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Preface to “Power Electronics and Power Quality”

The ease of transport, the lack of noise, the absence of gas and odor emissions, combined
with a reasonable production cost, make electricity an excellent energy and one that is essential for
the development of most economic activity sectors. With the development of electronics, namely
power semiconductors, it was possible to optimize electrical systems and equipment, in terms
of efficiency and controllability, to previously unimaginable levels. However, these technological
developments do not only bring advantages. The new systems based on power electronics were
responsible for the appearance of disturbances in the power system that caused malfunctions, and
even breakdowns, in more sensitive equipment. Therefore, beyond the availability and service
continuity, the quality of electric power started to assume a role of extreme relevance. Studies
conducted by several international organizations reveal that electrical power quality (PQ) is a
fundamental factor for the productivity of companies, and that the economic losses caused by PQ
problems are, nowadays, very high. Furthermore, power systems are experiencing a new set of
challenges: decentralized generation, integration of renewable energy systems, widespread electric
vehicles, and the electrification of railway systems, all of which bring a higher level of importance
to PQ and power electronics. In this way, the research and development of methodologies and
technologies to understand and mitigate PQ problems is a subject of utmost importance. This book
brings together a set of high quality papers reflecting the latest investigations and the new trends in

terms of power electronics and PQ.

José Gabriel Oliveira Pinto

Special Issue Editor
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Abstract: This paper presents a single-phase Shunt Active Power Filter (SAPF) with a multilevel
converter based on an asymmetric full-bridge topology capable of producing five distinct voltage
levels. The calculation of the SAPF compensation current is based on the Generalized Theory
of Instantaneous Reactive Power (p-q theory) modified to work in single-phase installations,
complemented by a Phase-Locked Loop algorithm and by a dedicated algorithm to regulate the
voltages in the DC-link capacitors. The control of the SAPF uses a closed loop predictive current
control, followed by a multilevel Sinusoidal Pulse-Width Modulation technique with two vertical
distributed carriers, which were specially conceived to deal with the asymmetric nature of the
converter legs. Along the paper, some simulation results are used to show the main characteristics
of the 5-level converter and control algorithms, and the hardware topology and control algorithms
are described in detail. In order to demonstrate the feasibility and performance of the proposed
SAPF based on a 5-level converter, a laboratory prototype was developed and experimental results
obtained under diverse conditions of operation, with linear and non-linear loads, are presented and
discussed in this paper.

Keywords: Shunt Active Power Filter; digital control; harmonics; multilevel converter; power quality;
p-q theory

1. Introduction

The field of power electronics has experienced a major development in the last decades, allowing
for the utilization of electrical loads with higher efficiency for a vast range of appliances. Nonetheless,
this development is still present nowadays and it shows a predisposition to continue in the future [1,2].
An overview of the key considerations for an improved utilization of both presently used and upcoming
power devices is presented in [3]. Despite its provided benefits, the development of power electronics
shifted the paradigm of electrical loads from linear to non-linear, i.e., the current in this type of
load presents a waveform different from the supplied voltage, which is due to a production of
harmonic currents [4]. Harmonic currents are harmful to the power systems since they contribute
to overheating, for instance, in power transmission cables and transformers, and interfere with
communication systems. As such, power transmission cables and transformers should be derated
due to harmonic currents flowing, which carries additional costs [5,6]. Harmonic currents can be
produced by loads such as adjustable speed drives [7], arc furnaces [8], cycloconverters [9], electric
vehicle battery chargers [10], lighting equipment, such as compact fluorescent and LED lamps [11],

Energies 2018, 11, 1019; d0i:10.3390/en11041019 1 www.mdpi.com/journal/energies
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among other domestic appliances. Therefore, power quality, and especially harmonic currents, has
deserved significant attention throughout the years.

The compensation of harmonic currents was primarily performed by passive filters. However, these
are bulky and are only capable of compensating a limited range of harmonics. Besides, passive filters can
produce resonance phenomena when connected to the power grid [12]. On the other hand, Shunt Active
Power Filters (SAPFs) are power electronics devices that are capable of compensating harmonic currents,
power factor and current imbalances in three-phase systems. Moreover, the compensation capability
of a SAPF is dynamic, i.e., it is capable of compensating the aforementioned power quality problems
regardless of the loads connected to the power grid. The operation of a SAPF consists in producing
the harmonic currents and reactive power required by the connected loads, so that, the power grid
currents acquire a sinusoidal waveform in phase with the voltages. Although this operation principle
was proposed in [13], the SAPF was initially presented in [14] and, since then, has gained popularity
due to the referred advantages over the traditional compensation systems [15]. Furthermore, several
control theories for SAPFs have been developed and described in the literature, with the p-q theory [16],
the FBD [17], the CPC [18] and the synchronous reference frame d-q theory [19] being among the main
methods for obtaining the compensation currents for SAPFs. An extended review concerning control
algorithms for SAPFs is presented in [20].

Regarding its structure, a SAPF is a DC-AC power converter, which can be either of the voltage
source type or the current source type [21]. Moreover, a DC-AC power converter can be also classified
in accordance with the number of levels of the output voltage or current, whereby it is considered
amultilevel converter if the number of levels is three or more [22]. Multilevel converters are advantageous
for medium voltage applications since they are capable of providing higher output voltages than the
voltage that power semiconductors have to withstand. Besides, multilevel converters produce less
dv/dt and have a better performance in terms of Total Harmonic Distortion (THD) when compared
to two-level converters [23]. There are three classical topologies of multilevel converters, namely the
neutral point clamped (or diode clamped) [24], the flying capacitor (or capacitor clamped) [25], and the
cascaded multilevel converter [26]. Nevertheless, several topologies have been proposed in the literature,
aiming to achieve higher numbers of levels with reduced switch counts [27-31]. Accordingly, control
and modulation techniques for multilevel converters have been also widely investigated [32,33].

In this context, this paper presents a single-phase SAPF composed of a 5-level converter topology.
The principle of operation of the proposed converter is explained in detail, from the implemented
power theory to the applied modulation technique. Simulation results are depicted to analyze the
feasibility of the converter. A laboratory prototype was developed and tested in real conditions of
operation. The obtained experimental results validate the implemented single-phase 5-level SAPF
hardware topology and control algorithms. The main contributions of this paper are: a low digital
resource for the control theory implementation, which is based on the concepts introduced by the
p-q theory, adapted to work in single-phase installations, and combined with a Phase-Locked Loop
(PLL) to allow sinusoidal currents at the source side; a Sinusoidal Pulse-Width Modulation (SPWM)
modulation strategy based on the vertical distribution of two triangular carriers that deals with the
asymmetries of the 5-level converter legs; a comprehensive description of the hardware prototype
development and a step-by-step validation of the control algorithms.

2. Proposed 5-Level Converter Topology

This section introduces a detailed description of the 5-level converter topology, which is depicted
in Figure 1. As it can be seen, it is constituted by a three-level Diode-Clamped Multilevel Inverter
(DCMLI) leg and by a two-level leg. The DC-link is composed of two capacitors in order to obtain the
different voltage levels during both positive and negative half-cycles.

A relevant characteristic of the 5-level converter is the asymmetrical switching frequency of each
leg, as well as the nominal voltage that each semiconductor of both legs withstands. The two-level leg
(formed by S; and S¢’) is responsible for the polarity of the AC voltage and the switching frequency of
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this leg is equal to the fundamental frequency of the voltage to be synthetized by the converter, i.e.,
equal to the frequency of the power grid voltage, in this work. The semiconductors of this two-level
leg should be able to support a voltage of vpc, i.e., the sum of the voltage across each capacitor of
the DC-link (vpc1 and vpc;). On the other hand, the DCMLI leg (formed by S, Sy’, S3, and S3”) is
controlled in order to establish the voltage level that the converter should produce (vpc, vpc/2 or 0) in
both positive and negative half-cycles. This leg is switched with a higher frequency in comparison
with the switching frequency of the two-level leg and is responsible for defining the converter state
in each half-cycle, and, therefore, for defining the waveform of the produced voltage. By increasing
the switching frequency;, it is possible to improve the quality of the produced voltage, resulting in
an improved compensation current. The semiconductors of the DCMLI leg should be able to support
a nominal voltage of upc/2, i.e., the voltage of each DC-link capacitor, which is half of the voltage that
the semiconductors of the two-level leg should support.

The different states that the 5-level converter can assume during the positive and negative
half-cycles are presented in Table 1. This table illustrates that the semiconductors S; and S;” are
switched at the fundamental frequency of the produced voltage, and the other semiconductors (S, So’,
S3, and S3”) are switched to establish the different voltage levels.

Vpc:2

Figure 1. Topology of the 5-level converter used in the Shunt Active Power Filter (SAPF).

Table 1. Voltage levels that the 5-level converter can assume during the positive and negative half-cycles.

Voltage Polarity S1 S1’ S, Sy’ S3 S3” Ve
OFF ON ON OFF ON OFF UpC
ve >0 OFF ON OFF ON ON OFF upc/2
OFF ON OFF ON OFF ON 0
ON OFF ON OFF ON OFF 0
ve <0 ON OFF OFF ON ON OFF —oupc/2
ON OFF OFF ON OFF ON —Upc

3. Control Algorithms

This section introduces the proposed control algorithms for the SAPF based on a 5-level converter,
including a description about the p-q theory complemented by a Phase-Locked Loop (PLL) and adapted
to work with single-phase installations, the DC-link control, the predictive current control, and the
SPWM strategy.

3.1. p-q Theory

The p-q theory was initially developed to be applied in the analyses of three-phase three-wire
electrical systems and later, it was expanded to three-phase four-wire systems to be usable in
unbalanced systems with zero sequence components [34,35]. With some modifications, it is also
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possible to use the p-q theory in the analyses of single-phase systems [36]. The basics of this
time-domain theory resides in a transformation of referential from the a-b-c coordinates, where the
fundamental voltages are shifted by 120° for each other, to the a-B-0 orthogonal system of coordinates.
The change in the coordinates referential is performed by the application of the Clarke transformation
to the voltages,

1 1 1
[0 5 VA 721 721 Ua
On = g 1 —32 T3 Up 7 (1)
vp 0 @ @ Ve
and to the currents,
1 1 1 .
io 5| vi Vi Vi |
Iy = g 1 - % - % ib ’ (2)
ig (RVERRA ic

of the installation under analysis. After the transformations, it is possible to calculate the instantaneous
real power (p), the instantaneous imaginary power (g), and the instantaneous zero sequence power

(o), applying:

Po v 0 0 iy
p = 0 v g in |- 3)
q 0 —vg On ip

Each one of the instantaneous powers calculated by Equation (3) can be decomposed in an average
value and an oscillating value:

p =7+ 7P, 4
g=79+4, %)
po = Py + Po, (6)

where the average value of the instantaneous real power (p), is related to the energy that is transferred
in a continuous way from the source to the loads and is associated with the active power. The oscillating
value of the instantaneous real power (p), is related to a parcel of energy that is exchanged between
the source and the load. The average and oscillating values of the instantaneous real power (p, and
Po) relates to the energy that is transferred and exchanged with the help of the neutral conductor.
The instantaneous imaginary power components (7 and §) are associated with the presence of storage
elements (capacitors or inductors) in the loads, and are related to energy that is exchanged between the
source and loads or between the loads with the help of the source. In three-phase systems, the average
value of the instantaneous imaginary power (4) is exchanged between the three-phases of the system
and is not associated with any effective energy transfer from the source of the loads. However,
the presence of this component results in an increase in the source currents. The adoption of the p-q
theory to calculate the compensation currents for a SAPF results from the physical interpretation of the
power components described above. The power components that are involved with an effective energy
transfer from the source to the load are the average value of the instantaneous real power (p) and the
average value of the instantaneous zero sequence power (p). Therefore, in an installation with a SAPF,
these components are the only power components that should be supplied by the source, while all the
other components should be provided by the SAPE. However, p;, is transferred with the help of the
neutral conductor, and so, it contributes to an increase in the current in the neutral conductor, which is
an undesired phenomenon. Nevertheless, with a three-phase four-wire SAPF and with an appropriate
control algorithm, it is possible to transfer the energy related to the average value of the zero-sequence
power, in an equilibrated way by the three phases of the system, and so, eliminating the current in
the neutral conductor upstream of SAPFE. The calculation of the compensation currents that the SAPF
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must produce to eliminate the undesired power components, which are supplied by the source, can be
—P+ 7P

accomplished by:
o | _ 1 vy —Up
itp v2 + v,zj vg Vg —q

irg = — do, ®)

where i}, i;ﬁ and i}, are the references for the compensation currents of the SAPF in the a--0
coordinates. In order to obtain the references for the compensation currents in the a-b-c coordinates,

, @)

it is used the inverse Clarke transformation, defined as:

1
. —= 1 0 s
it V2 i
A N N R T B I 9
| =\3| v 2 2 Fa |- )
i .
w1 L

According to this procedure, it is possible to apply the p-g theory to separate the desired power
components from the undesired ones, and, therefore, develop a control algorithm for a SAPF to
eliminate the undesired power components and improve the power quality of the installation. With
a balanced and sinusoidal three-phase system, the application of the compensation strategy, based
on p-q theory, results in balanced and sinusoidal currents in the source. However, if the voltages are
distorted and unbalanced, by the application of the p-q theory, the source currents become neither
sinusoidal nor balanced, which is a disadvantage. To overcome this drawback, it is possible to use
the positive sequence of the fundamental components of the source voltages instead of the real ones,
and so, the compensation results always in sinusoidal and balanced currents in the source, even with
distorted and unbalanced voltages. The positive sequence of the fundamental components of the
voltages can be obtained by the application of a PLL algorithm. There are interesting PLL algorithms
in the literature, for three-phase systems [34] and for single-phase [35].

The application of the p-q theory to single-phase systems requires the emulation of a balanced
three-phase system. For that, the voltages and currents in phases b and c are obtained applying
a phase shift of +120° to the measured voltage and current in phase a. The application of the Clarke
transformation to a three-phase balanced system produces two equal @« and § components shifted by
90° degrees, one from the other. Therefore, it is possible to implement the emulation of a three-phase,
balanced system, directly in the a-$-0 coordinates, by applying:

el = %S (10)
g vgpe °d
la g (11)
1ﬁ i[g€ 57

where T is the period of the power grid fundamental frequency, and e corresponds to a time delay
of 3T, which corresponds to a phase shift of +90° in the fundamental frequency. It is important to
explain that, in a balanced three-phase system, the zero sequence power component does not exist and,
therefore, the reference for the compensation current for a single-phase SAPF can be calculated by [36]:

and

- 1 -7
= - . — . 12
¥ U% + ’Ulzj [ ¢ P ] |: —q :| (12)

Also, in single-phase systems it is possible to use PLL algorithms combined with the p-g theory to
obtain sinusoidal currents at the source side. In this work, it was used the PLL algorithm described
in [35].
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3.2. DC-Link Voltage Control

In order to the SAPF produce the compensation current, it is necessary to guarantee that the total
DC-link capacitors voltage is greater than the peak value of the source voltage. The regulation of
the DC-link capacitors voltage, in steady state, is done by absorbing a small amount of active power
from the power grid, which corresponds to the converter losses. During some transients, it can be
necessary to absorb or to deliver active power to the power grid, in values which can be greater than
the ones involved in steady state. This is required to maintain the capacitors voltage regulated. In this
way, it is necessary to include an additional instantaneous real power parcel (prg) in the calculation
of the references for the SAPF compensation currents. The value of p; is determined by means of
a PI controller that eliminates the error between the DC-link voltages and the reference value. It is
important to explain that, during the normal operation of the SAPF, the oscillating values of the power
components defined by the p-g theory are exchanged between the loads and the DC-link capacitors of
the SAPF, and so, it is natural that the DC-link capacitors voltage oscillates to compensate these power
components. Taking into account this situation, the objective of the DC-link voltage control algorithm
is to regulate the average values of the DC-link capacitor voltages (Vpc1 and Vpc) instead of the
instantaneous values (vpc1 and vpcy). Therefore, the calculation of the errors is not performed by the
difference between the reference voltage and the DC-link voltages, but by the difference between the
reference and the average values of the DC-link capacitors voltage. Despite the possibility to use other
values, in this work it was used an average value of an entire grid period.

As the DC-link of the SAPF is composed by two capacitors, it is necessary to take into account
which capacitor is used in each instant, in order to select the correct value of pr,; and add it to the
average value of the instantaneous real power (p) in Equation (12). The identification of the capacitor
that is used in each time instant can be done by consulting Table 1, from where it is possible to conclude
that capacitor C; is used when the converter output voltage is negative and the capacitor C, is used
when the output voltage is positive. The block diagram of the DC-link voltage control is represented
in Figure 2, and, as it is possible to see, two similar PI controllers are used to obtain the value of Preg-

DPreg
e

Figure 2. Block diagram of the DC-link voltage control algorithm.

3.3. Predictive Current Control

A predictive strategy was adopted to control the current in the AC side of the 5-level converter.
This strategy requires measuring the values of the AC current (ir) and the source voltage (vs), which
are obtained using a signal acquisition board, as well as the nominal values of the main electrical
parameters of the system. Therefore, by analyzing the voltages and currents between the 5-level
converter and the power grid, a set of equations can be established and used to predict the next state
(i.e., during the time interval of [k, k + 1]) that the converter should assume in terms of produced
voltage. By using this strategy, it is predictable that the filter current will follow its reference during
each sampling time interval. The block diagram of the implemented predictive current control is
illustrated in Figure 3.
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Figure 3. Block diagram of the predictive current control strategy implemented in the 5-level
converter SAPF.

The electrical model of this type of system, generally can be described by the source voltage (vs),
by the converter output voltage (vc), and by the coupling passive filters voltage (v1), where, in this
specific case, an inductor is used as a passive filter. Therefore, by analyzing the voltages in the AC side
of the system, it is possible to establish the output voltage of the 5-level converter as a function of the
source voltage and the voltage across the inductor, as described by:

vc = v, + vs. (13)

Substituting the inductance voltage (vr,) by the time derivative of its current multiplied by its
nominal value, it is possible to obtain the equation:
. di
vc:RL¢+LHf+v& (14)
where is also considered the voltage across the internal resistance of the inductor. Taking into account
that the voltage in the resistive part is residual due to the reduced value of the internal resistance,
it can be neglected, resulting in the equation:

dir

Z)C:Ldt

+ vs. (15)
As occurs in all the systems with a feedback control, also in this current control strategy an error
between the reference signal and the measured current is calculated as:

ierror = 1‘; - iF~ (16)

Taking into account the electrical model of the system, it is possible to substitute the produced
current (ip) established in Equation (14), allowing obtaining the equation:
diy

= —vc4vg+L=E. 17)

dierror
L——
dt

dt

Considering a digital implementation and using a high sampling frequency, the variation of the
error derivative is almost linear and equal to the increase in the current error (Air,). Therefore,
by selecting a high switching frequency, the resultant current ripple will be reduced and the error will
be practically zero, i.e., the produced current will be centered in its reference. The current error can be
obtained according to:

pfenor

AV
= —Z)c+Us+L ZF.

—£ 18
» Tog (18)

Taking into account the position of the sensors and implemented control algorithm, it is important
to note that the voltage established by the converter should produce a current in phase opposition with
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the one established in Equation (18). In this way, changing the signal to the term ey, it is obtained the

control equation defined by:

‘ A%
- <LM> —vct+ovs+L (19)

Tag Ta,, '
Rearranging the terms in both sides of Equation (19), the final control equation is established
according to:

6’1’1’07

A
vchT +ovs+ L=E. (20)

T,l,7

Considering this final control equation, the output voltage is the reference of the voltage (v.*)
used in the SPWM, i.e., the signal that is compared with the carrier. Taking into account that is used
a digital platform to implement the control algorithm, the final control equation in discrete-time is
obtained according to:

lerrar[k]
velk] = L= T

+ os[K] + 2 (2 [K] — izl ~ 1), @
aq aq

Using Equation (21), expanding the terms, a simplified equation is obtained according to:
« L . " )
velkl = vs[k] + 7 (2i¢ (k] — if [k — 1] —ip[K]). (22)
aq

Taking into account that this is a linear control, it has some characteristics that are similar to
a traditional PI controller, however without the necessity to adjust the gains of the controller, which
represents a relevant characteristic of the predictive current control strategy. However, the performance
of the predictive current controller is strongly affected by the accuracy of the mathematical model of
the circuit. In real implementations, the inductance value of the coupling inductor varies as a function
of the frequency, current amplitude, and core temperature, adversely affecting the results.

3.4. SPWM Strategy

In order to produce the desired current, a modulation strategy is required to drive the IGBTs
accordingly. Multilevel inverters require different SPWM arrangements than those required by
two-level inverters, hence more than one triangular carrier is needed. The different carriers
can be distributed either vertically or horizontally. Since the studied converter derives from the
DCMLI topology, the adopted SPWM strategy is based on Phase Disposition (PD) modulation, i.e.,
the triangular carriers are vertically distributed and in phase with each other. However, an adaptation
was performed in order to reduce the number of required triangular carriers. Hence, instead of using
four carriers and a single reference signal, a single carrier and adapted reference signals are used.

