG1-DG3:
(a) Frequency response; (b) output active power; (c) dc link voltage of the inverter; (d) exchanged
power between the ES unit and dc link.

The grid frequency, as shown in Figure 11a, decreases from the normal value of 50 Hz to the nadir
of 49.87 Hz lasting from 2 s to 3 s. In comparison with Case C, a smaller ROCOF and slighter frequency
deviation are caused by the fault in this case. It is perceived in Figure 11a that the grid frequency
is regulated by the proposed PV system in the absence of PFC action during 3-7 s. As depicted in
Figure 11b, the proposed PV system increases its output active power and moderates the power
imbalance, while the conventional PV system fails to implement this function, as shown in Figure 10b.

Figure 11c illustrates the dc link voltage of the proposed PV system, which indicates that the
proposed PV system is able to provide a stiff dc link voltage to emulate the inertia and perform MPPT.
As depicted in Figure 11d, the incremental of Pgs is consistent with that of P, shown in Figure 11b,
verifying that the ES unit balances the power between the PV array and the inverter, which emulates
the behavior of a rotor releasing kinetic energy when it’s frequency declines.

4.5. Case E: Step of Solar Irradiance—Conventional PV System

As Figure 12a shows, the step of solar irradiance exerted on the PV array of DG 3 causes a sudden
change of the power generated from the PV array in DG3. The dc link voltage of the inverter in
DG 3 increases, as depicted in Figure 12b, to track Upypp specified by the MPPT algorithm in the
coordination control. Due to the lack of an energy buffer in the conventional PV system, DG3 injects
the fluctuant PV power resulting from the solar irradiance step into the LV distribution network,
and the output active power rises suddenly, as shown in Figure 12c. Figure 12d shows that the grid
frequency deviates after the solar irradiance step until the PFC is activated.
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Figure 12. Responses to a step of solar irradiance when conventional PV systems are applied as
DG1~DG3: (a) Power generated from the PV array; (b) dc link voltage of the inverter; (c) output active
power; (d) frequency response.

4.6. Case F: Step of Solar Irradiance—Proposed PV System

Responses to the step of solar irradiance exerted on DG3 are studied in Figure 13 when three
proposed PV systems are applied as DG1—-DG3. After the solar irradiance steps, the power generated
from the PV array in DG3 rises suddenly, as shown in Figure 13a, and the dc link voltage of
DG3 increases to perform MPPT, as shown in Figure 13b. In comparison with Case E, the active
power that DG3 feeds to the LV distribution network is filtered and rises smoothly, as depicted in
Figure 13¢, and the grid frequency deviates with a smaller ROCOF and lower zenith, as depicted
in Figure 13d. Figure 13e shows that the exchanged power Prs between the ES unit and the dc link
decreases suddenly, and the ES unit of DG3 absorbs the surplus of PV production after the solar
irradiance steps. Prg eventually returns to zero, tracking the reference PEs_yef to constrain the SOC,
and the output active power P, is finally equal to the power generated by the PV array Ppy.

It is demonstrated that the proposed PV system is able to smooth the power fed to the LV
distribution network, even if the power generated by the PV array fluctuates suddenly.

Combining with the results in Cases A-F, Table 4 shows the following advantageous features of
the proposed grid-supporting PV system as compared with the conventional PV system:

(1) The grid-supporting PV system, presenting as SGs from the point-of-view of the grid by
mimicking SG characteristics with VSG control, can support the grid through mitigating the
power imbalance between generation and consumption, and slowing down frequency dynamics
with virtual inertia.

(2) Through emulating the droop characteristics of PFC and PVC, the grid-supporting PV system
can participate in frequency regulation and voltage regulation.

(3) The proposed PV system has the functions of filtering the PV power and smoothing the power
fed to the grid, which leads to a reduced impact of PV fluctuation on the grid.

(4) The grid-supporting PV system synchronizes with the grid through mimicking the
synchronization mechanism of SGs, and thus the PLL, in which the delay may cause
instability [34], is discarded in the proposed PV system.
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Figure 13. Responses to a step of solar irradiance when the proposed PV systems are applied as
DG1-DG3: (a) Power generated from the PV array; (b) dc link voltage of the inverter; (c) output
active power; (d) frequency response; (e) exchanged power between the ES unit and dc link.

Table 4. Advantages of the proposed grid-supporting PV system as compared with the conventional
PV system.

Features Conventional PV System Proposed PV System

Emulating the characteristics of

SGs to support the grid x v
Primary frequency control and
- X V4
primary voltage control
Smoothing the fluctuation of the « Y
power fed to the grid
PLL-less operation after initial
o X V4
synchronization

X: operating without the feature; /: operating with the feature.

5. Conclusions

A novel grid-supporting PV system, which operates as an inertia voltage source by emulating the
characteristics of SGs, is proposed in this paper.

To present the PV system as a SG from the point-of-view of the grid, both the topology and
the control scheme were investigated. An ES unit equipped with a bidirectional DC-DC converter
was installed, which can mimic the function of a rotating rotor for kinetic energy and buffer the
imbalance of the PV power. On the other hand, the coordination control, DC-DC control, and VSG
control were employed in the proposed system. The coordination control is able to constrain the SOC
of the ES unit and calculate the voltage at the maximum power point of the PV array. The DC-DC
control can perform the regulation of the dc link voltage to realize MPPT, and the VSG control is
capable of equipping the interface inverter with SG characteristics.

To guide the tuning of the parameters, the system performance was analyzed with the variation
parameter values. It was found that the inertia constant H plays an important role in determining the
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settling time, and that the system damping mainly depends on D + K,,. Furthermore, the stability
constraint was formulated as Equation (31), which should be satisfied to guarantee the stability of
the system.

Results of case studies conducted on the modified CIGRE LV network benchmark verify the
grid-supporting PV system. Compared with the conventional PV system, the grid-supporting PV
system is advantageous in the following areas:

(1) The VSG control and the ES unit capacitate the interface inverter of the proposed inverter to
mimic SG characteristics, slowing down frequency response with inertia, and moderating the
power imbalance between generation and consumption.

(2) The emulation of the droop characteristics of PFC and PVC capacitates the grid-supporting PV
system to contribute to frequency regulation and voltage regulation of EPS.

(3) In the conventional PV system, the power fed to the grid must be equal to the power generated
from the PV array. However, the installation of the ES unit in the grid-supporting PV system
spares this embarrassment. Through the installed ES unit and the control scheme, the function of
filtering the PV power and smoothing the PV system output power, which reduces the impact of
PV fluctuations on the grid, is implemented in the proposed grid-supporting PV system.

(4) With the VSG control, the interface inverter of the grid-supporting PV system mimics not only
the inertia and frequency damping of SGs, but also the synchronization mechanism of SGs.
Beneficially, the impact of the PLL on the stability is eliminated, which leads to the proposed PV
system being more compatible with EPS than the conventional PV system that employs the PLL.

The topology, the control scheme, and the stability constraint for parameters are presented in
this paper. In future, the method for optimizing the capacity of the ES unit under different conditions,
where the values of H, D, and K, and the capacity of the PV array vary, need to be obtained in order
to reduce costs. As the analysis indicates, the grid impedance has impacts on the stability of the system
with the Q-E droop control. How to reduce or avoid these impacts is also set as one of our future
research directions.
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