Figure 4 shows the adopted strategy and Figure 5 shows the obtained reference signals to generate
the IGBT gate commands. As it can be seen in Figure 4, the reference signal is used in two comparisons,
one being used for emulating the upper carrier (Carrier;) and the other for the lower carrier (Carriery).
The comparisons between Ref and the two carriers can be accomplished by using a single carrier and
two modified reference signals, which are obtained by means of a branch function. The reference signal
in the positive Carrier| level, i.e., when Ref is positive and inside the carrier amplitude, corresponds to
the original reference. However, in the negative Carrier| level, i.e., when Ref is negative and below
the carrier amplitude, the reference signal consists in the sum of the original reference with twice
the carrier amplitude. This reference signal corresponds to Ref; in Figure 5. On the other hand,
the reference signal in Carrier; level in the positive half-cycle, i.e., when Ref is positive and above
the carrier amplitude, is obtained by subtracting the original reference and the carrier amplitude.
Finally, the reference signal in Carrier; level in the negative half-cycle, i.e., when Ref is negative and
inside the carrier amplitude, is attained by summing the original reference and the carrier amplitude.
This signal corresponds to Ref, in Figure 5. As it can be seen in Figure 5, a comparison with zero is
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performed, which corresponds to the polarity of the original reference. With this approach, a single
triangular carrier can be used to achieve a 5-level PD modulation, which would require four carriers
in the conventional implementation. Besides this advantage, the IGBTs S; and S;” switch at the line
frequency (50 Hz), whereby switching losses are reduced.

Carrier, Ref

¥ ¥

Carrier,

r'd

Figure 4. Adapted reference signal used in the modulation strategy.

Ref
0

—»

Re]i>

Refi> >

A%

Carrier

Figure 5. Sinusoidal Pulse-Width Modulation (SPWM) signals generation based on the adapted
reference signals.

Figure 6 presents a block diagram that shows an overview of the algorithms used to control
the SAPE. As it is visible in the figure, the source voltage (vs) is used by the PLL algorithm to
synchronize the SAPF controller with the fundamental component of the source voltage. Based in
the a-p voltages calculated by the PLL algorithm, the DC-link regulation power (preg) and the load
current (ir), the p-q theory calculates the compensation current (ir*). The compensation current is
processed by the predictive current controller to obtain the reference voltage (v¢c*) of the converter.
Finally, the modulation block defines the semiconductors that must be activated in each instant.

is i
— — o\
X Load
Power Grid L F

fe

ir
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* ir* .
WA | Ve™ [Predictive Current ' -g Theor’ .
A Controller - ’

Modulation

5-Level
Converter
T Vpci

DC-Link
Yoc2 y, | Controller

Figure 6. Block diagram of the 5-level converter SAPF control algorithms.

4. Simulation Analysis

This section presents a simulation analysis of the proposed single-phase 5-level SAPF, where the
key control functionalities are described, such as the modulation strategy and DC-link voltage control,
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and both the transient and steady-state operation of the SAPF are analyzed. The simulations were
performed using the software PSIM v9.1 from PowerSim, Inc (Rockville, MD, USA).

4.1. SPWM Strategy

Figure 7 shows a simulation result of the implemented modulation strategy, where a sinusoidal
signal was used as reference signal. As it can be seen, the reference signal is used in two comparisons,
one for emulating the upper carrier (Ref;) and the other for the lower carrier (Ref1).

250 Ref, arrier
200
= 150,
H
(a) 2 100
50 ' '
0
0.00 0.01 0.02 0.03 0.04
Time (s)
250
200 ‘ ‘ l ’
= 150
4
(b) 3 100
50 \
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Ref; Carrier
0.00 0.01 0.02 0.03 0.04
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Figure 7. Adapted reference signals used in the modulation strategy: (a) Ref; (b) Refy.

In order to assess the generation of the desired voltage levels based on the adapted SPWM strategy,
Figure 8 depicts the output voltage produced by the 5-level converter (v¢) and its reference (v.*). As it
can be perceived, the converter is capable of producing the distinct 5 voltage levels according to the
reference voltage established by the predictive current controller.
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Figure 8. Simulation results of the modified multilevel SPWM modulation technique: Converter
reference voltage (v.*) and converter voltage (vc).
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4.2. DC-Link Voltage Control

In order to assure a proper operation for the SAPF, the DC-link voltage must be controlled to
an established reference voltage and its average value needs to be as constant as possible. However,
since the SAPF is comprised by a voltage source converter and the DC-link capacitors are initially
discharger, it cannot be directly connected to the power grid, during the start-up procedure, otherwise,
the current absorbed by the DC-link capacitors via the IGBTs antiparallel diodes would damage
the power converter. For this purpose, a pre-charge resistor is used, being bypassed when the
DC-link voltage reaches a value close to the power grid peak voltage. After the bypass, the DC-link
voltage control is activated, whereby the IGBTs are controlled so that the DC-link voltage reaches the
established reference value. After this instant, the SAPF compensation is activated.

Figure 9 shows the referred stages of the DC-link voltage control. The first stage is visible between
the instants 0 s and 1.1 s, where the pre-charge resistor connected in series with the AC side of the SAPF
limits the current, and therefore, the rise of the DC-link voltage. After the instant 1.1 s, the resistor
is bypassed, and the DC-link voltage control is activated. For this initial stage, the p-g theory uses
only the p,e power component, whereby the operation as SAPF is not performed during this period.
Finally, the third stage starts only after the voltage in each DC-link capacitor reaches the established
value of 250 V, which occurs at instant 2.7 s. From this instant, the p-g theory is used to calculate the
compensation current, including all the power components, whereby the SAPF operation is activated.
A slight decrease in the DC-link voltages (vpc1 and vpc2) can be noted when the compensation is
activated, being shortly after restored by the DC-link control. Besides, a ripple component can be
visible in both voltages, which is a result of the power exchange between the SAPF and the power grid.
This power exchange is intrinsic to the operation of the SAPF and causes an oscillation with twice
the power grid frequency. Therefore, instead of using the instantaneous value of the DC-link voltage
in the PI controller, a full-cycle average value is used, so that the DC-link voltage oscillation can be
admissible without making the control unstable.
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Figure 9. Evolution of the DC-link voltages (vpc1 and vpc;) during the start-up of the SAPE.

4.3. SAPF Operation

This section presents several simulation results of the proposed SAPF for operation with different
types of electrical loads, namely linear and non-linear loads. Both transient and steady-state conditions
are analyzed.

4.3.1. SAPF Operating with Resistive-Inductive (RL) Load

With the advances in power electronics, the number of linear loads has been reducing. However,
there is still a considerable number of linear loads, such as, for example, the single-phase AC motors,
which are good examples of RL loads. RL loads do not produce harmonic currents if supplied by
a sinusoidal voltage, however, they produce reactive power. Since a SAPF is capable of compensating
both harmonic currents and reactive power, the SAPF operation with linear loads should be considered.

11
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Therefore, a 30 mH inductor connected in series with a 7.5 () resistor was realized. Figure 10 depicts
the source voltage (vs), which is equal to the load voltage, the current drawn by the load (i.), and
the resulting source current in steady-state due to the SAPF operation (is). As it can be seen, the
displacement power factor is compensated to the unity by the SAPF operation. It is noticeable that the
Root Mean Square (RMS) value of the source current decreases due to the improvement in the power
factor (PF).
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Figure 10. Steady-state analysis of the SAPF operation with linear Resistive-Inductive (RL) Load:

(a) Source voltage and load current; (b) Source voltage and source current.

The transient caused by the SAPF starting of compensation, at t = 0.5 s, can be depicted in
Figure 11. It is noticeable that the source current acquires a sinusoidal waveform in phase with the
voltage almost instantly as the SAPF starts to compensate (t = 0.5 s), showing a good transient response
of the SAPFE.
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0.48 0.49 0.50 0.51 0.52 0.53 0.54
Time (s)
Figure 11. Transient analysis of the SAPF starting of compensation with linear Resistive-Inductive
(RL) Load.

4.3.2. SAPF Operating with Diode Rectifier with Resistive-Capacitive (RC) Load

The full-bridge diode rectifier with capacitive output filter and resistive load is one of the most
common electrical loads used nowadays, and it is characterized by high level of harmonic current
and low Power Factor (PF) due to the presence of harmonics. Real loads that use a diode rectifier
with capacitive output filter are very common today as for example: computers, printers, CFL and
LED lamps, TV-sets, cellphone chargers, etc. In order to assess the performance of the SAPF towards
non-linear loads, the referred load was implemented in the simulation model, being used a 1 mF
capacitor and a 16 () resistor connected in parallel to the rectifier output, and a 10 mH inductor
connected in series with the rectifier input. Figure 12 depicts the load and source voltage (vs),

12
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the current drawn by the load (i), and the resulting source current in steady-state due to the SAPF
operation (is). As it can be seen, the SAPF operation turns the source current sinusoidal and in phase
with the source voltage, regardless of the harmonic distortion of the voltage.
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Figure 12. Steady-state analysis of the SAPF operation with non-linear load: (a) Source voltage (vs)
and load current (i ); (b) Source voltage (vs) and source current (is).

Figure 13 shows the transient state of the SAPF operation for the same load, where it can be
seen the load current (i), the source current (is), the SAPF reference current (ir*) and the SAPF actual
compensation current (ir). Once again, it is noticeable that the source current acquires a sinusoidal
waveform in phase with the source voltage immediately when the SAPF operation begins, showing
a good transient response of the SAPF operating with non-linear loads.
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Figure 13. Transient analysis of the SAPF operation with non-linear load: (a) Load (ir) and source
currents (is); (b) SAPF reference (ir*) and actual (ir) compensation current.
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4.3.3. SAPF Dynamic Response towards Load Changing

In order to perform a more insightful analysis of the transient response of the SAPF, its operation
towards changes in the connected loads was simulated. Therefore, two non-linear loads were connected
to the power grid namely a diode rectifier with output RC load, initially connected, and a diode rectifier
with output RL load.

Figure 14 shows the SAPF response towards the connection of the second load at instant t = 1.5s,
where it can be seen that the source current presents a sinusoidal waveform even during the transient.
The SAPF reference and output currents are also depicted, where an accurate current tracking can be
perceived. On the other hand, Figure 15 shows the voltages in each DC-link capacitor. Due to
the connection of a load, the DC-link voltage tends to decrease abruptly so that the SAPF can
accurately perform the compensation. Despite the initial voltage deviation, the DC-link voltage
control compensates the voltage error, whereby the reference value of 250 V is reestablished. This
behavior in the DC-Link voltages results from de time delay need to obtain the average values of the
power components defined by the p-g theory after the load transient. In this work, the determination
of the average values is performed by sliding window average of one grid-cycle. This means that
after one grid cycle the SAPF operates again in steady state. However, to prevent sudden variations
in the source currents, the repositioning of the initial voltage in the DC-link capacitors is performed
more slowly.

Figure 16 shows the SAPF response towards the disconnection of the diode rectifier with RL load
atinstant t = 1.5 s. It is noticeable that the source current presents a sinusoidal waveform during the
transient and, once again, an accurate current tracking can be noted. The voltages in each DC-link
capacitor can be seen in Figure 17. In this case, due to the disconnection of a load, the DC-link voltage
increases so that the SAPF performs the compensation during the transient. The DC-link voltage
control is also capable of compensating the overvoltage, with the reference value of 250 V being once
again restored.
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Figure 14. Transient analysis of the SAPF operation with the connection of a non-linear load: (a) Load
(i) and source (ig) currents; (b) SAPF reference (ir*) and actual (ir) compensation current.
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Figure 15. Transient analysis of the SAPF DC-link voltages (vpc1 and vpcy) during the connection of
a non-linear load.
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Figure 16. Transient analysis of the SAPF operation with the disconnection of a non-linear load:
(a) Load (i) and source (is) currents; (b) SAPF reference (ir*) and actual (ir) compensation current.
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Figure 17. Transient analysis of the SAPF DC-link voltages (vpc1 and vpcs) during the disconnection
of a non-linear load.
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In order to facilitate the comprehension of the benefits provided by the SAPF operation, Table 2
presents a comparison between the RMS, THD and PF of the load and source currents with the SAPF
compensation for both the linear (Section 4.3.1) and the nonlinear (Section 4.3.2) loads. As it can be
seen, the RMS values decrease in the source current, as well as the THD values. On the other hand,
the PF increases practically to unity, as expected with the SAPF operation.

Table 2. Comparison of simulation results of the Root Mean Square (RMS), Total Harmonic Distortion
(THD) and power factor (PF) values of the load current and source current with SAPF compensation,
for operation with linear and nonlinear loads.

Linear Load Non-linear Load
Installation Parameter
Source Load Source Load
Current (RMS) 10A 21 A 158 A 202 A
Current THD (%f) 1.6% 0.5% 2.8% 38%
PF 0.99 0.47 0.99 0.78

5. Implementation of a Laboratorial Prototype of the SAPF

In this section, it is presented the developed hardware, as well as a description about the control
algorithms for the proposed 5-level SAPF. In the SAPF it is possible to identify two main hardware
circuits: the power circuits and the control circuits, as shown in Figure 18. The power circuits
(Figure 18a) include several components, as the DC-link capacitors, the power switching devices,
the gate driver boards, and the protection devices. Additionally, in the power circuit, it is also included
the coupling inductor and the DC-link pre-charge system. On the other hand, the control circuit
(Figure 18b) is constituted by a Digital Signal Controller (DSC), a connection board to access the pins
of the DSC, a signal conditioning board to acquire the signals from the sensors, and by a command
board. During the experimental tests, it was used a Digital-to-Analog Converter (DAC) board, not
necessary for the functionality of the system, but very useful during the process of development
and debugging of the control algorithms. Figure 18c shows the structure of the final prototype,
constituted by two metallic mounting bases supporting all the hardware. In the first level are fixed
all the components of the power circuit, and in the second level all the boards that constitute the
control system. The structure and components disposition were sized, taking into account a posterior
inclusion in an electric switchboard.

(@ Power Board of the DC-AC (2) Driver Boards

® Equalzation Resistors (3 Heatsink (O signal Conditional Board (@ Command Board
(® DpC-Link Capacitors (© Mounting Base (3 SC and Support Board () DAC Board  (5) JTAG Emulator (@ Control Circuits (@) Power Circuits
() (b) (c)

Figure 18. Developed SAPF: (a) Power circuits; (b) Control circuits; (c) Final prototype.

5.1. Power Circuit Hardware

In Figure 18a is presented the power circuit structure, where the 5-level converter was
implemented, being possible to identify the heatsink, the power board of the 5-level converter, as well
as the capacitors of the DC-link, the gate driver boards and a mounting base, where all the components

16
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are fixed. The IGBTs and diodes of the 5-level converter were fixed with the mounting clips that push
them against the heatsink.

For each IGBT, a gate protection circuit was used, which consists of a 10 k() resistor in parallel
with two 16 V zener diodes in series, with common anode. The gate protection is intended to protect
the IGBTs gate terminals from voltage surges as well as to prevent unwanted switching. Additionally,
in parallel with each complementary pair of IGBTs were placed snubber capacitors with the purpose
of protecting the IGBTs from high voltage transients, which can occur when switching inductive loads.

The DC-link is composed of two sets of capacitors, which are placed in series and having the
midpoint connected to the central point of the DCMLI. Each of them is charged with 250 V thus
obtaining a voltage of 500 V on the DC-link. The use of a split DC-link is necessary to generate the
different voltage levels of the converter. To generate these levels, it is possible to use the voltage
of a single set of capacitors or the sum of the voltage of the two sets. For the proper operation of
the 5-level converter, it is extremely important to maintain the same value of voltage in both sets of
capacitors. Thus, in addition to the DC-link voltage balance control algorithm, an equalization resistor
is placed in parallel with each set of capacitors, as it can be seen in Figure 18a. Each of the capacitor
assemblies contains five electrolytic capacitors connected in parallel, each one with a value of 470 uF,
thus obtaining a total of 2350 uF in each set of capacitors. These capacitors withstand a maximum
voltage of 400 V.

The coupling of the 5-level converter to the power grid is done through two inductors and one
DC-Link pre-charge system. This system consists of a pre-charge resistor in parallel with a bypass
switch and a mains circuit breaker. The mains connection circuit breaker is responsible for connecting
and disconnecting the SAPF with the power grid. The pre-charge resistor has the effect of limiting the
initial current during the charge of the DC-link capacitors. The pre-charge bypass switch is used to
create an alternative path for the current after the pre-charge. Whenever the mains circuit breaker is
closed, the pre-charge system must be opened. The 5-level converter inductor consists of two windings
with mutual coupling, where one is connected to the phase and the other is connected to the neutral.
The two windings have an equivalent inductance of 1.6 mH. On the top of the heatsink, as shown in
Figure 18a, the gate driver circuit boards are responsible for operating the IGBTs. In order to keep the
control system galvanically isolated from the power stage, optical coupling driver circuits were used.
Each board is capable of controlling two complementary IGBTs.

5.2. Control Circuit Hardware

Figure 18b shows the boards responsible for the control system, from the acquisition of the voltage
and current sensors signals to the generation of the PWM pulses that are applied to the gate driver
boards described above. A block diagram of the control system is shown in Figure 19. This system
consists of the block of sensors, followed by the block responsible for the signal conditioning and
conversion of the analog signals to digital, through an Analog-to-Digital Converter (ADC). This block
also contains a comparator circuit, used to detect if there exist values outside of the stipulated limits.
The values converted by the ADC are made available to the DSC, where all the control algorithms
were implemented. The DAC board connected to the DSC through a serial SPI communication allows
a real-time visualization of the variables calculated by the control algorithms. Finally, the control block
converts the PWM signals from the 3.3 V Transistor-Transistor Logic (TTL) to the 15 V Complementary
Metal-Oxide Semiconductor (CMOS) logic used by the gate driver boards. This block also receives
error signals, suspending the switching of all IGBTs in case any error is detected.

The signal conditioning board, previously presented in Figure 18b, is responsible to convert the
analog signals into digital signals in order to enable the DSC to process the values acquired from the
sensors. Although the DSC used in this project has an internal ADC, it presents some limitations.
For this reason, a board with an external ADC was implemented. This ADC, manufactured by MAXIM
with the reference MAX1320, can read 8 channels with bipolar input of +5 V with a resolution of
14 bits. All the digital control algorithms of the system were implemented in the DSC, whereby in
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this work it is used the TMS320F28335 manufactured by Texas Instruments (Dallas, TX, USA). It is
a platform with typical instructions of a Digital Signal Processor and with a set of peripherals typical
of a microcontroller. This DSC has a 32-bit processor with a clock frequency up to 150 MHz with native
support for floating-point operations, 16 channels of 12-bit ADC and 18 PWM channels. One important
characteristic of the PWM module included in the DSC is the possibility to introduce a dead-time
between the two complementary IGBTs of the converter leg, avoiding the existence of short circuits
during the switching. Figure 20 shows a flowchart with the sequence of processes implemented in the
DSC to perform the control system. After the peripheral configurations and variables initialization,
the DSC enters in an infinite loop. There is a timer interrupt routine responsible to trigger the ADC
start at every 25 s resulting in a frequency of acquisition of 40 kHz. After the conclusion of the ADC
conversion, it is implemented the routine responsible for the PLL algorithm, followed by the DC-link
voltage control to calculate the required inputs of the p-g theory. The p-q theory routine determines the
compensation current that is processed by the predictive current routine and, subsequently, by the
SPWM strategy to determine the gate signals applied to the DSC PWM peripherals.
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Figure 19. Block diagram of the control system.
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Figure 20. General flowchart of the control system implemented in the DSC.
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6. Experimental Results

In this section are presented and discussed the experimental results of the SAPF operating within
different conditions. Before the final validation of the power converter operating as SAPEF, all the
circuits and control algorithms were validated in a step-by-step procedure to prevent damages of the
prototype electronic components or the laboratory equipment. For safety reasons, the experimental
results were obtained with a 50 V-50 Hz reduced voltage single-phase system. The installation used in
the experimental tests was obtained from the low-voltage 230 V-50 Hz electrical grid using a 5.5 kVA
step-down transformer with 9:2 voltage ratio.

6.1. Experimental Validation of the PLL Algorithm

The preliminary tests began with the synchronization of the SAPF with the power grid. For this
purpose, it was used a PLL algorithm responsible to detect the fundamental component of the source
voltage. Figure 21a shows the source voltage (vs) and the PLL signal (vp;) calculated by the algorithm
during the system connection. As it can be seen, the PLL algorithm quickly acquires the phase of vg,
being the amplitude value achieved in a few grid-cycles. After the synchronization transient, the PLL
signal (v,y) perfectly matches the fundamental component of v as it can be seen in Figure 21b.
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Figure 21. Experimental results of the Phase-Locked Loop (PLL) control algorithm: (a) PLL synchronization
transient; (b) PLL in steady state.

6.2. Experimental Validation of the p-q Theory

In this section are presented the experimental results from the p-q theory calculation. In the
computer simulations, when implementing the p-q theory, the source voltage (vs) and the load current
(is) were used as the a coordinate, and a delay loop of 270° was implemented to obtain the B coordinate.
However, in the experimental implementation, in order to increase the performance and save the DSC
resources, it was chosen to keep the  coordinate as the original signal and delay the signals 90° to
obtain the & coordinate. Subsequently, it is calculated the compensation current from the 8 coordinate
current (ig). The experimental implementation of the p-g theory algorithm applied to a single-phase
installation is presented in Figure 22a shows the source voltage (vs) and the signals v, and vg generated
by the PLL algorithm. Figure 22b shows the current (iy) from a resistive load, as well as the generated
signals i, and 7. As previously mentioned, the phase shift between i, and i is achieved by the storage
of the acquired current values into an array and posterior reading of the values with a 90° delay.
In both cases, it is possible to see that the & coordinate has a delay of 90° related with the 8 coordinate.
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Figure 22. Creation of a three-phase virtual balanced system from a single-phase installation for the
application of the p-g theory: (a) Source voltage (vs) and PLL output signals in the a-f coordinates
(0pi and vyyp); (b) Load currents in the a-f coordinates (ix and ig).

In order to test the p-g theory algorithms with non-linear loads, it was used a full-bridge
diode rectifier with a resistor and a capacitor connected in parallel in the DC-side to calculate the
compensation current and the theoretical value for the source current after compensation. Figure 23
shows the load current (i1 ), the compensation current calculated from the p-q theory (ir*), and the
theoretical source current after the compensation (is*). It can be seen that the theoretical source current
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(is*), results from the difference between ir* with i;. Additionally, it can be seen that is* is perfectly
sinusoidal, validating the implemented p-g theory control algorithm.
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Figure 23. Validation of the p-g theory algorithm with a full-bridge diode rectifier: Load current (i1 ),
compensation current calculated by the p-q theory (ir*), and the theoretical source current after the
compensation (is*).

6.3. Experimental Validation of the Modulation Technique

With the purpose of validating the modulation technique, it was used a sinusoidal waveform
with 50 Hz as the reference to the modulation technique. In Figure 24, it is possible to see the voltage
generated by the 5-level converter, as well as the sinusoidal reference. In this figure, the 5-levels
generated by the power converter following the reference signal are clearly identifiable. For this
experimental test, the 5-level converter was tested in open loop, with a DC power supply connected to
the DC-link.

Tek S @ stop M Pos: 0,000s
-+

"
I

i

|

CIESL

1 5.00rms
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Figure 24. Experimental results of the modified multilevel SPWM modulation technique: Converter
reference voltage (v:*) and converter voltage (vc).

In order to avoid unnecessary commutations of the two-level leg of the 5-level converter, it was
necessary to implement a hysteresis margin around the zero of the reference voltage, otherwise, due to
the switching noise in the signals, several zero transitions can occur. To successfully mitigate this
problem, it is necessary to consider a hysteresis band slightly higher than the noise.

6.4. Experimental Validation of the Predictive Current Controller

In order to test the predictive current control technique, it was used a resistive load in the output
of the SAPF. With that, and once the 5-level converter is not connected to the power grid, the equation
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of the current control previously referred undergoes a slight change. In this way, the output voltage
of the 5-level converter will correspond to the voltage in the output resistive load. During this test,
the DC-link of the power converter is fed by two DC power supplies. In Figure 25 are presented the
experimental results obtained with the predictive current control producing a sinusoidal current with
2 A of amplitude. Firstly, it was used a reference current with 50 Hz (Figure 25a), and in a second test
was used a frequency equal to 100 Hz (Figure 25b). As it is possible to see in the figures, the filter
current perfectly follows the references with a low switching ripple.
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Figure 25. Experimental validation of the predictive current control algorithm producing a sinusoidal
current with 2 A of amplitude: (a) Sinusoidal current with 50 Hz frequency; (b) Sinusoidal current with
100 Hz frequency.

6.5. Experimental Validation of the DC-Link Voltage Controller

For a proper operation of the SAPF, the voltage on the DC-link should be slightly higher than the
source peak voltage. To prevent a high peak current during the connection of the SAPF with the power
grid, the pre-charge system described in the Section 5 needs to be operated correctly. As it can be seen
in Figure 26, before the tests, the DC-link capacitors are fully discharged. When the SAPF is connected
with the power grid, with the pre-charge system, at the time instant 1, the DC-link voltages start to
increase until the peak value of the power grid voltage, approximately 70 V (35 V in each capacitor)
and then at instant 2 the bypass contact is activated. A few seconds after, at time instant 3, the DC-link
voltage control algorithm was enabled, starting to regulate the DC-link voltage to the reference value
of 100 V (50 V in each capacitor). As it can be seen in the figure, the DC-link voltages converge to the
reference value without any visible overshoot and maintaining the two voltages balanced, proving
that the DC-link voltage control algorithm operates properly.
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Figure 26. Experimental validation of the DC-link voltages (vpc1 and vpcp) control algorithm.
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6.6. Experimental Results of the SAPF with RL Load

After validating the DC-link voltage control algorithm, the operation the SAPF was firstly tested
with a linear load composed by a resistor in series with an inductor (RL load). The load current (i) and
the source voltage (vs) of the single-phase system are shown in Figure 27. In Figure 27a it is possible
to see that i and vg have a phase-shift of 42°, resulting in a PF of 0.74. Figure 27b is represented the

harmonic spectrum of the load current, where it is possible to verify a THD of 2.5% and an RMS value
of 6.4 A.
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Figure 27. Experimental results of the SAPF with a RL load: (a) Source voltage (vs) and load current, (ir);
(b) Harmonic spectrum of the load current; (c) Source voltage (vs) and filter current (ir); (d) Harmonic
spectrum of the current of the filter current; (e) Source voltage (vs) and source current (ig); (f) Harmonic
spectrum of the source current.

In order to compensate the reactive power of the RL load, the SAPF produces a current with
a phase shift of 90° with the source voltage as shown in Figure 27c. After the compensation, the source
current (is) becomes sinusoidal and in phase with vs, as visible in Figure 27e. By consulting the
Figure 27f, it is confirmed the phase shift of 0° of the fundamental component of the source current
in relation to the source voltage, resulting in a PF of 0.99. It is also visible in Figure 27f that the RMS
value of the source current is lower than the RMS value of the load current.
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In Figure 27, it is visible that the source voltages, which correspond to the actual power grid
voltages in the Power Electronics Laboratory, are not sinusoidal, due to distorted voltage drops in
the line impedances caused by distorted currents of non-linear loads. Thus, the source voltages
present a considerable amount of voltage harmonics. Nevertheless, the source currents after the SAPF
compensation are almost perfectly sinusoidal. This result is only possible due to the used PLL, but
also proves that the control algorithms are working as intended, allowing sinusoidal currents in the
source to be obtainable.

6.7. Experimental Results of the SAPF with a Diode Rectifier with Capacitive Filter

After the validation of operation with a linear load, the SAPF was tested with a non-linear load
composed by a full-bridge diode rectifier with a resistor and capacitor connected in parallel in the
DC-side. The results obtained during the test are presented in Figure 28. As expected, it is perfectly
visible that the load current is distorted (Figure 28a), presenting a THD of 44% and an RMS value of
7.4 A (Figure 28b).
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Figure 28. Experimental results of the SAPF with a Resistive-Capacitive (RC) load and a rectifier:
(a) Source voltage (vs) and load current (i ); (b) Harmonic spectrum of the load current (i ); (c) Source
voltage (vs) and SAPF current (ir); (d) Harmonic spectrum of the SAPF current; (e) Source voltage (vs)
and source current (ig); (f) Harmonic spectrum of the source current (is).

23



Energies 2018, 11,1019

In Figure 28c, it is visible the compensation current produced by the SAPF (if), as well as the
harmonic spectrum in Figure 28d. Once again, and as desired, after the compensation the source
current becomes sinusoidal and in phase with source voltage, as shown in Figure 28e. In Figure 28f,
it is possible to verify that the THD of the current is reduced to a value of 2.2%. Table 3 presents the
main indicators of the experimental results achieved with the SAPE. As it is possible to see, in both
test cases, the RMS values of the source current are lower than the RMS values of the load currents.
However, the benefits of the SAPF are more visible in terms of current harmonics and reactive power
compensation. In both test cases the PF of the installation becomes almost unitary and in the case of
the non-linear load, the THD is reduced from 44.3 to 2.2%.

Table 3. Comparison of experimental results of the RMS, THD and PF values of the load current and
source current with SAPF compensation, for operation with linear and non-linear loads.

Linear Load Non-linear Load
Installation Parameter
Source Load Source Load
Current (RMS) 6.0 A 6.4 A 73 A 74 A
Current THD (%f) 2.6% 2.5% 2.2% 44.3%
PF 0.99 0.74 0.99 0.81

7. Conclusions

A single-phase Shunt Active Power Filter (SAPF) based on a 5-level asymmetric full-bridge
topology is proposed in this paper. Along the paper are presented the principle of operation of the
5-level power converter, the digital implementation of the p-q theory complemented by a Phase-Locked
Loop and adapted to work with single-phase installations, the DC-link voltage control, the predictive
current control and the multicarrier Sinusoidal Pulse-Width Modulation strategy. After the theoretical
concepts, are described the simulation models and discussed the simulation results. A detailed
description of a laboratory prototype implementation, including the sizing and selection of the
electronic components is also presented, followed by a comprehensive description of the step-by-step
hardware and control algorithms validation. Finally, the experimental results of the SAPF operating
with linear and nonlinear loads are presented and discussed.

The simulation and experimental results confirm an excellent performance of the proposed SAPF
topology and control algorithms, resulting always in a source current with very low Total Harmonic
Distortion and in phase with the source voltage.

Despite the excellent results obtained, due to asymmetries of the full-bridge converter legs, mainly
in terms of the switching frequency and maximum withstanding voltage, it may be interesting in
a future work to combine the utilization of different semiconductor technologies. For instance, lower
withstand voltage and fast switching technology (e.g., MOSFETs), and higher withstand voltage and
slower switching technology (e.g., IGBTs) can be combined to implement a 5-level converter, which
may result in interesting benefits in terms of efficiency and cost of the proposed solution.
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Abstract: This paper presents an analysis of a new high voltage DC (HVDC) transmission system,
which is based on current and voltage source converters (CSC and VSC) in the same circuit.
This proposed topology is composed of one CSC (rectifier) and one or more VSCs (inverters) connected
through an overhead transmission line in a multiterminal configuration. The main purpose of this
Hybrid HVDC (H2VDCQ), as it was designed, is putting together the best benefits of both types of
converters in the same circuit: no commutation failure and system’s black start capability in the VSC
side, high power converter capability and low cost at the rectifier side, etc. A monopole of the H*VDC
system with one CSC and two VSCs—here, the VSC is the Modular Multilevel Converter (MMC)
considered with full-bridge submodules—in multiterminal configuration is studied. The study
includes theoretical analyses, development of the CSC and VSCs control philosophies and simulations.
The H2VDC system’s behavior is analyzed by computational simulations considering steady-state
operation and short-circuit conditions at the AC and DC side. The obtained results and conclusions
show a promising system for very high-power multiterminal HVDC transmission.

Keywords: Multiterminal HVDC; CSC; FBMMC; MMC; Hybrid HVDC; Full-bridge; power control;
voltage control; DC short-circuit handling

1. Introduction

In the Brazilian electrical system, hydroelectric power plants are being built far (2000 to 3000 km)
away from its main load centers. The long distances associated with the large amount of power that
must be transmitted are making the HVDC transmission system more attractive in comparison with
the conventional AC system. AC-to-DC and DC-to-AC conversion can be done by Current Source
Converter (CSC) based on thyristor or by Voltage Source Converter (VSC) based, for instance, on IGBT
(Insulated Gate Bipolar Transistor). So far, the majority of HVDC transmission systems have used
the thyristor-based CSC technology and they are able to convert power up to 4 GW per pole [1].
The VSC-HVDC is relatively new and consequently has fewer projects in service if compared to
the CSC-HVDC. Nowadays, VSC has its rating limited to about a quarter the power of a CSC [2].
The amount of research effort and new development in the application of this kind of converter is
very high.

A hybrid DC transmission system based on CSC and VSC is proposed and analyzed in this paper.
Figure 1 shows the hybrid system topology with one thyristor-based CSC operating as a rectifier
connected through overhead transmission lines to VSCs operating as inverters.
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Figure 1. Proposed Hybrid HVDC System topology. PCC: point of common coupling.

The main purpose of using CSC at the rectifier side is that its state-of-the-art technology allows
the conversion of higher power (in the range of a few GW) at relatively low cost if compared with
the cost of VSC. At the inverter terminals, n VSCs can be used so the power can be delivered to
different locations without problems of commutation failure, and the active and reactive power can
be controlled independently by each VSC. It is also possible to interchange power between VSCs.
The main objective of this paper is to analyze the steady and transient states of this new Hybrid HVDC
(H?2VDC) system. This analysis is done by using digital simulation program.

Commutation failure is a problem for inverters based on thyristors, which may cause voltage sag
in the AC network connected to the rectifier. This problem does not exist when VSC is used. Another
important point about the proposed system is the independent control of active and reactive power in
the VSCs within the four quadrants of the active and reactive power (PQ) plane.

The H2VDC system shown in Figure 1 introduces some benefits and improvements to the
operation of power systems, when compared with the conventional CSC- and pure VSC-HVDC.
In Figure 1, in fact, the VSCs are the Modular Multilevel Converters (MMC) based on full-bridge
submodules (FBMMC). Therefore, hereafter the VSC will be referred to as just MMC, or FBMMC or
some cases HBMMC (half-bridge MMC). The benefits of the H2VDC system are listed below.

e In the case of a collapsed receiving AC network, the H2VDC can be totally or partially restored by
the “black-start” capability of the MMC.

e  Active and reactive power at the MMC can be controlled independently, limited only by its rating.
The reactive power can be used to control the voltage at its AC terminal, and this characteristic
reduces the reactive power compensation equipment. In addition, it gives more reliability to the
AC receiving system. Naturally, when the MMC is operating with its maximum power, the AC
voltage control cannot be done since the power factor is equal to unity.

e There is no need for minimum short-circuit ratio (SCR) at the AC receiving network, which
may be even a passive network. Therefore, no equipment such as a synchronous generator or
synchronous compensator is necessary to increase the SCR, which means that the footprint may
be smaller if compared with conventional CSC-HVDC.

e DC short-circuit current can be controlled by using full-bridge (FB) submodules (SM) in the MMC.

e Itis possible to transmit more power (4 GW) than in the case of a pure MMC-HVDC system at
lower cost.

Since there is no commutation failure at the inverters of the H2VDC system, the impact at the AC
rectifier grid, because of a short circuit at the AC receiving system, is smaller when compared with a
similar situation for the CSC-HVDC transmission system. This means that no additional equipment is
necessary at the AC rectifier grid. Therefore, the global cost of the transmission system may be reduced
also because of this fact.
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The use of H?VDC system may turn the power system operation more reliable, adding benefits to
the electrical system including the reduction of the applied penalties in case of interruption in service,
which means less cost to the energy company.

The configuration shown in Figure 1 was first published by the authors in [3,4]. However, all the
previous papers about the H?VDC system have considered the conventional thyristor-based CSC and
the conventional two level VSCs. The present paper is, in fact, an upgrade from the previous papers
since the conventional two level VSCs used before had been changed for full-bridge MMCs. This MMC
has all the benefits of the conventional HBMMC added with the capability of interrupting the DC
current in case of DC side short-circuit, almost no voltage harmonic content, high power capability, etc.

Several other papers discuss the viability of hybrid systems [5-9]. A hybrid multiterminal system
with a CSC operating near to a power plant and MMCs operating at load centers is discussed in [5].
In that case, MMCs are composed by half-bridge submodules (HBSM), so, to protect the system
against DC short-circuits, it was proposed the connection of high power diodes in series at the DC line.
As HBMMC converters cannot be used to block the DC current inherently, as discussed for several
SM topologies with DC fault handling [10,11], they have their control mode switched to Statcom,
controlling the reactive power at their respective AC grids in consequence.

Some recent studies have discussed the use of full-bridge submodules (FBSM)-based MMC to
handle DC faults by controlling the DC voltage reference and not just blocking the SM switches [12,13].
Considering this approach, the MMC converter is able to operate as a Statcom during DC short-circuits
without blocking diodes or DC breakers. Also, by using FBMMC, the hybrid system can perform a
power flow interchange among the converters as discussed in [13]. In the Brazilian electrical system,
the newest hydroelectric power plants are being located specifically in the Amazon region, which is
far from the load centers. Some of these load centers has a mix of power plants, which means that the
power flow reversal capability (not possible if series power diodes are used) of HVDC systems is an
interesting feature for the power system planning.

The Section 2 discuss the configuration of the H*VDC system and its converter’s control philosophy.
Section 3 presents the simulation results of the study. Section 4 discuss a possible application of the
proposed system in Brazil. Section 5 presents the conclusions. After the conclusions, there is a section with
a glossary describing the names adopted for the variables in the control diagrams presented in the paper.

2. System Configuration and Control

2.1. System Configuration

Figure 2 shows the analyzed hybrid system topology with one 12 pulse thyristor-based CSC
operating as rectifier connected through a DC overhead transmission line to two FBMMCs operating
as inverters.

FBMMC1

e Voltage Measurement
—& Current Measurement

Figure 2. Analyzed Hybrid HVDC system topology.

The measurement points p1 to p6 in Figure 2 are used to guide the simulations. The connection
among all the converters is done through an overhead DC transmission line that is represented by
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its distributed parameters. In this model, the resistance, inductance and capacitance parameters are

given as per length (km). The point of common coupling (PCC) in Figure 2 is the point where the DC

transmission line backbone is split to connect others MMCs trough DC transmission line branches.
The FBMMC configuration with N submodules in each arm is shown in Figure 3.

Ige  +
_>

Figure 3. MMC topology with FBSM. SM: submodule.

Full-bridge MMC allows to control the DC short-circuit current and its application is suitable in
case of a HVDC with overhead transmission line. The control of the DC short-circuit current is not
possible if conventional two or three level VSC or HBMMC is used because they have uncontrollable
DC short-circuit current paths.

2.2. Control System

2.2.1. Current Source Converter

The control of the 12-pulse current source converter, in this study, considers only DC current
control mode with the same controller type as in [9]. In this mode, the DC current reference is the
input of the controller and the firing angle value of the thyristor is its output.

The DC current reference value is defined as i"4.. In Figure 4, when the block DC fault detection
control detects the overcurrent, the DC protection scheme is activated.

G,2=0.5rad/pu
Tz=1/70s

dc fault
detection
control

Figure 4. Rectifier DC current control block diagram.
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2.2.2. The Voltage Source Converter (FBMMC)
The control philosophies applied to FBMMC1 and FBMMC2 are:

e FBMMCI operates controlling DC voltage and reactive power;
e  FBMMC2 operates controlling active and reactive power.

The control applied in the FBMMC1 and FBMMC2 was based on vector control theory with
some special parts such as circulating current control and voltage balancing algorithm (VBA) before
the MMCs receive the switching signals. Figure 5 shows the block diagram of the complete control
sequence for both FBMMCs. In this figure, Outer Control means the control of the active and reactive
power that flows into the converter; in the Inner Control, the NVL block stands for the nearest voltage
level modulation control (NVL); and the VBA block is the SM capacitor voltage balancing block (VBA).
More details on the control sequence applied to FBMMC1 and FBMMC2 can be seen in [13]. In both
converters, active and reactive power are controlled. At FBMMCT1 the real power is used to control the
DC-link voltage. At FBMMC2 the real power is an order that this converter has to inject in the AC grid.

Inner Control

Circulating |
Current |-
Control

Arm SM
i|{_signals

Perarm
inner control

Figure 5. Control sequence of the FBMMC1 and FBMMC2. NVL: nearest voltage level; VBA: voltage
balancing algoritm.

The reactive power control loop used in FBMMC1 and FBMMC2 is shown in Figure 6. The variable
Q in Figure 6 is the reactive power calculated (measured) using dq reference frame.

FBMMC1 is set to control the DC voltage of the H2VDC system, at the PCC, to give the voltage
reference of the system. In steady-state condition, DC voltage at FBMMC2 and at CSC is given by
Ohm’s law and depends on the direction of the DC current flow. The block diagram for DC voltage
control and for the capacitor’s voltages control (CVC) used in FBMMC1 is shown in Figure 7 as in [12].
The gain K is used to set the sensibility of the CVC.

As it was said before, FBMMC2 is set to control its active power, which control block diagram
is shown in Figure 8. The variable P in the sum block is the active power calculated using the dq
reference frame. The CVC used in FBMMC2 is also presented in Figure 8 as in [13].

The control loops described in Figures 6-8 generate the current reference signals on d (i;") and q
(iq*) axes that are compared with the respective measured currents on d and q axes. These reference
signals are the input of the current control loop that gives the voltage output on d and q axes (v;* and
v7*), as shown in Figure 9. Figures 6-9 compose the outer control. The PI controllers are adopted here
because they are widely used for HVDC applications.

IIIIZX_*

Q. 1 Iq
+ Gt

T Gp1 = 0.1 pu/pu
Q

T; =0.001s
Figure 6. Reactive power control loop used in FBMMC1 and FBMMC2.
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Figure 7. DC Voltage control loop for FBMMC1.
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Figure 9. Inner current controller block diagram for FBMMC1 and FBMMC2.

Figure 10 shows the block diagram for the circulating current control. Figure 10a shows the leg
common voltage U*difﬁ calculation, which is composed basically by the control of the second order
harmonic (2w, where w is the grid frequency) and for the zero-sequence control [14]. Figure 10b shows
the voltage reference calculation for upper and lower arms. It is important to note that the DC voltage
reference v’y is the one ramped up during the start-up and re-start procedure of the FBMMCs and it is

kept equal to zero during a DC fault.

As the FBMMC are composed by 20 SM per arm, there is no need for pulse width modulation
(PWM)-based modulation techniques in order to have low harmonic voltage waveform, so a nearest
voltage level (NVL) modulation technique was adopted in the simulation studies [15]. The time step for
the simulation studies was 10 ps and the modulation verification was applied with intervals of 200 ps.
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Figure 10. Circulating current control: (a) v*d,ﬁ( calculation; (b) upper and lower arms voltage
reference calculation.

2.3. Master-Slave Control

HVDC multiterminal systems can be controlled through the so-called master-slave control
philosophy. In this case, the master converter controls the system DC voltage and the other connected
converters are slaves controlling active power, frequency or another variable. For the H*VDC system
discussed in this paper there are two main possibilities to implement the master-slave approach.
The first one is to consider the CSC as the master, which means that it would control the system DC
voltage and all FBMMC would control its active power. The second—the one adopted in this paper—is
to consider the CSC (rectifier) controlling active power (which is conventional for CSC-HVDC) and
one FBMMC as the master converter controlling the DC voltage and the other FBMMC controlling
the active power. By using this strategy, one can note that the power to energize the DC line will
come from the AC grid 2 in Figure 2. After the DC voltage reaches the rated value, the CSC is set to
deliver power to the multiterminal system. After the previous action, the FBMMC2 is set to dispatch
active power.

2.4. Dc Faults Protections and Management

The DC fault protection scheme adopted in this study considers overcurrent and undervoltage
to detect the fault. The measured DC current value that triggers the DC fault scheme is set at 2 pu.
The time delay to start the DC fault handling after the current crosses the overcurrent limit is 100 us.
After the fault detection, the CSC overcurrent strategy is to increase the firing angle up to its maximum
value adopted in this study: 170 degrees.

There are two ways to interrupt the DC current during a DC fault using a FBMMC:

e  Blocking all the IGBTs and forcing the DC current to flow through the SM capacitors; or
e By control actions, forcing the DC voltage or the DC current fall to zero.

In the first case, the usual strategy to interrupt DC short-circuit current using FBMMC is to
block all switches so the current between the AC and DC sides are forced to flow through the series
connection of all SM capacitors and the current is quickly blocked [10]. In this case, it is expected
that the total current interruption takes approximately 5 ms after the detection of the DC short-circuit.
However, considering this approach, the converter cannot control reactive power during the DC
short-circuit. Therefore, in this paper it is proposed to use the second option, where the FBMMC DC
voltage reference is set to zero and the DC current short-circuit goes to zero. This action of control is
slower than the all switch blocking strategy (first option) and is expected that the short-circuit current
interruption takes approximately 40~50 ms after DC short-circuit.

2.4.1. Dc Voltage Control Under Short-Circuit Condition

The DC fault handling without blocking all the switches comes up with a different issue:
the control of DC voltage reference at all FBMMC. For conventional HBMMC, the DC voltage reference
is generally kept at the rated value. However, in this case there is a need for surge arresters to avoid
overvoltage transient when starting the system (or recovering after faults). For the FBMMC, the DC
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voltage may be softly controlled by regulating the desired DC voltage reference, which is the approach
adopted to handle the DC current fault in this paper.

Figure 11 shows the influence of the DC fault detection control on the FBMMC overall control.
After the fault detection, the FBMMC1 DC voltage reference is set to zero and the FBMMC2 DC
current reference is set to zero in order to avoid the converters to feed the DC short-circuit. After the
deionization time, the converter FBMMCI is supposed to restore the voltage level at the DC line.
This control action is done by ramping up the FBMMC1 DC voltage reference to the rated value. As the
DC voltage starts to be restored to its rated value, the FBMMC2’s DC current control regulates its
own DC-side voltage by controlling its reference value v"y, and keeping its DC current controlled.
The objective of this action is to avoid the FBMMC?2 to become a short-circuit for the DC system or
present an uncontrolled DC current.

It is important to discuss about ¥4 in Figure 11. By using FBMMC it is possible to decouple the
AC and DC sides of the converter as discussed in [12,13], so it is possible to control separately the active
power from both sides. However, if the active power from one side is set independently from the other,
the energy stored inside the converter’s capacitors will fall or rise undesirably unless the capacitors
are connected to an energy storage system such as batteries. The FBMMCI, as discussed in Section 2.3,
is set to control the DC voltage. Therefore, the active power that flows at the FBMMC1’s AC side is the
amount of power left in the DC system, which makes FBMMCT1 to work in slack mode at the DC system.

The concept of decoupling between AC and DC sides can be observed in the FBMMC2’s control
depicted in Figure 11. Usually, for a slave converter in an HVDC system, the AC active power reference
P*is controlled by the slave converter while the system DC voltage is kept controlled by the master
converter. This is not the case for an FBMMC. The control of the FBMMC2 must take advantage of
the decoupling between the converter AC and DC sides into account and set a reference for its DC
voltage independently from the AC side active power. Once the DC voltage is controlled by the master
converter (FBMMC1), FBMMC2 (and any other slave FBMMC connected to this multiterminal grid)
must be set to control its DC-side current and then provide a DC voltage reference for the inner control
as shown in Figure 11b. As the HVDC system’s DC side current presents a constant mean value in
normal operation, a PI controller has been adopted in this paper to set the DC voltage reference needed
to regulate the DC-side current. One can note that the same reference is adopted for the active power
in the outer control and for the DC-side current (with a gain K to convert the units) to generate the
voltage reference v”y. for the FBMMC2. This strategy is supposed to guarantee power transfer between
AC and DC sides without charging or discharging the SM capacitors. However, this approach still
does not consider the losses inside the converter, which would provoke a slow decrease in the energy
stored inside the capacitors. To avoid this problem, the CVC described in [13] is adopted for the whole
operation inside the outer control, not only when v, = 0. For the FBMMCI, the CVC is only needed
while v"y. = 0.

Once FBMMC2 is set to control the DC current, a DC short-circuit might not be sufficient to trigger
the overcurrent protection. Therefore, this converter is also set to detect a DC fault when a sudden DC
voltage dropdown occurs.

7 Outer Inner Arm SM
0 Control Control Signals
[<]
n .
G ++ v
dc fault dc fault e &) _ de
detection detection e c’rf:”}fﬁ'z/f"
control control
(a) (b)

Figure 11. Overall FBMMC control considering the DC fault detection control: (a) DC voltage FBMMC
controller—FBMMCT; (b) active power FBMMC controller—FBMMC2.
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3. Simulations

The simulations developed here are used to study the performance of the H*VDC system shown
in Figure 2—with one CSC and 2 FBMMC—in normal and some emergency conditions. This section
shows the DC fault handling capability of the proposed hybrid system. Besides, it shows the system
behavior during a pole-to-ground fault. In the studied system the CSC and FBMMCs are rated at
1000 MVA and 500 kV DC voltage. The simulation considers that capacitors of both FBMMC1 and
FBMMC2 are previously charged. Table 1 presents the main parameters. The SM voltage was chosen
equal 25 kV and thus would need series switches, which is not normal for MMC. This choice decreases
the number of SM and makes faster the simulation. The practical SM voltage in actual applications
with single switches is in the order of 2 kV.

Table 1. Analyzed H*VDC System parameters.

Parameter Value

Rated DC voltage 500 kV
FBMMC Rated AC voltage 280 kV
Rated DC power 1000 MW
CSC AC system reactance 150 mH
FBMMC1 AC system reactance 42 mH
CSC transformers rated voltages 345/220/220 kV
FBMMC transformers rated voltages 280/280 kV
Transformers equivalent reactance 0.15 pu
Transformers equivalent resistance 0.001 pu
CSC smoothing reactance 500 mH
FBMMC smoothing reactance 50 mH
Number of SMs per arm 20
SM rated voltage 25kV
SM capacitance 1mF
Arm inductance 5mH
FBMMUC’s inertia constant, H 37.5ms
Line resistance per unit length 0.015 QO/km
Line inductance per unit length 0.792 mH/km
Line inductance per unit length 14.4 nF/km
Line 1 length 1000 km

Line 2 length 200 km

3.1. Single Phase Short Circuit at the AC Grid 1

Figure 12 shows the HVDC system behavior during a single-phase short-circuit at phase a of the
AC grid 2, as shown in Figure 2. It is considered a non-permanent AC short-circuit. The short-circuit is
applied at t = 1 s and lasts for 100 ms. In this case, there is no special protection scheme developed for
AC faults.
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Figure 12. H?VDC system behavior during a single-phase fault at t = 1 s for 0.1 s in phase a of the
FBMMC1: (a) DC voltage; (b) DC current; (c) AC active power; (d) DC active power; (e) AC current
at p5 (FBMMC1); (f) AC current at p6 (FBMMC?2); (g) AC voltage at p5 (FBMMC1); (h) AC voltage
at p6 (FBMMC2); (i) reactive power at the AC side of FBMMCI; (j) reactive power at the AC side of
FBMMC?2; (k) FBMMC1 capacitor voltages; (1) FBMMC?2 capacitor voltages.

Based on the simulations in Figure 12, it is possible to conclude that the proposed H2VDC system
presents a stable dynamic performance during an AC short-circuit. After the AC fault extinction,
the H2VDC system returns to all its fault previous value. Figure 12a shows that the DC voltage is not
affected significantly in this case. The transmitted DC power at the rectifier, as shown in Figure 12d,
has just a little transient, which is a great advantage over pure CSC-HVDC system. Figure 12g—j show
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the AC currents and voltages with a zoom in from 0.8 s to 1.4 s. Figure 12k-1 show the capacitors
voltages on FBMMC 1 and 2 also with a zoom. The soft oscillatory behavior in both converters is due
to the oscillation in the DC currents at the converter terminals during the DC short-circuit, as shown in
Figure 12b.

3.2. Short Circuit At the DC Line

Figure 13 shows the H>VDC system behavior during a short-circuit at the DC line backbone.
In this case, it is considered a non-permanent DC short-circuit at the DC line, with duration of 100 ms.
DC protection schemes described in detail in Section 2 are activated here.

The CSC converter is set to control the DC current. The FBMMCT is set to control the DC voltage
and FBMMC2 is set to control its active power flow. Both FBMMC keep controlling its reactive power.
At the instant 0.05 s, CSC is turned on with its current reference set to zero. Then, at the instant 0.1 s,
FBMMC1 DC voltage reference is ramped up to 1 pu at a rate of 20 pu/s, thus, it reaches 1 pu in 50 ms.
The FBMMC2 was turned on at the instant 0.15 s. Also, at this time, the current reference at the CSC is
ramped up from 0 to 1 pu at a rate of 10 pu/s, thus, it reaches 1 pu in 100 ms. The power reference for
the FBMMC2 is ramped up at the instant 0.2 s with the rate of 5 pu/s. After these operating sequences,
the H2VDC system reaches its steady-state operation.

Att=1s,aDC short-circuit is applied at the DC line backbone. At this moment, the DC current
grows up and the DC voltage goes down. Therefore, considering the measured overcurrent and
undervoltage values, the DC protection of each converter get into operation: the firing angle of the
CSC is set to its maximum value by its control action; the FBMMC1 DC voltage reference is set to zero;
and the FBMMC?2 active power reference (and i 1) is set to zero. Then, after the set deionization time
of 200 ms, the CSC is set to control zero active power, so, the CSC firing angle alfa goes around 90°.
After 200 ms of the FBMMC1 fault detection, the FBMMC1 DC voltage reference is ramped up to 1 pu
at a rate of 20 pu/s. After 250 ms of the CSC fault detection, the CSC power reference is ramped up
at a rate of 10 pu/s. After 300 ms of the FBMMC2 fault detection, the FBMMC?2 power reference is
ramped up also with 5 pu/s.

Figure 13a shows that the DC voltage of the system is set to zero in order to eliminate the DC
short-circuit current. In Figure 13a there is also a zoom that shows the DC voltages waveforms
measured at all converters terminals in normal operation. In Figure 13b, it is possible to analyze that
the DC short-circuit current is controlled by the control actions of all converters (CSC and FBMMCs)
together. Figure 13c,d show the active power measured at both AC and DC sides of the converters.
Figure 13e,f show that FBMMC1 and FBMMC2 operate as STATCOM during the DC short-circuit time,
being it a great advantage over other VSCs. This is possible by the fact that the IGBTs are not blocked
during the DC short-circuit. In fact, as discussed in Section 2.3, the FBMMC control adopted allows
the independent control of its AC and DC voltages [12,13].

Figure 13g,h show FBMMC1 and FBMMC2 capacitors voltages. The initial short-circuit current
causes the capacitors voltages to decrease, but, during the deionization time, the capacitor’s voltage
control is set to keep it in the nominal value.

Figure 13i shows the firing angle behavior of the CSC. When the CSC control detects an overcurrent
more than the set value (i;. > 2 pu), it elevates the firing angle to its maximum value (170 degrees) with
the purpose of reducing the DC current. After the deionization time (200 ms), the CSC control sets
the firing angle at 90 degrees to zero power during 50 ms to wait the system DC voltage be restored
again to 1 pu. After the DC voltage restoration, the CSC firing angle is set to its nominal value again to
transmit DC power normally.

In this case, the H2VDC system returns to its normal operation approximately 400 ms after the
DC short-circuit is applied. It is important to note that all the time spent in the system’s restoration
process can be set to be faster or slower depending on the system parameters and requirements.
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Figure 13. System behavior during a DC fault: (a) DC voltages; (b) DC currents; (c) AC active power;
(d) DC active power; (e) reactive power at the AC grid connected to FBMMCT; (f) reactive power at the
AC grid connected to FB2; (g) FBMMCT1 capacitor voltages; (h) FBMMC2 capacitor voltages; (i) CSC

firing angle xor.

4. Possible Application

One possible practical application of the H?VDC system is the power transmission from a
large hydroelectric power plant located in the Amazon region to the main load centers in Brazil
(Rio de Janeiro, Sao Paulo and Minas Gerais) in a multiterminal configuration (CSC and FBMMCs).
Figure 14 shows a simplified map of the Brazilian electrical system with the H*VDC system highlighted

inside in black.
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s
) HYDROELECTRIC
\ 'OWER PLANT,

OVERHEAD DC
TRANSMISSION LINE

Figure 14. Hypothetical configuration of the H?VDC system for transmitting power from the Amazon
region to the main load centers of Brazil with three FBMMC terminals (Rio de Janeiro, Sao Paulo and
Minas Gerais).

In Figure 14, the CSC is connected directly in a hydroelectric power plant to convert (AC to DC) all
the generated power. This converted power is transmitted through an overhead DC transmission line
directly to the 3 FBMMCs that are connected at the Brazilian main load centers. All the benefits of the
FBMMCs shown before could be applied to the operation of each AC receiving system (hypothetically,
Rio de Janeiro, Sao Paulo and Minas Gerais). As discussed in Section 2.4.1, the third FBMMC would be
controlled with the same strategy used for FBMMC2 in the simulation studies. Considering strong AC
systems and an operation as rectifier, the use of CSC is extremely recommended, more power can be
transmitted, and the total cost will be reduced in comparison with a pure MMC system.

In steady-state condition is expected that the transmitted power is unidirectional, which means
that the CSC operates as rectifier and the FBMMCs operate as inverters. In special conditions it could
be possible that any FBMMC operates as rectifier interchanging power among the FBMMCs when
an AC grid has power excess and the other AC grid has power deficit. All these characteristics can
improve the operation of the power system.

5. Conclusions

The analyses of the H2VDC system study and dynamic performance were shown in detail in the
simulations. These simulations have considered operating conditions of single phase AC short-circuit at
AC grid 1 and short-circuit at the DC line backbone. Considering these operating conditions, the H*VDC
system presented a stable dynamic performance returning to its normal operating conditions.

The AC single-phase short circuit simulation study has shown that the H*VDC system is not
affected by single-phase AC faults, so there is no need for further actions but wait until the fault
condition to be extinct. The AC single-phase short-circuit was analyzed here because in many countries
its response is considered to be a planning criterion.

This paper presented a discussion on how to handle DC faults in a hybrid multiterminal DC
transmission system without the need of DC breakers, power diodes in series with the converter and
surge arresters. In addition, this approach allows reactive power control at the AC grids connected
to the FBMMC even during the DC faults, adding a great advantage to the system over blocking the
IGBTs. The normal operation of the studied system was reached after approximately 400 ms the DC
short-circuit happening.
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The DC short-circuit analysis considered in this paper is a non-permanent fault, which means
that the DC short-circuit is self-extinguished after the voltage is forced to zero. If the DC short-circuit
at the overhead DC line persists after the recovering strategy discussed in this paper, some attempts to
re-start should be implemented to confirm that the fault is permanent and then, turn off the converters
in order to start the maintenance procedure.

The simulations have shown that the technology of FBMMC was successfully applied in the
operation of the H*VDC systems with overhead transmission line by the fact that the DC short-circuit
current can be controlled.

The black start capability of the MMC is not analyzed in this paper. The used control does not
allow the “black-start” and it would be necessary to develop this control to apply this function.

This paper proposes a DC voltage control strategy to restore the system normal operation after
the DC faults without overcurrents or overvoltages and no need for critical communication between
two stations. By controlling the DC voltage with the master FBMMC and the DC current with the
slave converters, the proposed strategy assures that there will be no overcurrents among the FBMMC.

Based on the theoretical development and the simulation results shown here, the H2VDC
system may become a very promising HVDC multiterminal transmission system, which improves the
operation of power systems, by making the system more reliable and safe.
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Glossary

V" 4er Vde DC voltage reference and measured, respectively.

i ger e DC current reference and measured, respectively.

v abc phase-to-neutral voltages at the AC bar forj=a, b, c.

ij abc line currents at the AC bar forj=a, b, c.

fuppa, towa Phase a upper and lower arm currents.

PP There-phase active power reference and measured, respectively.

Q,Q There-phase reactive power reference and measured, respectively.

Kor Alfa order for the CSC.

w Grid frequency.

vy, 00,14, g d axis voltage and current references and measured, respectively.

vq*, Vg, iq*, iq q axis voltage and current references and measured, respectively.

Gp, T; Proportional gain and time constant for the PI controllers (empirically tuned).
K Proportional gain to set the sensibility of the CVC error signal.

L Reactance and resistance for decoupling the dq control.

igmaxs lqmax d and g axis maximum current limit for the outer control.

Tuppjs Howj Upper and lower arm currents for j =4, b, c.

U*Zmp Reference value for the sum of all capacitor’s voltages in one FBMMC.
Uy cap Sum of all capacitor’s voltages measured in one FBMMC.

v*]- Voltages references from outer control output (v;", v,") forj=a, b, c.
U*difﬁ Leg common voltage forj=a, b, c.

Ude-base DC base voltage.

Une-base AC base voltage for the FBMMC.

v*um, v*lowj Upper and lower arm reference voltages for the modulation control forj=a, b, c.
NVL Nearest voltage level modulation control.

VBA Voltage Balancing Algorithm.
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Abstract: This paper proposes a new hybrid static VAR compensator (SVC) with a series active filter
(AF). The proposed hybrid SVC consists of a series AF and SVC. The series AF, which is connected
in series to phase-leading capacitors in the SVC, performs for a resistor for source-side harmonic
currents. A sinusoidal source current with a unity power factor is obtained with the series AF,
although the thyristor-controlled reactor generates harmonic currents. A digital computer simulation
was implemented to confirm the validity and high practicability of the proposed hybrid SVC using
PSIM software. The simulation results demonstrate that sinusoidal source currents with a unity
power factor are achieved with the proposed hybrid SVC.

Keywords: static var compensator; series active filter; thyristor-controlled reactor; phase-leading
capacitor; hybrid static var compensator; static synchronous compensator; hybrid active filter

1. Introduction

Large-capacity electric arc furnaces and rolling mills cause rapid reactive-power fluctuations in
distribution feeders. These rapid reactive-power fluctuations lead to reactive-power interferences
such as flickers and voltage fluctuations in distribution feeders. Static VAR compensators (SVCs) with
thyristor-controlled reactors (TCRs) and phase-leading capacitors (PLCs) are widely used to solve the
reactive-power interferences in distribution feeders because of low costs [1]. However, TCRs generate
harmonic currents on the source side [2]. Many topologies have been proposed to improve the
compensation characteristics of the source-side harmonic currents for SVCs [3-6]. The passive filters,
which consist of the 5th-, 7th-, and 11th-tuned filters, are combined with the TCR. A three-phase
current-controlled voltage-source pulse-width-modulated (PWM) inverter is connected in series
to the passive LC filters through matching transformers (MTs). The series-connected three-phase
current-controlled voltage-source PWM inverter improves the compensation characteristics of the
passive filters.

Hybrid active filters (AFs) have also been proposed by many researchers [7-11]. The previously
proposed hybrid AF topologies are essentially a series connection of the LC tuned filters and a
three-phase shunt AF. The rating of the shunt AF can be reduced because the fundamental reactive
and designated-order harmonic currents are compensated for by the series-connected LC tuned
filters. A hybrid SVC topology with the hybrid AF has been proposed [12,13]. The PLCs with TCRs
control the fundamental reactive power on the source side. As the shunt AF compensates only for
harmonic currents, the required rating of the shunt AF is low. In [14], a static synchronous compensator
(STATCOM)) is combined with TCRs. The STATCOM performs with PLCs compensating for harmonic
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currents on the source side. Thus, the required rating of the parallel-connected STATCOM is high.
A combined system of shunt-passive and series AFs has also been proposed [15-17]. While the
proposed topologies are practical and cost-effective, the fundamental reactive power on the source
side cannot be controlled. Thus, a hybrid SVC topology consisting of TCRs and pure PLCs with a
small-rated voltage-source PWM inverter has not been reported, as far as the authors know.

This paper proposes a new hybrid SVC topology comprising a small-rated series AF and SVC,
which consists of TCRs and pure PLCs. The series AF is connected in series to the pure PLCs. In [17],
Prof. H. Fujita, et al. proposed a combined system consisting of a shunt-passive filter and series
AF for a current-source harmonic-producing load. The series AF performs for a resistor of K¢ Q) for
source-side harmonic currents. We note that there are two current-source harmonic-producing loads,
namely, the TCR and the three-phase load, in the newly proposed hybrid SVC. Considering both the
three-phase load and the TCR as a current-source harmonic-producing load, the previously proposed
control strategy for the series AF in [17] is applicable to the newly proposed hybrid SVC. This is
a simple and practical idea for the control strategy of the series AF in the newly proposed hybrid
SVC. Thus, the series AF in the proposed hybrid SVC performs for a resistor of K¢ ( for source-side
harmonic currents. The source-side harmonic currents are isolated by the series AF, while PLCs with
TCRs compensate for the fundamental reactive currents on the source side. Sinusoidal source currents
with a unity power factor are achieved by the newly proposed hybrid SVC. The basic principle of
the proposed hybrid SVC is discussed in detail. The compensation characteristics of the harmonic
currents are shown in detail, and these have been confirmed by digital computer simulation using
PSIM software. The simulation results demonstrate that sinusoidal source currents with a unity power
factor are obtained. From the simulation results, the required capacity of the series AF is 2.8% as
compared to the rating of the three-phase load. The addition of the small-rated series AF isolates
the source-side harmonics perfectly. Only the newly proposed topology can be applied to the SVCs
that are under commercial operations, although the required rating of the series AF is slightly higher
than that of the series AF in [3-6]. This demonstrates that the proposed hybrid SVC is useful and
cost-effective for practical distribution feeders.

2. Previously Proposed Topologies of the Hybrid Static VAR Compensator

Figure 1 shows a power circuit diagram of the previously proposed hybrid SVC topology [3-6].
The previously proposed hybrid SVC topology consists of TCRs and 5th-, 7th-, and 11th-tuned filters
with series-connected AFs. In [3], the added series AF performs for a resistor for the source-side
currents. The purpose of the series AF is to suppress the anti-resonance between the LC tuned filters

and source impedance.
Sth 7lh 1 lth
Load
g E:}
__l_

Figure 1. Power circuit diagram of the previously proposed hybrid static VAR compensator (SVC) with
a series active filter (AF) [3-6].
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The source-side harmonic current compensations with the series AF under normal operation were
not discussed or demonstrated. In [4-6], the added series AFs perform as current sources for harmonic
currents, which flow into the LC tuned filters. This injection improves the compensation characteristics
of the LC tuned filters. The required rating of the series AF was 1.4% as compared to the rating of
the three-phase load. The previously proposed hybrid SVC topology in Figure 1, however, cannot be
applied to the SVCs that are under commercial operations, because PLCs should be replaced by the LC
tuned filters.

Figure 2 shows a power circuit diagram of the previously proposed hybrid SVC topology [12,13].
The PLCs with TCRs control the fundamental reactive power on the source side. The inductors
are connected in series to the PLCs with TCRs. These allow the fifth-tuned LC filters to sink the
fifth-harmonics generated by the load. The shunt AFs inject the harmonic currents. Thus, the shunt
AFs improve the compensation characteristics of the fifth-tuned filters. The required rating of the shunt
AFs was 4.0% as compared to the rating of the three-phase load. The previously proposed hybrid SVC
topology is not applicable to the SVCs that are under commercial operations, because the conventional
PLCs with TCRs also should be replaced with those shown in Figure 2.

-

TCR

Load
Shunt

passive filter: Shunt AF
e
LT

Figure 2. Power circuit diagram of the previously proposed hybrid static VAR compensator (SVC) with
thyristor-controlled reactor (TCR) and phase-leading capacitor (PLC) with series AF [12,13].

Figure 3 shows a power circuit diagram of the previously proposed hybrid SVC with the
STATCOM [14]. The STATCOM performs with PLCs compensating for harmonic currents on the
source side. Thus, the required rating of the parallel-connected STATCOM is much higher than those
of the added AFs in Figures 1 and 2. In [14], the required rating of the STATCOM is 80% as compared
to the rating of the three-phase load. Using a large capacity, the STATCOM results in a high-cost

hybrid SVC.
TCR
Load Jlfl} 1
T
S

TATCOM

Figure 3. Power circuit diagram of the previously proposed hybrid static VAR compensator (SVC) with
a static synchronous compensator (STATCOM) [14].
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Table 1 shows summaries of the previously proposed hybrid SVC. As described in the Introduction,
a hybrid SVC topology with a small-rated voltage-source PWM inverter, which can be applied to the
conventional SVC consisting of TCRs and pure PLCs, has not been reported, as far as the authors know.

Table 1. Previously proposed hybrid static VAR compensator (SVC) topologies and functions of added
active filter (AF).

. Required Rating of Added AF
Topology Functions of Added AF for Three-Phase Load Rating

Improvement of harmonic

Thyristor-controlled reactor voltage compensation

Figure 1 (TCR)and passive LC filter characteristics of passive 1.4%
with series AF LC filter
. TCR and phase-leading capacitor ~Harmonic current N
Figure 2 (PLC) with series AF compensation 40%
TCR and parallel-connected Fundamental reactive-power
Figure 3 static synchronous compensator control and harmonic current  80%
(STATCOM) compensation

3. Newly Proposed Hybrid Static VAR Compensator

Figure 4 shows a circuit diagram of the proposed hybrid SVC. Table 2 shows circuit constants for
Figure 4, which are used in the following simulation results. The proposed hybrid SVC comprises a
series AF and SVC, which consists of the A-connected TCR and A-connected pure PLCs. The series AF
consists of a three-phase voltage-source PWM inverter with insulated-gate bipolar transistors (IGBTs).
The series AF is connected in series to the three-phase PLCs through MTs, where the turns ratio is 1:2.
The small-rated LC filter (inducer L; and capacitor C¢) suppresses switching ripples that are generated
by the PWM inverter, which performs for the series AF. The purpose of this paper is to demonstrate
the compensation performance of the reactive and harmonic currents for the proposed hybrid SVC.
Thus, ideal models for IGBTs, inductors, and capacitors are used. Table 3 shows data for the MTs used
in Figure 4. Leakage inductors, winding resistors, and magnetizing admittance are considered in the
MT model of Figure 4. A three-phase load generates the fundamental reactive currents, and fifth- and
seventh-order harmonic currents. A three-phase current source is used to demonstrate the three-phase
load. The authors, who are with the Chugoku Electric Manufacturing Company, have had extensive
experience with developing commercial SVCs and selling SVCs to customers. Generally, the capacities
of TCRs and PLCs are decided by considering the true load conditions of the customers. Thus, the
capacities of TCRs and PLCs were decided with the published paper [18].

The rating of the three-phase load is 176 MVA. The rating of the three-phase source voltage is
33 kVrms, 60 Hz, while the rating of the inductor of the TCRs is 80 MVA and that of the PLCs is
140 MVA. Thus, the per-phase base rated current and impedance are 3.1 kArms and 6.2 Q2, which are
both 1 pu. The pure PLCs with TCRs compensate for the fundamental reactive power on the source
side. The series AF performs for a resistor of K¢ (). The source-side harmonic currents are isolated
by the series AF, while PLCs with TCRs compensate for the fundamental reactive currents on the
source side. Sinusoidal source currents with a unity power factor are achieved by the newly proposed
hybrid SVC.
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Vi iLa
T 3-phase Load
s i 176 MVA
V1 _Lb
power factor: 0.7
i THD: 11.3 %
1 pu=6.2Q and 3.1 kArms
Q] Qs
i |
- IVDC>;
CDC
AN
4| | J
QF Ul Qs
AF
4.96 MVA

Triangular wave

Figure 4. Circuit diagram of the proposed hybrid static VAR compensator (SVC) with a series active
filter (AF).

Table 2. Circuit Constants for Figure 4.

Item Symbol Value
Source inductor Lg 1.64 mH
Filter inductor L¢ 0.066 mH
Filter capacitor Cs 96 uF
Inductors of SVC Lap, Lpe, Lca 108 mH
PLCs Cabs Coor Cea 114 uF
DC capacitor Cpc 4700 puF
DC-capacitor voltage Ve 10 kVdc
Switching frequency fs 12 kHz
Cut-off frequency of second-order LPF fc 179 Hz
Damping factor of second-order LPF ¢ 0.7
Proportional gain for constant DC-capacitor

voltage controller Kp 0.6
Integral gain for constant DC-capacitor

voltage controller I 0.01
Proportional gain for PLL Kp 5

Integral gain for PLL Ty 0.01
Control gain for series AF Kc 10, 20, 30 )
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Table 3. Data for the matching transformers (MTs) used in Figure 4.

Primary-side voltage 1.19 kVrms
Primary-side rated current  1.42 kArms
Turn ratio 1:2

No load current 56.8 Arms (4.0%)
Iron loss 17 kW

Copper loss 34 kW
Impedance voltage 35.6 Vrms (3.0%)

Figure 5 shows per-phase equivalent circuits for Figure 4. Figure 5a shows a per-phase equivalent
circuit for Figure 4, where Vs is the source voltage, Is is the source current, Ij is the load current,
Itc is the TCR current, Ic is the PLC current, V;, is the output value of the series AF, Zg is
the source-side impedance, and Zc is the impedance of a per-phase PLC. The three-phase load
generates the fundamental reactive currents and harmonic currents. TCRs with PLCs compensate
for the fundamental reactive currents. However, TCRs also generate harmonic currents. Thus,
there are two current-source harmonic-producing loads, namely, the TCR and three-phase load,
in Figure 5a. Harmonic currents generated by both the three-phase load and TCRs flow into PLCs
and the source voltage Vs. Thus, the three-phase load and TCRs are considered by a current-source
harmonic-producing load. Figure 5b shows a per-phase equivalent circuit for Figure 5a, where Iy,
is the sum of Itc;, generated by the TCR and Iy, generated by the three-phase load. Professor H.
Fujita et al. proposed a combined system of a shunt-passive filter and series AF for the current-source
harmonic-producing load, which is a large-capacity thyristor rectifier, with a novel control method
of the series AF [17]. The control method proposed in [17] is applicable for Figure 4 because two
current-source harmonic-producing loads, namely, the TCR and three-phase load, can be considered
as a current-source harmonic-producing load, as shown in Figure 5b. The series AF performs for a
resistor of K¢ Q) for the harmonic source currents. The output voltage Vi, of the series AF in Figure 5b
is given by

Ve = Ke-lg 1)

When no harmonics are included in the source voltage Vs, a per-phase base equivalent circuit for
load-side harmonic currents is shown in Figure 5c. In Figure 5¢, the source-side harmonic current Is,
is given by

Zc
Ke+Zs+ Z¢

Isp Iy (2)

If Ko > (Zs + Z¢) in Equation (2),
I, = 0 3

Thus, the sinusoidal source currents ig,, ig,, and ig. are obtained with the series AF connected
to the pure PLCs. The transfer function G(s) of the low-pass filter (LPF) in Figure 4 is considered in
Equation (2). The transfer function G(s) of the LPF is expressed as

2
N
2+ 2Zwes + wi

G(s) = 4)
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where we = 27mfc. The cut-off frequency fc is 179 Hz, and the damping factor ¢ is 0.7. With the
transfer function G(s), the source-side harmonic currents Ig), are rewritten as

Zc

i - ] 5
Sh Ke (1=G(s)) + Zo  Zc o ©®)
& i, S Pe Rt
Z A J_ljc

. lITC' J_l ]C X s
VS t @ TCR<> an_i V., () Threlz::ihase VS I @ Z T 7 () 1(:l;l:]r«:fi—t]}31h;(s:eR
(a)

:KCXjSI1 :KCXjS/1
(b)
ISh IL /i ISh P,

O,

A L
Z Three-phase V) z
v, P b6 o
=IX(CXIIS,Y =K %I,
o)

(c) (
Figure 5. Per-phase equivalent circuits for Figure 4 with the control gain K¢ Q. (a) Per-phase equivalent
circuit. (b) Per-phase equivalent circuit for current-source harmonic-producing load. (c¢) Equivalent
circuit for Iy (d) Equivalent circuit for Vg),.

Figure 6a shows gain plots for Figure 5¢c, where the source-side impedance ZS = 0.1 pu. InFigure 6,
fo is the source-voltage frequency, which is 60 Hz. As described before, the per-phase rated impedance
is 6.2 Q) in Figure 4. To satisfy that Kc > (Zs + Z¢) in Equation (2), the control gain K is varied from
10 to 30 Q. The line with Kc=0 Q) shows the compensation characteristics for the source-side harmonic
currents when the series AF is not connected. From the second- to fifth-order components, the gains
are positive. This means that the harmonic currents I 1, generated by the TCRs and three-phase load
are magnified on the source side. Increasing the control gain K¢ suppresses the harmonic current
magnifications on the source side. In particular, when K¢ is 30 (), there is no positive area for the
fundamental and harmonic components. Thus, the series AF with the control gain K¢ of 30 () perfectly
isolates the harmonic currents generated by both the TCRs and the three-phase load on the source side.
The sinusoidal source currents with a unity power factor are obtained with the proposed hybrid SVC.

Ly, o 40
7. 4B i
ILTN 20
0 meay Ke=0 Q Kc=0 Q
20 ) el M
Kc=30 Q 4ni ok B
-40 N
-60 bR
0.1 1 0 ] 100 10 50 100
flf f1fo

(a) (b)

Figure 6. Gain plots for Figure 5. (a) Gain plots for Figure 5¢. (b) Gain plots for Figure 5d.

49



Energies 2017, 10, 1617

Figure 5d shows a per-phase base equivalent circuit for the source-voltage harmonics Vgy,.
In Figure 5d, Ig, is expressed by
VSh
Kc-(1—G(s))+Zs+Zc

Iy, (6)

Figure 6b shows gain plots for Figure 5d. The line with Kc = 0 Q) shows the compensation
characteristics for the source-side harmonic voltages Vg, when the series AF is not connected.
From the third- to fourth-order components, the source-side harmonic current Ig;, flows into the
PLC. The lines with K¢ = 10,20,30 Q) show the compensation characteristics for the source-side
harmonic voltages Vg, with the series AF. The source-side harmonic currents Ig;, are isolated by the
series AF in the proposed hybrid SVC. Therefore, sinusoidal source currents with a unity power factor
are obtained with the proposed hybrid SVC. We note that no fundamental source voltage appears
across the series AF, and this results in a significant reduction in the required rating of the series AF.

Here, the control strategy of the series AF in the time domain, which was proposed in [17],
is briefly introduced. A three-phase phase-locked loop (PLL) is used to detect the electric angle 6¢ of
a-phase PLC current [19]. Here, only the PLC currents are detected to generate the electric angle .
The terminal voltages vr,, vy, and vy are not detected. Thus, any sensors for the external voltages
detections are not needed in the proposed hybrid SVC shown in Figure 4. The firing angle of the TCR
is also controlled using the electric angle 6.

The source currents ig,, ig,, and is. are expressed as

isa = V2Ispcos(wst— ¢p) + V2 Y Iy cos(hwst — ¢y)

h=2
= igap +isan
. 2
sy = V2lspcos(wst — 37— gr)
> 2
+ \ﬁ Z Igy, COS(hwst - g/’lﬂ' — ¢h)
h=2
= igpF + s
. 2
isc = /2Igpcos(wst + 37 ¢F)
> 2
+ V2 Y Igy cos(hwst + ghn — ¢n)
h=2
= sk +isen @)

Three-phase source currents, ig,, igp, and is. are detected, and then the detected source currents
are transformed into d-q coordinates. Generally, to transform ig,, isp, and is. into d-g coordinates,
the electric angle 65 of a-phase terminal voltage vr, is required. In Figure 4, fc+% equals fs. Using the
detected electric angle ¢, isq and isq can be calculated; isq and igq are given by

. 2
Isq = \/§ISF COS(§7T+¢F)
+ i{cos(a) t+ g71) i Igy, cos(hwst — ¢y,)
\/g S 3 = Sh S h
ad 2
+ coswgt - Iy, cos(hwst — —hm —
S hgz s cos(hwst — = o)

4 > 2
+ cos(wst + gn) h;Z Iy, cos(hwst + ghn — )}

= isq +lsd
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. . 2
isq = —V3Igp Sm(g” + ¢r)
2 {sin(wst + 2h7'[) i Igy, cos(hwst — ¢y,)
- 5 S 2 . Sh st —®n
\/f;’ 3 h=2
+ sinwst - Z ISh cos(hwst - %h?‘[ - ¢h)
h=2
+ sin(wst + é7'[) . i Isy, cos(hwst + gh7'£ —¢n)}
3 P 3 '
= qu + ;Sq (8)

The DC components igq and ;gq in d-q coordinates originate from the fundamental components
isar, ispp, and ig.p of the source currents is,, isp, and is., respectively, in a-b-c coordinates. The AC
components g4 and fsq in d-q coordinates originate from the harmonic currents is,y, ispy, and is, of the
source currents. These AC components are extracted by high-pass filters (HPFs) with a second-order
LPE. The extracted AC components are then retransformed into a-b-c coordinates. Retransforming
igq and 7Sq into a-b-c coordinates gives the source-side harmonic currents ig,j, ispy, and igy,. With the
extracted source-side harmonic currents isy, igp, and ise, the reference values vi g, U, and Vg,
for the series AF are given by

zJZF\Fa = KC : iSah
* .
Uap, = Kc - ispn
Vare = Kcisan ©)

Therefore, the series AF performs for a resistor of K¢ ( for source-side harmonic currents ig,,
igpp, and igg,. A sine-triangle intercept technique is used to generate the gate signals for the three-phase
voltage-source PWM inverter. The switching frequency fs of the three-phase voltage-source PWM
inverter is 12 kHz.

4. Simulation Results

The validity and high practicability of the proposed hybrid SVC were confirmed by digital
computer simulation using PSIM software. PSIM is an electronic circuit simulation software package,
designed specifically for use in power electronics and motor drive simulations [20]. PSIM is developed
and released by Powersim [21].

The root-mean-square (RMS) value of the fundamental components of the load currents
is 3.1 kArms. The fifth-order components of 334 Arms and seventh-order components of 100 Arms are
also included in the load currents i ,, iy}, and iy .. Thus, the total harmonic distortion (THD) value of
ira, iy, and irc is 11.3%, respectively. The power factor is 0.7. Circuit constants for Figure 4 shown in
Table 2 are used in the following simulation results. The small-rated LC filter (inducer L¢ and capacitor
Cy) suppresses switching ripples generated by the PWM inverter, which performs for the series AF.
As shown in Figure 4, the constant DC-capacitor voltage control block is added in the control circuit for
the series AF. The DC-capacitor voltage vpc is controlled using the d-axis component in d-q coordinates
of the PLC currents ic,p, icpe, and icea-

Figures 7-9 show simulation results for Figure 4 before/after the series AF, which is a three-phase
voltage-source PWM inverter, was started. We note that the DC-capacitor voltage vpc should be
10 kVdc, which is the reference value V5 of 10 kVdc, before the series AF is started. The constant
DC-capacitor voltage control had already started before the series AF was started, as shown in
Figures 7-9. Thus, the series AF was smoothly started without any transient phenomena of the
small-rated LC filter (L¢ and Cy).
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Figure 7. Simulation waveforms for Figure 4 before/after the series active filter (AF) with K¢ of 10 Q

was started.
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The receiving-end voltage waveforms are vr,, vy, and vt; is,, igp, and is. are the source-current
waveforms; iy ,, irp, and i, are the load current waveforms; itc,, itcp, and itce are the TCR current
waveforms; icap, icpe, and icq, are the PLC current waveforms; var, is an a-phase output-voltage
waveform of the series AF; vpc is the DC-capacitor voltage waveform.
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Figure 9. Simulation waveforms for Figure 4 before/after the series active filter (AF) with K¢ of 30 Q

was started.

In Figures 7-9, the source currents is,, igp, and ig. are heavily distorted because the three-phase
load and TCRs generate harmonic currents and inject these to the source side. The THD value of ig,, igp,
and ig. is 14.2%, respectively. In Figure 7, the source currents is,, igp,, and is., however, were distorted
after the series AF was started. The THD values of ig,, igp, and ig. are 8.6%, 8.6%, and 8.7%, respectively.
With the control gain K¢ of 10 ), as shown in Figure 6, the insufficient compensation performance for
harmonic currents was achieved. In Figure 8, the source currents ig,, ig,, and is. were distorted after
the series AF was started. The THD values of ig,, igp, and is. are 4.7%, 4.8%, and 4.8%, respectively.
With the control gain K¢ of 20 (2, as shown in Figure 6, insufficient compensation performance for
harmonic currents was achieved. In Figure 9, the source currents is,, ig,, and is. were sinusoidal with
a unity power factor after the series AF was started. The THD values of is,, igp, and is. are 3.0%, 3.1%,
and 3.2%, respectively. As shown in Figure 6, the sufficient compensation performance for harmonic
currents was achieved with the control gain K¢ of 30 Q). The DC-capacitor voltage vpc was well
controlled to its reference value Vf- = 10 kVdc. The ripple of the DC-capacitor voltage was 3.0% in the
transient state and + 1.0% in the steady state.

Figure 10 shows spectra of a-phase source current is,. When the series AF was not started,
when K¢ = 0 Q), the RMS value of the fifth-order harmonics was 336 Arms and the seventh-order
harmonics was 36.8 Arms. A higher control gain K¢ achieves sufficient compensation characteristics
for source-side harmonic currents.
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Figure 10. Spectra of a-phase source current ig,.

Figure 11 shows the simulation results for Figure 4 with the three-phase load variation from 0.6 to
1.0 pu, where the control gain K¢ was 30 Q2. The per-phase base rated current was 3.1 kArms. Thus,
each phase current of the three-phase load was varied from 1.86 kArms, which is 0.6 pu, to 3.1 kArms,
which is 1 pu. Before and after the load variations, the source currents ig,, igp, and ig. were sinusoidal
with a unity power factor. The DC-capacitor voltage vpc was well controlled to its reference value

Ve = 10 kVdc. The ripple of the DC-capacitor voltage was 7.0% in the transient state and 4-1.0% in
the steady state.

cosg=1
SOkV 1;’ia}‘\/Tb Ve
(}T X X X X
N4 NN )4 N )4
Lt jo Zodsh kg
SkAT 3(’ BTN KoK X ik
0 SN NENESENCNE SN \/

Y.\
0 // . ¢ A s T e o
AN \
4 KAy icab = Jeve Jea
0 T .0 Ko/t i Kt 2R O
A O P B S E W XX
5kV
( VAFa y ~ A N
[ N JAAY N AN
V. MAWAVAAY, VA NS NAVATIN
11kV -
10kV N
9kV —_
Three-phase load 20 ms
0.6 pu—1 pu

Figure 11. Simulation waveforms for Figure 4 with the three-phase load variation from 0.6 to 1 pu,
when the control gain K¢ was 30 ().

In the simulation results of Figures 7-9 and 11, no harmonic voltages in the three-phase source
voltages were considered. However, harmonics are included in the true high-voltage three-phase
distribution feeders [22]. As shown in Figure 6b, harmonic currents flow into the PLCs if the source
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voltages are distorted. Thus, it is desirable that the series AF is always under operation despite a few
switching losses are caused by the series AF, which consists of IGBTs.

The required rating of the three-phase voltage-source PWM inverter, which performs for the
series AF, is now calculated. The required rating Sar is expressed as

SAF = Vafa - Icab + Varb - Icbe + Vare - Icca (10)

where Vara, Vary, Vare, Icab, Icbe, and e, are all RMS values. From the simulation results shown in
Figure 9, Saf = 4.96 MVA. This is 2.8%, as compared to the rating of the three-phase load. The addition
of the small-rated three-phase and low-cost voltage-source PWM inverter significantly improves the
power quality on the source side.

5. Comparisons between the Newly Proposed Topology and Previously Proposed Topologies

Table 1 has summarized the previously proposed hybrid SVC topologies. It is desirable that
the rating of the added power converter, which performs for the AF or STATCOM, is low from the
viewpoint of the cost. Although a topology as shown in Figure 3 achieves excellent compensation
characteristics of fundamental reactive and harmonic currents with a more rapid response than those
of the other topologies of Figures 1 and 2, the large-capacity STATCOM with a high price is required.
In the previously proposed topology shown in Figure 1, the required rating of the added AF is only
1.4% as compared to that of the three-phase load. However, LC tuned filters are required rather than
pure PLCs. This means that the previously proposed topology shown in Figure 1 cannot be applied to
the SVCs that are under commercial operations. The topology of Figure 2 also cannot be applied to
the SVCs that are under commercial operations. Only the newly proposed topology can be applied
to the SVCs that are under commercial operations, although the required rating of the series AF is
slightly higher than that of the series AF in Figure 1. As described in Section 3, a three-phase PLL is
used to detect the electric angle 6c of a-phase PLC current. Only the PLC currents are detected, and
any sensors for the external voltages and currents are not needed in the proposed hybrid SVC shown
in Figure 4. This also demonstrates that the newly proposed topology can be applied to the SVCs that
are under commercial operations. The authors thus conclude that the proposed hybrid SVC is useful
and cost-effective for practical distribution feeders.

6. Conclusions

This paper has proposed a new hybrid SVC topology comprising a series AF and SVC,
which consists of TCRs and pure PLCs. The series AF is connected in series to the pure PLCs.
The series AF performs for a resistor for source-side harmonic currents. A sinusoidal source current
with a unity power factor is obtained. Any sensors for the external voltages and currents are not needed
in the proposed hybrid SVC. The basic principle of the proposed hybrid SVC has been discussed
in detail. The compensation characteristics of the harmonic currents have been shown and were
confirmed by digital computer simulation using PSIM software. Simulation results have demonstrated
that the sinusoidal source currents with a unity power factor are obtained. From the simulation
results, the required-capacity of the series AF is 2.8% as compared to the rating of the three-phase
load. Only the newly proposed topology can be applied to the SVCs that are under commercial
operations, although the required rating of the series AF is slightly higher than that of the series AF
in [3-6]. It is thus concluded that the proposed hybrid SVC is useful and cost-effective for practical
distribution feeders.
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Abstract: An important power quality issue is related to current harmonic components demanded by
non-linear loads. A solution to mitigate this issue is to use hybrid power filters (HPFs), that apply
low power active filters with passive filters. Some dual-converter topologies have been shown to be
attractive due to a better compensation performance compared with single filters, where the HPFs give
a reactive power support (an extra feature) together with harmonic compensation. On the other hand,
the drawback of dual converters is the high number of active switches. Besides that, due to the high
number of unbalanced non-linear loads connected to the electrical grid, triplen harmonics can appear.
However, traditional HPFs do not compensate triplen harmonics, which usually have considerable
values. Therefore, in this paper, a dual HPF based on the nine-switch inverter (DHPF-NSI) is proposed
to compensate current harmonics and to provide reactive power support. The NSI presents a reduced
number of switches when compared with classical dual topologies. The compensation of the third
harmonic caused by unbalanced nonlinear loads was also inserted in the control system. Experimental
results are presented for the DHPF-NSI in order to demonstrate the reactive power and harmonic
compensation performances.

Keywords: hybrid power filter; power quality; reactive power

1. Introduction

Disturbances that compromise the power quality may be classified as phenomena that can affect
the voltage and/or the current of the grid, such as voltage sags, swells, spikes, interruptions, harmonic
distortion, and fluctuations [1]. One of the most important issues related to power quality is the
excessive current harmonics in the grid caused by local non-linear loads. The current harmonics could
damage the conductors at high temperatures and overload the electrical system. Another problem that
impairs the power quality is the voltage drop in the electrical grid caused by the excess of reactive
power demanded by local inductive loads. Most loads have inductive characteristics such as motors,
transformers, and industrial furnaces that require reactive power to operate. However, the reactive
power does not produce work and the consequences of excess reactive power in the grid include a
loss of electric energy as heat, voltage drops, underutilization of installed capacity, new loads being
preventing from being connected without a further expansion of the utility grid, and many others.

The solutions to these power quality issues are generally classified according to the electrical
supply voltage level, i.e., at transmission and distribution levels. The Flexible Alternating Current
Transmission System (FACTS) consists in power conditioning devices usually employed to compensate
reactive power at transmission level, guaranteeing the stability of the electrical grid [2]. On the
other hand, Custom Power Devices (CPD) are based on the use of static controllers at distribution
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systems for electric utilities to supply value-added power with the reliability and power quality
requested by customers [3-5]. Among the available CPDs, the passive filters, shunt Active Power
Filters (APFs), Hybrid Power Filters (HPFs), and Unified Power Quality Conditioners (UPQCs) are
commonly used solutions for current harmonic compensation, having the reactive power support as
a possible extra feature.

The passive filters, composed of inductors and capacitors, are commonly used for current
harmonic compensation and power factor correction [6]. Those passive filters are tuned in the frequency
of the harmonic to be compensated, creating a low impedance path that absorbs the currents demanded
by the non-linear load. However, this solution is not viable for several reasons:

e In order to mitigate all the current harmonic components generated by unbalanced non-linear
loads, a great number of passive filters must be used for each harmonic to be compensated.

e  Some problems related to the peak resonance of the filter with the electrical grid, a phenomenon
known as harmonic-amplifying, can occur [7-9]. This phenomenon happens because the passive
filters drain the current harmonics not only from the local non-linear loads but also from other
non-linear loads connected to the grid.

e Depending on the power level, passive filters are bulkier and heavier and present inferior
performance when compared with active solutions, such as active power filters and hybrid
power filters.

The advancement of controlled semiconductor devices enable the development of shunt active
power filters, which are considered a superior solution for current harmonics mitigation and for power
factor correction in low and medium power when compared with passive filters [10-16]. The shunt
active filters have an adjustable compensation performance for both current harmonic and reactive
power, being able to change the family of harmonic components to be compensated depending on the
load connected locally. The conventional topology consists of a three-phase voltage source inverter
connected to the Point of Common Coupling (PCC) through an inductive filter. The shunt active
filter supplies the current harmonics required by the non-linear load, while the grid only supplies the
fundamental current. Nevertheless, those filters have power switches that increase the cost, making
them more expensive than passive filters. Besides that, the shunt active filter needs a control system to
activate the switches by performing current and voltage measurements, increasing its complexity.

Hybrid power filters have been proposed as a low-cost alternative to the shunt active
filters [7,8,17-22]. HPFs are composed of the combination of one or more passive filters with an active
filter of reduced power. In the HPFs, the passive filter is tuned to provide a specific current harmonic
component consumed by the load. The active filter aims to compensate the harmonic components near
the resonant frequency of the passive filter and to perform the reactive power compensation, in addition
to avoiding the harmonic-amplifying phenomenon caused by the passive filter. Another advantage
of HPFs is that the power switches have lower installed power when compared to conventional
active filters.

In the literature, one of the first hybrid filters has been presented by Peng, Akagi, and Nabae [17],
in which a combination of a series active filter and a shunt passive filter has been performed.
This configuration provided a good compensation of harmonics. Fujita and Akagi [7] proposed
a hybrid filter using a series active filter together with a passive filter. In this configuration, the active
filter can dampen the resonant peak between the grid and the passive filter. As the passive filter assists
in the filtering of current harmonics, the power of the active filter is reduced when compared to the
configuration using only the active filter. In this case, the switches have to withstand less voltage
than that in the shunt active filters because the passive filter capacitors divide the line voltage with
the active parts of the converter. Therefore, the configuration proposed in [7] is a topology with low
design cost due to power reduction of the active parts. Srianthumrong and Akagi [9] used an HPF with
areduced amount of passive elements. This configuration is composed of a voltage source inverter and
only one passive LC filter tuned to the seventh harmonic component. This topology has low cost and
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volume, due to the reduction of some passive elements, when compared to the previous configurations.
Besides the current harmonics compensation, HPFs have been also given a reactive power support,
correcting the power factor of the load as an extra feature [18,23,24].

Other important active filtering solution comes from the idea of using dual converters
configurations [19,20,25-27]. The main advantage of using such configurations comes from their
enhanced compensation capabilities. An HPF configuration using two converters, known as
back-to-back converter, has been developed in [26]. The back-to-back configuration consists of
two voltage source inverters sharing the same dc-link and it has two three-phase output sets,
one being responsible for current harmonics compensation and the other responsible for the reactive
power control. The purpose of this HPF topology is to improve the harmonic and reactive power
compensations. For the power factor correction, the HPF has a great advantage in relation to the
capacitor banks, since it is capable of fine-tuning the reactive consumption [19].

The nine-switch inverter (NSI) has been proposed by Liu et al. [28]. This converter uses three
fewer switches and has the same number of output terminals in comparison to the back-to-back
configuration. With the reduction in the number of switches, this topology has a low design cost.
Limongi et al. [27] presented a dual HPF configuration based on the NSI, as can be seen in Figure 1.
The NSI can be divided into two parts. The first part is the top unit that is composed of the upper
and intermediate switches, with the terminals A, B, and C. The second part is the bottom unit that
is composed of the lower and intermediates switches, with the terminals R, S, and T, as shown in
Figure 1. The purpose of this configuration is to connect the two sets of three-phase outputs with two
passive LC filters for the current harmonics compensation. Originally, the top unit was responsible for
mitigating the 5th and 7th harmonic components and controlling the dc-link voltage, while the bottom
unit was responsible for compensating the 11th and 13th harmonics. However, this configuration is
not able to compensate the triplen current harmonics (3rd, 9th, etc.) caused by unbalanced non-linear
loads, and its control system has not been designed to compensate reactive power.

Three-phase

i i non-linear load
s ) L,
rcc

Lacr
L
\
//TFWT” = =Crw == = = Ch.
A3 4 A L, —g Ly,
. R Unbalanced
© i non-linear load
G Sty Ky A -1
a8} ) 4}
’ Ry
s,z s A DHPF-NSI

Linear load

Figure 1. Dual HPF based on the NSI (DHPF-NSI) connected to a three-phase electrical system.

In this paper, two extra features are proposed to the dual HPF based on the NSI (named here
DHPE-NSI, shown in Figure 1): the compensation of triplen current harmonics and the reactive power
support. The reason for using a dual HPF is because dual filters have a better compensation capacity
than sing]e filters, necessary to compensate triplen current harmonics, and HPFs have lower installed
power when compared with APFs. The NSI is the chosen topology, since it presents a lower number
of switches than back-to-back converters, implying a lower cost. As mentioned before, unbalanced
non-linear loads connected to the electrical grid consume typical triplen harmonics currents. For this
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reason, this work inserts a current compensation for the 3rd harmonic component. In the proposed
control system, the top unit is responsible for mitigating the 3rd and 5th harmonic components,
while the bottom unit is responsible for mitigating the 7th, 9th, and 11th harmonic components.
Both units are also used for compensating the reactive power consumed by the loads and to control
the dc-link voltage. In order to control the reactive power, the mathematical model of DHPF-NSI and
the controller design are also developed. The mathematical modeling and the controller design are
the main original contributions of this paper. In order to validate the capability of the DHPF-NSI to
compensate current triplen harmonics and to provide reactive power support, experimental results are
obtained in a prototype built in laboratory.

2. Dual Hybrid Power Filter

The dual HPF based on the NSI [27] connected to a three-phase electrical system is shown in
Figure 1. There are three different loads connected to the system: (1) a linear load to absorb reactive
power, imposing a low power factor; (2) a three-phase non-linear load that produces mainly 5th, 7th,
11th, and 13th harmonics and that causes distortion in the grid currents; (3) a single-phase non-linear
load that produces mainly 3rd harmonics and that becomes dominant with great contribution to the
total harmonic distortion. The harmonics produced by the non-linear loads make the grid current
harmonics levels above the recommended limits [29]. Therefore, the dual HPF is connected at the
PCC to provide harmonics currents and to compensate reactive power. Each HPF unit has output
terminals connected in series with an LC passive filter, where the LC filters for each unit are tuned in
different frequencies.

2.1. Nine-Switch Inverter Analysis

The NSI proposed by Liu et al. [28] is an alternative to the back-to-back inverter, having the
advantage of a reduced number of switches. The upper switches are called S, Sg, and S¢, and the
lower switches are called Sg, Sg, and St. The intermediate switches are shared between the two units
(top and bottom) of the NSI. Table 1 shows the possible switching states for leg AR and the respective
output voltages [27,28].

Table 1. Possible switching states and the respective output voltages for leg AR of the NSI.

NSI Switching States Sa  SArR SR 740  URo
1

IS
IS

) R R
)
3 10 1 e

From the possible combinations shown in Table 1, the top and bottom switches duty cycles are
given by [27]:

D, = §+ Vi sin (wyt + ¢x) 1)
4 Udc
-1 V, sin (wyt + @)

The gate signals of the switches Sy and Sy are defined by Equations (1) and (2), respectively, and
the gate signals of the switches Sy, are determined by the logic operation XOR between the gate signals
of Sy and Sy.

2.2. Passive Filter Analysis

The peak voltages of the capacitors of the filters are evaluated from two analyses: the maximum
dc voltage and the maximum fundamental ac voltage, across the filter. The analysis of the dc equivalent
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circuit is made in a steady state, the same as performed in [27]. The inductors L,y and Ly, and the
grid voltages v, . can be considered as short circuits. Therefore, the dc voltage components in each
capacitor are given by

Cbot Ydc
= | — ] = 3
Z)Ctup (Ctop +Cbot 2 ( )
Ciop Ydc
=(_—"L ) 4
©Coor <Ctop + Cbut 2 ( )

The equivalent circuit for the fundamental frequency is shown in Figure 2. In the fundamental
frequency analysis, the inductors of the passive filter and grid are disregarded, so their reactances in
the fundamental frequency are negligible in comparison to the capacitive reactance of the passive filter.
The resistance value is low so that the voltage drop is also negligible. The capacitors ac voltages v ACrop
and vc,,, should be considered as the difference between the grid voltage and the output voltages
synthesized by the NSI, v Fiop and vf, ), as follows:

UACfap = VS — UFmp (5)
where v, , has the amplitude range given by
Ydc Ydc
- T < UFW < T (6)

The analysis of the bottom capacitor voltage is similar to the top capacitor voltage.

VF,

Ciop Ly Riw  iop  poe iy

Figure 2. Equivalent circuit for the fundamental ac voltage.

Another important requirement in the design of the passive filter is the reactive power supplied
by the dual HPF based on the NSI. The reactive power supplied to the grid depends directly on the
capacitance values and indirectly on the dc-link voltage. Therefore, the three-phase reactive power
that the dual HPF can provide to the grid is given by

Q3p = Qap,, + gy, = 30(Crop + Cpor) V5™ (V5™ — 0§™) @)
where w is the fundamental angular frequency of the electrical grid.

3. Dual Hybrid Power Filter Mathematical Model for Reactive Power Control

The strategy of the reactive power control is based on the instantaneous reactive power theory
proposed by Akagi et al. [30]. The reactive power can be written in the rotating dg reference frame
according to

Q = vpce,lsd — Upcc,lsg ®)
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where vpcc, and vpcc, are the dg-axis PCC voltages, iss and is; are the dg-axis grid currents. The
signal of Equation (8) is changed in relation to that proposed in [30] for better coupling between
the instantaneous and conventional power theories. Thus, the positive reactive power is related to
inductive loads and negative reactive power is related to capacitive loads. In this paper, the voltage
vpcc, is in phase with the grid voltage, i.e., vpcc, = 0. Thus, it is observed that the reactive power
control can be performed by controlling is,.

The HPF modeling is developed from the equivalent circuit for reactive power control shown in
Figure 2:

- - -

iFtupABC = 1Lapc — ISpc ©)
L - diy
UFypc =Us upc + Riopitopapc + Ltop Ct’iptABC
- (10)
1 - e dlSABC
+ Ctop ~/1Fm’7ABCdt ~ Rsisypc —Ls dt
Using Equation (9) in Equation (10) yields
UFasc :ﬁ5A3c+PL(t)+p5(t)' (11)
The terms Py (t) and Ps(t) are written as follows:
- dl?L 1 s
PLE) = Riopf e + Liop =t + - [ et (12)
. dig 1 /-
Ps(t) = —Regis,pe — Leg dI:BC - aﬂp /ZSABCdt 13)

where Rey = Rg + Riop and Leg = L + Liop-

To simplify the abc reference frame to the aff reference frame transformations, all terms in
Equation (11) are derived so that the terms with integrals are eliminated. Since Clarke’s inverse
transformation matrix is composed of constant elements in relation to time [31], the derivative of this
matrix is null. Therefore, Equation (11) is rewritten as

dvg,,  dus

_ T puppy 4 pi
L= L P+ rf () (14)

where the terms PZﬁ(t) and Pg p (t) are given by

s 27
By o APL(E) dir,, dir, 1 -
Prr(t) = Tap i Rtop7 + meﬁ + ?OPZLM; (15)
B _ dps(t) _ dZSM; d 15,,{; 1 -
O )

As the control is performed in the dg rotating reference frame, the dg voltages and currents are
obtained from Park’s transformation [32]:

fag(t) = e 7 fup(t) 17)

where f (t) can assume any three-phase voltage or current as a function of time.
Using Equation (17) in Equation (14):

07 0
del deq _ del Dsdq

i TR PY(t) + P2 (1) (18)
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where Pqu(t) and qu(t) are given by

dei®7; d2e/%; 1 .
Aq ey dq dq 07
P (t) = Reop TR Liop F Cmpe iy, (19)
del¥; d2el’],
gy Saq Siq 1 ez
PS (t) = —Req dt - Leq dtz - @E] lsdq' (20)
0 F 2,j0 7 .
Using the derivatives % and % in Equation (18) and eliminating the term ¢/’ from this

equation, the terms of the voltages and currents in the frequency domain (s) are
D5 o g - d d
]UJVqu + SVqu = ]wVqu +sV5dq + PLq(s) + Psq(s) (21)

where Pqu(s) and qu(s) are given by

d .= - 1 - o . o o
P{(s) = Riop (jawli,, +5Ti,, ) + G Ty + Loy (~w?l, + j2wsTy, + 2T, ) (22)
i Lo o 1 - o i o -
Psq(s) = —Ry (]wlsdq + sIqu) - @Isdq — Leg (fwzlsdq + j2wsls, + 5215@) . (23)

The model obtained in Equation (21) is compared to the complete system (Figure 1) through
simulations performed in MATLAB/Simulink. For the simulations, all non-linear loads in the system
have been disconnected making the load current (I;) and Pqu (s) null. The grid voltage Vs and inverter
output voltage Vr are in phase with the d-axis, guaranteeing that the g-axis voltage components are
null. In this paper, Vs, is a not null constant and Vi, is constant. However, the reference value of Vi,
can change for the reactive power control.

The currents of the model obtained in Equation (21) and the real system currents during the
transient period are seen in Figure 3. This transient period occurs due to a step in V4. The currents Ig4
and Is; obtained from the mathematical model and the real system are similar and both stabilize and
converge to the same reference. Therefore, it can be stated that the mathematical model is consistent
with the real system dynamics.

Isq (A)

0 20 40 60 80 100

Time (ms)

Real system —Mathematical model

Figure 3. Dynamics of the model obtained in Equation (21) and the real system: (a) Current Is;; (b)
Current ;.
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In Figure 3, it is observed that the current Is, changes with the step in Vp;. Therefore, it is possible
to control the current Is; through the voltage Vr;. Consequently, the reactive power control can be
realized by controlling the current Is;. The transfer function of the plant obtained in Equation (21) is
given by

—w
Is L K
e eq —
G(s) T i =R (24)
d —— — Lyw
2 Req Ctap
sc+ —s+
Leg Leg

4. Hybrid Power Filter Control System

The control system for the HPF based on the NSI to compensate the harmonic components of
currents and the reactive power consumed by the loads is shown in Figure 4. This control is divided in
two subsystems: The first subsystem is responsible for the fundamental components control (dc-link
voltage control fixed in a reference value and reactive power control). The second subsystem is
responsible for the harmonic components control [9].

w3, Ws, Current. Harmonic
¢ ¢ Compensation
i i vy
; dygal L2 Ld3 i3 ALC
Lapcy)| ; \ . Zr,, i
Lg3 Ld3 Vg
ABC e o dsgs
_ Active and Reactive
isd 15d Power Control
% dyq1 > o
Sapc ) . -
1Sq LSq £ ‘/F‘,A
ABONS ) 05>
7%
qu
e i
%
"
Vi
w1
i v i,
Sl o ABC d
g ]
= VFdyop 2
51 o]
% L Vg,

ot
YFquop

ww
a8
VRo

ABC

7

o
Kbot hq U0
UF gpor y
iLdr i vl
‘ drqa Lt Ld7 d7 ABC
REVEN ) \ - Lo |
LLqT tLd7 YVq1
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Figure 4. Control diagram of the DHPF-NSI with fundamental and harmonic components control.

4.1. Active and Reactive Power Control

4.1.1. Reactive Power Control

A closed loop analysis is performed by utilizing a Proportional-Integral (PI) controller with
unitary feedback, and the transfer function of the controller is given by

_kpostkip _ Z(s)
C(s) = TS (25)
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where k,o and ki are the proportional and integral gains of the PI controller, respectively.
Thus, the closed-loop transfer function can be obtained as follows:
Is, C(s)G(s) KZ(s) B(s)

I, T1+C()G(s)  LG)R(G)+KZ(s) — Qls) 26

where I is the reference value of Is, in the frequency domain. kg and k;g gains is designed using
the polynomial roots Q(s) of the closed-loop transfer function expressed by Equation (26), which is
given by

Req 2 Ctup quw kaQs _ (Usz

Q()—s+L +

eq L"‘i Lf'i

27)

The polynomial in Equation (27) has three roots due to the two poles of the plant in Equation (24)
and one pole of the controller in Equation (25). The criterion for the determination of the gains is the
pole placement design [33], the same as performed in [34]. Therefore, the required polynomial A(s) has
two complex conjugated poles (with aT and w, being the real and imaginary parts, respectively), two
complex poles, and one real pole. The polynomial A(s) required by the closed-loop system is given by

A(s) = (s + (aT + jwy)) (s + (aT — jwy)) (s + a) (28)
where T is the relation between the position of the real part of the complex conjugated poles and the
real pole.

Using the polynomial coefficients in Equations (27) and (28), the following relations are obtained:
_1( Ry
=3 <u.Leq 1) @9
_1r 2 272 2 2
kpo=— {Cmp Leq (w +a" T  +w;+2a T) (30)
Leg 372 2
kig = fj(a T* 4 a.wy). (31)

The variable T is defined from the relation obtained in Equation (29). The gains ko and k;g are
calculated based on Equations (30) and (31).
The position of the real pole is defined from the stabilization time of the plant at 2%, which is
given by
_4 2
tap = —. (32)

4.1.2. Dc-Link Voltage Control

The top unit is responsible for controlling the dc-link voltage in a desirable value. The control
strategy is the same as that used in [27], where the dc-link voltage control is based on the assumption
that the power on the dc side is the same as the active power on the ac side of the converter. Therefore,
if the dc-link voltage remains constant, the average value of the current that passes through the dc
capacitor must be null. The resulting model for dc-link voltage control is based on an ideal capacitor
and the closed-loop transfer function is given by

Vdc o kw kps +k'

e e e (33)
Ve c s2 + k”k" s+ ki k“

Ger(s) =

The controller is a conventional PI to cancel the error between the desired reference voltage V.
and the measured dc-link voltage V..
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4.2. Current Harmonic Compensation

4.2.1. Feedback Control

In this control, the grid harmonic currents components (fsq and fsq) are the current references
of the proportional feedback control, as proposed in [9]. Thus, each extracted current harmonic is
multiplied by a proportional gain (K), so that the reference voltages can be written as follows:

Okdq = Kisgq (34)
where v}, g are the reference voltages produced by the feedback control.

4.2.2. Top and Bottom Feedforward Controls

The feedforward action is inserted into the control system for the improvement in harmonic
current compensation. In the top unit, the feedforward control compensates the third harmonic of
the load currents. The feedforward action of this unit has the function of creating a low impedance
path for the third harmonic, preventing this harmonic from circulating through the grid. The reference
voltages of the feedforward control to compensate the third harmonic are obtained as proposed in [9]:

—
w3 CFrop dq3

zﬁq.’a = RFmp +jw3LFtnp - (35)

1
w3Cry,, °

In the bottom unit, the feedforward control compensates the seventh harmonic of the load currents.
The feedforward action of this unit has the function of creating a low impedance path for the seventh
harmonic, preventing this harmonic from circulating through the grid. The reference voltages of the
feedforward control to compensate the seventh harmonic are obtained as

where Xjop = w3Lp,, —

I . .
Vag7 = Rby +J07Ly = o m—iLuy (36)
bot

where Xy, = wyLp, , — ﬁ

The reference voltages of the reactive power, dc-link voltage, feedback, and feedforward (third
harmonic) controls are added for composing the reference voltages of the top unit. The reference
voltages of the reactive power and feedforward (seventh harmonic) controls are added for composing
the reference voltages of the bottom unit.

5. Experimental Prototype

A DHPEFE-NSI prototype was built using an insulated-gate bipolar transistor (IGBT) with a
switching frequency of 20 kHz [35,36]. The general diagram of the experimental setup is shown
in Figure 5. The hardware platform used to control the Dual Hybrid Power Filter inverter is a dSPACE
development modular system based on a DS1005 processor board [37] and several boards for each
special hardware task, i.e., a DS5101 board for Pulse-Width Modulation (PWM) generation [38], a
DS2004 board for Analog/Digital (A /D) conversion [39], and a DS4002 board for Digital Input/Output
(I/0) [40]. All boards are hosted in a dSpace PX10 expansion box that uses the DS817 board for
bidirectional communication with a Personal Computer (PC) through optical fibers. The signals
measured from the system are the grid currents ig Lpcr load currents ip ., filter currents ip uper and
line-to-line voltages vs, .. A general view of the experimental test bench is shown in Figure 6. The
prototype parameters can be seen in Table 2. The top unit LC filter is tuned to 300 Hz to mitigate
the 5th harmonic and to contribute to low order current harmonics compensation. The bottom unit

66



Energies 2018, 11,1392

LC filter is tuned to 660 Hz to mitigate the 11th harmonic and to contribute to high-order current
harmonics compensation.

Table 2. Prototype parameters.

Parameter Symbol  Value
Line-to-line grid voltage (rms) Vs 220V
Grid frequency fr 60 Hz
Switching frequency fs 20 kHz
Dc-link voltage Vge 260 V
De-link capacitor Cic 4700 pF
Top filter capacitor (5th harmonic) Cr,, 46 uF
Top filter inductor (5th harmonic) Lg,, 6.12 mH
Top filter Resistor (5th harmonic) Rg,, 620 mQ)
Bottom filter capacitor (11th harmonic) Cr,, 46 uF
Bottom filter inductor (11th harmonic) Lg,, 1.26 mH
Bottom filter resistor (11th harmonic) R, 300 mQ)
Nonlinear three-phase load input inductor Lac, 5mH
Nonlinear three-phase load dc-link resistor Rpq 31Q
Unbalance load input inductor Lac, 7 mH
Unbalance load inductor Lo 128 mH
Unbalance load dc-link resistor Ri» 60 )
Linear three-phase load inductor Lz 128 mH
Linear three-phase load dc-link resistor Ris 240
Three-phase rectifier
Do,
T3
Single-phase rectifier
D,
i, (), Dy L@“
= Lo B
i @) @ T e d T ‘
Yy PWM (9)

\Interface

Plate [< Ve (1)

i G

Computer

Connector plate PX10 Expansion Enclosure

Figure 5. Single-line diagram of the experiment prototype showing the interface between the DHPF-NSI
and dSPACE.
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Figure 6. General view of the experimental test bench.

5.1. Reactive Power Compensation Performance

Based on the parameters of the system presented in Table 2, the gains of the reactive power
controller were calculated. The value of w, defined for the design is 1820 rad/s, which is the same
as in Equation (24). For controller design, the stabilization time (t;9,) is equal to 150 ms. Based on
Equation (32), the position of the real pole is obtained as 26.67 rad/s. The value of the variable T,
calculated in Equation (29), is 1.64 s. Therefore, by substituting the values of the system parameters and
the values of 4, T, and w, in Equations (30) and (31), the values of the controller gains were obtained.
The controller gains are given in Table 3.

Table 3. Gains of the reactive power controller for the prototype parameters.

Parameter Symbol Value
Real pole position a 26.67 rad/s
Variable T T 1.64s
Position of the imaginary part of the complex pole wy 1820 rad/s
Proportional gain of reactive power control kpa —0.075 Q
Integral gain of reactive power control kig —14752 Q- 571

In order to verify the stability of the reactive power control system, the frequency response of the
plant, G(s) in Equation (24), the controller, C(s) in Equation (25), and the open-loop transfer function,
C(s)G(s), are shown in Figure 7, using the data in Tables 2 and 3. As can be seen, the designed
controller has an infinite gain for dc (0 Hz) components, ensuring zero steady-state error in the reactive
power control, and imposes a phase margin (PM) around 90° for the open-loop transfer function,
which denotes a stable system. The cut-off frequency, 4.2 Hz at 0 dB, is sufficient to produce a step
response with a settling time around 147 ms, very close to 150 ms, which is the value used for the
controller design.

In order to validate the reactive control design, a step in i5 was applied in the experimental
prototype, producing the responses shown in Figure 8. Initially, the i¢_ value was set to 3 A. At 25 ms,
the value of i g Was changed to 6 A, taking around 150 ms to is, to reach the reference value, as can
be seen in Figure 8a. The corresponding reactive power generated by the DHPF-NSI is shown in
Figure 8b. It should be noted that the DHPF-NSI can compensate the reactive power consumed by any
type of load in the range of 500-1050 var.

68



Energies 2018, 11, 1392

A e e S e
-------------- == C(s)
o —— = o — e et SR S —C($)GEH
2 | e N e
=2
3 .
2 501
El
£
=
-100 -
0
90
e PM =89.9
3 s
5180 - ————— - - ——— LTI T —— =
| A D I R B T 5 Eo e
[ O N S WL S S U S S D S
270 -
360 & I ! ! 4
10 10' 0’ 10° 10°

1
Frequency (Hz)

Figure 7. Frequency response of the plant, G(s), the controller, C(s), and the open-loop transfer
function, C(s)G(s), for the reactive power control.
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Figure 8. Step responses for a change from 3 A to 6 A in ig at 25 ms: (a) current ig, injected by the
DHPF-NSI; (b) reactive power generated by the DHPF-NSI.

5.2. Current Harmonic Compensation Performance

The results in this section have been obtained using YOKOGAWA DL850 ScopeCorder [41] with
a High-Speed 100 M/, 12-Bit Isolation Module 720211 [42] and a power quality analyzer Fluke 434
series II [43] to measure the total harmonic distortion and the percentage value of each current harmonic.
The IEEE 519-1992 standard [29] recommends that any load connected to general distribution system
(up to 69 kV, which is the majority of industries) could consume currents with the harmonic limits
defined by Table 4, which is a reproduction of Table 10.3 of [29]. The worst-case scenario would be the
first line of Table 4, where each odd current harmonic up to the 9th order has a maximum distortion
limit of 4%. From the 11th to the 15th order, the maximum distortion limit falls to 2%, and the THD
(Total Harmonic Distortion, with the load at nominal power condition) is limited to 5%. All values are
percentages of the fundamental component of the load current at nominal power condition.

With the DHPF-NSI is disabled, the currents waveforms and the THDs for the three-phase grid
currents are shown in Figures 9 and 10. The load currents present high harmonic values that are well
above the limits recommended in Table 4 [29]. Based on Table 4 and Figure 9, it is possible to build
the current harmonic profile of the grid currents with the DHPF-NSI disabled, which is shown in
Figure 11.
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Table 4. Current Distortion Limits for General Distribution Systems (120 V Through 69 kV) [29].

Maximum Harmonic Current Distortion in Percent of Iy,

Individual Harmonic Order (Odd Harmonics)

Lse /11, <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20* 4.0 2.0 1.5 0.6 0.3 5.0
>20 and <50 7.0 3.5 2.5 1.0 0.5 8.0
>50 and <100 10.0 4.5 4.0 1.5 0.7 12.0
>100 and <1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 14 20.0

Even harmonics are limited to 25% of the odd harmonic limits above. Current distortions that result in a dc
offset, e.g., half-wave converters, are not allowed. * All power generation equipment is limited to these values
of current distortion, regardless of actual Is. /Iy, where I, = maximum short-circuit current at PCC, and I; =

maximum demand load current (fundamental frequency component) at PCC.
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Figure 9. Three-phase grid current harmonic components with the DHPF-NSI disabled.
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Figure 10. Three-phase grid current waveforms with the DHPF-NSI disabled.
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Figure 11. Three-phase grid current harmonic profile with the DHPF-NSI disabled.

As can be seen, not only are the 3rd, 5th, 7th, 11th, and 13th harmonic components of the grid
currents above the IEEE 519-1992, but also the THDs of all three phases are as well. On the other hand,
when the DHPF-NSI is enabled, the THDs and the waveforms of the grid currents are considerably
improved, as shown in Figures 12 and 13. For example, the THDs are reduced from 18.9-22.9%
(Figure 9) to less than 5% (Figure 12) in all phases, respecting the THD limit recommended in
Table 4 [29]. Based on Table 4 and Figure 12, it is possible to build the current harmonic profile
of the grid currents with the DHPF-NSI enabled, which is shown in Figure 14. It is possible to see
that the influences from the 5th to the 13th harmonic components are strongly reduced, below the
limits of the IEEE 519-1992. For instance, the 5th harmonic component has a reduction from 16.9-21.2%
(Figure 9) to less than 4% (Figure 12) in all phases, proving the effectiveness of the proposed DHPF-NSI.
The current waveform results (grid, load, and filters) for Phase A are shown in Figure 15 in order to
illustrate the individual performance of each hybrid filter in the load current harmonic compensation.
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Figure 12. Three-phase grid current harmonic components with the DHPF-NSI enabled.
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6. Conclusions

In this paper, two extra features have been proposed for the dual HPF based on the NSI:
the compensation of triplen current harmonics and the reactive power support. Dual HPF are used
because dual filters have a better compensation capacity than single filters, and this is needed to
compensate triplen current harmonics. HPFs have a lower installed power when compared with APFs.
The limits of reactive power that the DHPF-NSI can compensate as well as its mathematical model
and the controller design for reactive power compensation have also been demonstrated. Experiments
testing for the overall response of the proposed system, among other parameters, have been carried
out, proving its feasibility in terms of reactive power support and harmonic compensation.
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Abstract: Recently, multilevel inverters are more researched due to the advantages they offer over
conventional voltage source inverters in grid connected applications. Passive filters are connected
at the output of these inverters to produce sinusoidal waveforms with reduced harmonics and
to satisfy grid interconnection standard requirements. This work proposes a new passive filter
topology for a pulse width modulated five-level cascaded inverter interfaced grid connected system.
The proposed passive filter inserts an additional resistance-capacitance branch in parallel to the filter
capacitor of the traditional inductive—capacitive-inductive filter in addition to a resistance in series
with it to reduce damping power loss. It can attenuate the switching frequency harmonic current
components much better than the traditional filter while maintaining the same overall inductance,
reduced capacitance and resistance values. The basic parameter design procedure and an approach
to discover the parameters of the proposed filter is introduced. Further, a novel methodology using
Particle Swarm Optimization (PSO) is recommended to guarantee minimum damping loss while
ensuring reduced peak during resonance. In addition, PSO algorithm is newly employed in this work
to maximize harmonic attenuation in and around the switching frequency on the premise of allowable
values of filter inductance and capacitance. A comparative discussion considering traditional passive
filters and the proposed filter is presented and evaluated through experiments conducted ona 110V,
1 kW five-level grid connected inverter. The modulation algorithm for the multilevel inverter is
implemented using a SPARTAN 6-XC6SLX25 Field Programmable Gate Array (FPGA) processor.
The analysis shows that the proposed filter not only provides decreased damping power loss but also
is capable of providing considerable harmonic ripple reduction in the high frequency band, improved
output waveforms and lesser Total Harmonic Distortion (THD) with improved power quality for the
multilevel inverter based grid connected system.

Keywords: Pulse Width Modulation (PWM); Field Programmable Gate Array (FPGA); Total
Harmonic Distortion (THD); harmonics

1. Introduction

Voltage source inverters are a key component in most PV systems installed for grid connected
and standalone applications [1-4]. These inverters use sinusoidal Pulse Width Modulation (PWM)
strategy which involves high speed switching of semiconductor devices to produce an AC output
which generates high frequency noise, harmonics and cause high switching losses. A passive filter,
which is cost effective, is connected between the inverter and the grid to attenuate the PWM carrier
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and sideband harmonics to meet IEEE standards. Earlier, first order passive L type filters were used
on the AC side of the PWM inverters for attenuation of these switching harmonics. However, L filter
has a restriction in low switching frequency applications due to its inevitable large size [5,6]. A higher
order LC or LCL filter provides better harmonic suppression at lower switching frequencies with a
reduction of overall filter size. The LCL filter instead of L filter is more attractive because it can provide
high frequency harmonic attenuation with the same inductance value [7-9]. Conversely, these higher
order filters trigger a resonance between the inverter and the grid which needs to be damped either
actively [10,11] or passively [12-24]. Active damping methods being flexible, involve a well-designed
control algorithm to dampen the resonance but are limited by high cost, control complexity and
the use of additional sensors. Passive damping schemes are economical, less complex and carry an
increased reliability.

Various filter topologies and damping techniques for passive filters have been proposed in the
literature for voltage source inverters. Different damping schemes for a passive filter used in grid
connected inverters is discussed [9,12,13]. However, the procedure to design the filter parameters and
the damping component is not provided. A structured procedural analysis and comparison of active
and passive damping methods for LCL filters employed in a grid connected voltage source converter
is explained in [14]. However, the analysis described in the paper is specific to low power applications
operating at high switching frequencies. Passive LCL filters with a resistance connected across the
filter inductor on the grid side have been more popular for three phase grid connected inverter
systems working at a particular resonant and switching frequency [15,16]. In [15], the resistance
value is chosen approximately from bode plots obtained for a set of resistance values selected using
trial-and-error method, whereas plots are presented for the loss obtained in the inverter and filter
system and compared with the loss obtained using active damping technique in [16]. Neither of them
provide information on the selection of optimal damping components [15,16]. In [8], the value of the
damping resistance in a LCL filter used in a three phase rectifier system is assumed to be one-third of
the LCL filter capacitor impedance at resonant frequency. Although the performance of the filter is
proven to be efficient, the selection procedure may not be suitable for all conditions. Another design
approach where a virtual resistor is assumed to be on the output side of the LC filter side to damp
the switching oscillations in a PWM inverter is proposed in [17]. On the other hand, an extra control
algorithm that simulates the role of a real resistor makes the system complex. To overcome this, a
method that uses a resistor to help dissipate the energy stored in the resonant circuit of a LC filter used
in an IGBT inverter is proposed for motor drive applications [18]. However, the above filter is designed
with a resonant frequency above the switching frequency, since the purpose is to limit merely dv/dt
and not to suppress the switching harmonics. Another design method where a resistor is connected in
series with the filter inductor to damp harmonic resonance at the DC link of a rectifier-inverter system
is proposed in [19]. A detailed analysis of a split-capacitor with resistive (SC-R) damping for a LCL
filter used in a three-phase grid connected inverter that includes power loss in the damping resistance
in the analysis is done in [20]. A design-oriented analysis for the selection of the split-capacitor resistive
(SC-R) damping circuit parameters is presented in [6]. Since the capacitor in the damping branch is split
from the filtering capacitor in [6,20], the high-frequency harmonic attenuation of the passively damped
LCL filter is reduced, compared to that with an undamped LCL filter. Another simple design criterion
to find the optimized damping resistor values used in a LCL and a higher order LLCL filter is proposed
in [21]. In the above work, an additional RC branch in connected across the trap filter to perform
passive damping. However, LLCL filter provides a lesser harmonic attenuation performance in the
high frequency band [22]. To overcome this, a new high-order filter, named the LTCL filter, is proposed
in [23] with multiple LC traps inserted in parallel with the capacitor branch. However, multiple traps
tuned to different frequencies require judiciously selected components to attain desired harmonic
attenuation. Another novel passive filter, namely, L(LCL)?, is employed for a grid inverter in [24],
where a design bench mark is utilized to obtain the filter component values and the inductance present
in the filter design is optimized using Genetic algorithm. Although optimization techniques such as
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Particle Swarm Optimization (PSO) and Genetic Algorithms have been utilized to obtain filtering
component values in LCL filters employed in rectifiers, and power filters [24-26], these algorithms
work based on allowable components value ranges for choosing the reactive elements in the filter.
Poor design of output filters leads to reduced attenuation at the switching frequency, larger filter size,
higher cost and more losses. Hence, it becomes a challenging task to design the filter components with
reduced size, good damping and improved attenuation.

Recently, multilevel inverters are more researched due to the advantages they offer over
conventional voltage source inverters in grid connected applications [27-29]. Among the different
multilevel inverter topologies [30], Cascaded H-Bridge (CHB) inverters [31] are advantageous owing
to their modularity, simplicity and they require fewer components to achieve the same number of
voltage levels. Although there are various modulation techniques [30] available for multilevel inverters,
modulation based on multi carrier signal arrangements with traditional sinusoidal PWM technique
such as Phase Disposition PWM (PDPWM), Phase Opposition Disposition PWM (PODPWM) and
Alternative Phase Opposition Disposition PWM (APODPWM) [32,33] are quite popular and simple to
implement, which again necessitates a filter at the inverter output to limit the harmonics caused by
PWM. Several methods based on the basic modulation techniques have been used for minimization
of harmonics in multilevel inverters [34-37]. However, all these methods involve a well-designed
modulation scheme and involve a complicated power circuit design to obtain better quality. Instead,
passive filters are economical and simple to improve power quality. Passive filter designs considering
LC trap/LCR filter and LCL filters for a neutral point clamped three level inverter is presented in
literature [38,39]. The analysis and performance of a LCL filter for a cascaded inverter operating
as a DSTATCOM is studied in [40]. However, the analysis is restricted to low frequency operation
in [38] and [40]. Most of the literature has focused on filter designs for conventional voltage source
inverters and filter designs considering multilevel inverters is limited. To address the above challenges,
this work proposes a new L-(CR)?-L passive filter structure for a pulse width modulated inverter
used in grid connected applications. The design consists of an additional resistance—capacitance
branch across the filter capacitor of the traditional LCL filter apart from an additional resistance in
series with the filter capacitor. The proposed filter can attenuate the switching frequency harmonics
much better than the traditional LCL filter, while maintaining the same overall inductance value
and reduced capacitance value of the traditional LCL filter. It can reduce the damping power loss
with lesser value of damping resistance and provides considerable damping power loss reduction
compared to conventional topologies. Further, this work includes the basic parameter design procedure
with expressions to arrive at individual filter component values of the proposed filter in addition
to a novel technique using PSO to minimize damping power loss, while ensuring reduced resonant
peaking. Further, the same algorithm is also employed to ensure maximize harmonic attenuation in
and around the switching frequency based on permissible filter inductance and capacitance values.
A performance comparison of the proposed filter against two other passive filters is presented.
Results obtained from experiments conducted on a 1 kW, 110 V, 50 Hz five-level inverter set up
based on a SPARTAN 6-XC6SLX25 Field Programmable Gate Array (FPGA) processor are included
to evaluate the performance of the proposed filter. This work considers a five-level CHB inverter for
the filter implementation. The structure of a five-level CHB inverter interfaced with the grid through
a traditional LCL filter is presented in Figure 1. In Figure 1, Vs; and Vs, represents the DC voltage
applied to the upper and lower H-bridges of the five-level inverter, S; to Sg are the inverter switches,
Linp and Lg,;y represents the inverter side and grid side inductance of the LCL filter respectively and C
represents the LCL filter capacitance. PDPWM modulation technique [33], which is well discussed in
the literature, is used to generate gate signals for the five-level inverter.
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Figure 1. Five-level Cascaded H-Bridge (CHB) inverter with LCL filter connected to grid.

The rest of the paper is organized as follows: Section 2 provides the complete analysis and design
of the proposed passive filter structure. Section 3 focuses on the filter parameter design and verification.
Simulation and experimental results are provided in Section 4. The work is concluded in Section 5.

2. Proposed Filter Design

The proposed filter is presented in Figure 2. In Figure 2, L;,, represents the inverter side
inductance, Lgq is the grid side inductance and C; is the filter capacitance. R, is the series resistance
to damp resonance. R;-Cj, represents the additional R-C branch connected across the R,-C, branch
mainly to bypass harmonic components and to reduce damping power loss. iy, represents the grid
side current.

L. L i

inv grid out

v grid

Figure 2. Proposed filter structure for the five-level inverter.

80



Energies 2017, 10, 1834

The transfer function of the proposed filter structure is derived as in Equation (1).

fout (8) _ R;CrRyCs® + (RyCr + RyCp)s +1 )
Vino (S) LinngridCrCh(R‘r + R;,)S4 + (CTLinngrid +Cy Linngrid
+CrChLinoRrRyy + CrChLgyigRrRy,)s®

+(CrRrLinv + CuRuLino + CrRrLgrid + CthLgrid)sz + (Linv + Lg‘rid)s

2.1. Selection of Overall Inductor and Capacitor Values for the Proposed Filter

Larger values of capacitance for the proposed configuration provide better higher order harmonic
attenuation. However, it results in higher reactive power and increased demand of current from the
inverter side inductance, resulting in the decrease of efficiency of the overall filter system. In addition,
smaller capacitor size requires larger inductance to meet the harmonic mitigation requirement. Thus,
the selection of capacitor value for the proposed filter is a tradeoff between the reactive power and
the selection of inductor values. The overall capacitance value (C; = C, + C;,) for the proposed filter
configuration is chosen by calculating the reactive power absorbed by the filter at rated conditions as
given by Equation (2).

C = Q. 5
27T fout Vgrid)

where Q is the reactive power absorbed by the system, which is usually chosen to be less than 5% of
the rated power [21,23]; V4 is the rated system voltage; and fous is the output frequency of the system.

A number of methods have been used in the literature to select inductor values in a LCL
filter [6,9,12,20]. This work considers some of those aspects to design suitable inductor values for
the proposed structure. The inverter side inductance is usually designed by calculating the current
ripple. Selection of small values of ripple current decreases the switching losses. However, it results in
large values of inductors. Thus, the selection of the ripple current is a trade-off between the size of
the inductors and the switching losses. The inverter output voltage and inductor current waveforms

@

during one switching cycle for a carrier based modulation is shown in Figure 3.

Vinv
L/ ———
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Figure 3. Inverter output voltage and inductor current waveforms during one switching cycle.

The inverter switching frequency is usually greater than the system output frequency. Hence, the
average value of the inverter output voltage can be treated constant during the switching period Ts.
In Figure 3, Vi, oy represents the average inverter output voltage, while Ty, and T, represent the ON
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and OFF periods. The turn ON and OFF times are related as Tuﬁ/T on =1 —a and T,,/Ts = x, where «
represents the duty cycle. The peak-to-peak value of the inductor current during PWM switching is
obtained using Equation (3) [24].

. Vs — Vino ac
All(peuk_penk) =2 L = T 3
inov

where L;,,, represents the inverter side inductance of the passive filter and Vs (V51 = Vip = Vi) is the
voltage applied to one of the H-Bridges of the inverter. As the grid voltage is usually assumed to be
purely sinusoidal, the fundamental component of the grid current can be assumed to be zero. Hence,
the fundamental component of voltage appearing across the inductor is zero. Hence, the inverter
average output voltage and grid voltage are given as vy, 5o = aVs and Vi (wt) = mVssin(wt) where
m is the modulation index. Using the above expressions, Equation (3) is rewritten as Equation (4).

. VsTs
All(peak_peuk) = 4L,
inv

(1 — m%sin®(wt)) (4)

Equation (4) provides the peak-to-peak value of the inductor ripple current. Thus, inverter side
inductance value L;,, of the proposed filter is using Equation (5).

1 2V
4 fswitch X h

where V; is the input voltage to one H-Bridge of the inverter, “/” is the amount of ripple current which
is generally lower than 40% of the peak value of the rated system current [21,22] and fiit; is the
switching frequency of the inverter.

The value of grid side inductance, Ly is chosen such that Lgyiq = a Ljy;p, where “a” is the inductance
ratio factor. With the factor “a” less than unity (Lgyig < L), it is possible to reduce the overrating of the
switches and improve stability. This design approach is used for grid side inductor design in [12,23].
With the factor chosen as unity, the inverter and grid side inductances are made equal to maximize the
attenuation capability of the LCL filter [21,22]. However, this results in an increased cost and volume
of the filter elements. Choosing a > 1 results in a smaller inverter side inductance [14] when compared
to the grid side. This design may introduce significant current ripples on the inverter output leading
to serious overheating and losses on the inductor [5]. It also increases the ratings of the switches
raising the cost and switching losses. Considering another criterion, the overall inductance value of
the proposed filter is to be kept less than 0.1 per unit to limit the voltage drop across the inductor [20].

Liny = (&)

2.2. Selection of Resonant Frequency

A good selection of the resonant frequency is another important design criterion considered
for the design of the proposed filter. The resonant frequency is usually chosen based on the
fundamental frequency and switching frequency of the inverter. It is chosen such that it is in the
range 10four < fres < (fswitcn/2) to ensure that resonant and switching harmonic currents flow through
the respective branches of the filter circuit. The resonant frequency of the proposed filter is given by

Equation (6).
1 Liny + Lgia
_1 _ 6
Jres = 37\ TonoLgria (G + ) ©
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2.3. Selection of Individual Filter Components

The R;,-Cj, branch in the proposed filter is designed to provide a path for the current harmonics at
and around the switching frequency, w = wgytcp, as given by Equation (7).

1
< ZR,C,switch =Ri+——+ (7)

ZR,Cpswitch = R +
e wswitchcr

wswifchch
where Zg, c,switcn 18 the impedance offered by the R;-C;, branch at the switching frequency and
ZR,¢,switch 18 the impedance of the R,-C; branch at the switching frequency. The R;-C, branch is
designed to provide a path for the current around the resonant frequency, w = ws as given by
Equation (8).

1
WresCy

1
ZR,Cyres = R + WGy < ZR,Cyres = Ry +

®)

where Zg, c,res and Zg, c, res are the impedances offered by the R,-C; and R;-C;, branches at resonant
frequency. A careful design is required for the proper choice of R,-C; and Rj-Cj, branch values.
Equal capacitor values are considered for both the branches in [20]. Further, the overall capacitance of
the filter circuit should also meet the reactive power absorption of lesser than 5% as given in Equation
(2). Choice of equal capacitor values for the proposed structure may not offer the required impedances
at the resonant and switching frequencies. Hence, as per Equations (7) and (8), a new factor called
capacitance ratio is introduced, which is given by C,/C;, with Cj, less than the C, branch value. From the
knowledge of the switching frequency and the resonant frequency, which is usually near to half of the
switching frequency value, the design of Cj, and C, is carried out. The values of R, and Rj, are required
to compute the impedance offered by the two parallel branches which influences the harmonic and
resonant current flow path and subsequently the losses.

Again, the selection of R, and R requires careful steps to follow Equations (7) and (8).
The impedance of the R;-C, and R;-C), circuit branch is calculated and given by Equation (9).

o (1 + chrs)(l + RhChs)
- RrCrChsz + R;,CrChsz + ChS + Crs

©)

Zparallel (S)

The resistance R, can vary between zero and infinity ohms. Therefore, the impedance is limited
within the range given by Equation (10).

1+ R,Cys
R;,CrChsz + S(Cr + Ch

1+ R,Cys
Chs

) < Zpamllcl (S) < (10)

For a minimum value of R;, accordingly, for a good damping effect, the resonant frequency should
fall in the range calculated and given by Equation (11).

1
< Wyes < —— 11
R Te) S < &G, a1
Equation (11) is rewritten as Equation (12) which is useful to fix the range of R;.
1 1
(12)

— <R < ——
wres(ch + Cr) == wresch

where wyes = 27fres and fies is given by Equation (6). For a minimum value of Ry, as R, varies between
zero ohms and infinity ohms, the resonant frequency varies between a minimum value and maximum
value as given by Equation (13).

Liny + Lgrid Liny + Lgrid

e LWy < [ (13)
LinyLgyia(Ch + Cy) "~ LesiaLinoCh
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From Equations (12) and (13), the value of R, can be fixed. For lower values of resonant frequency,
higher damping resistance value is obtained and vice versa.

The resistance Ry, can vary between zero ohms and infinity ohms. Therefore, the impedance of the
parallel filter branch is limited within values given by Equations (14) and (15).

1+ R,Cs

7. — 14
mp(8) = R E G 1 5(C, + Cr) (14)
1+ R,Cys
Zimp(s) = # (15)
T

The aim of R;,Cj, branch is to provide path for high frequency harmonics. Further, the value of R),
should be lesser and simultaneously minimize damping loss with reduced R;. Thus, for minimum
R}, based on impedance offered, the switching frequency is limited within the range given using
Equation (16).

1 Cr+ Gy
< ten < 16
R,C — Cswiteh = R,C:Cy, (16)
Introducing resistance ratio factor as
Ry
17
R, (17)

Combining Equations (16) and (17), the selection of Ry, falls within the range as given by
Equation (18).
WswitehCr Wsaiteh CrCry

(18)
where the value of resistance ratio factor is less than unity to minimize damping loss. The next section
discusses the effect of resistance ratio factor on damping power loss.

Since the aim of R;,-Cj, branch is to pass on the maximum switching ripple components through
it, the value of Rj, is chosen to be smaller than R, to provide the necessary lesser impedance at the
switching frequency as Cj, < C,. Now, with two parallel branches, R,-C; and R;-Cj,, the current through
R; and Ry, varies based on their impedance. In the proposed damping scheme, the switching harmonic
currents largely pass through the R;,-C), branch and the resonant current flows predominantly through
the R,-C; branch. The R;-Cj, branch, with a lesser resistance and capacitance value provides an alternate
non dissipative path (with a smaller resistance which also improves harmonic attenuation, the loss
in the resistance is almost negligible) for the high frequency currents thereby reducing the harmonic
damping losses. The R;-C; branch, with a higher resistance and a slightly high capacitance value
than the R;-Cj, branch (In this branch, the resistance value required becomes small when compared to
traditional Ry-C4 damping) provides an alternate path for the resonance currents thereby reducing the
losses in the damping circuitry.

2.4. Damping Power Loss

The power dissipated in the R,-C, and R,-C}, circuit is calculated separately at the fundamental
and switching frequencies.

(i) Fundamental frequency: The power loss at fundamental frequency is given in Equation (19).

Cr2 Ry Cthh )

19
1+ woz,,zCrZR,Z) (1 -+ woutzCthhz) ( )

2 2
Pfundamzntal = Wout Vgrid ((
where wyy; is the fundamental frequency in rad/s. Further, with two parallel branches C,

and Cj, the resulting current through R, is halved, thereby reducing the damping loss at
fundamental frequency.
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(ii) Switching frequency: The power loss at switching frequency is given by Equation (20).

Pswitching = Re(VAMYdampI*dmnp) (20)

where Liamp 1s the current through the damping branch comprising of parallel combination of R,
C; and Ry, Cy and is given by Equation (21).

Idamp = Vdamp/Zdamp (21)
where Z ;. is calculated from Equation (9) at switching frequency.
The voltage across the damping branch Vi, is given by Equation (22).

Vdamp = VAMYdampM (22)

where V 5y gives the harmonic amplitudes of the five-level inverter output voltage given by [33]
and Yyapm (at Vgrig = 0) is given by Equation (23)

Va
YdampM = Varr:p (23)
ou

and given as
Zdamp +2Z
Z1Zy + Zdampzl + +ZdampZZ

Ydump = (24)

where Z; and Z; are the impedances offered by L;,, and Lg,;4, respectively.
(iii) Total Power Loss

The total power loss in the damping circuit is given the sum of the fundamental frequency power
loss and the switching frequency power loss as Equation (25).

Protal = Pfundumenml + Pswitching (25)

2.5. Optimization to Maximize Harmonic Attenuation using PSO

Frequent trial and error in a design procedure increases the need to optimize parameters. PSO is
a stochastic optimization algorithm based on deterministic points of natural selection that simulate
the natural process of group communication of a swarm of animals when they flock or hunt with a
velocity. If one member finds a desired path, the rest of the swarm will follow it. The PSO algorithm
imitates the behavior of such animals by particles with an initial velocity and position in space.
With a random population (called swarm), each particle (member of swarm) flies through the search
space and remembers the best position [25]. The members communicate among themselves these
positions and adjust their own position and velocity in a dynamic fashion. This way the particles
fly towards an optimum position. In passive filter designs, it is challenging to achieve maximum
harmonic attenuation while selecting the filter components judiciously within their allowable limits.
The selection of filter components affects the design performance index such as THD, size, harmonic
attenuation ratio, etc. To maximize attenuation around the switching frequency and its multiples,
PSO algorithm is employed in this work. The target of optimization is to obtain maximum value of
harmonic attenuation considering the values of the filter inductance and capacitance. The objective
function to obtain maximum harmonic attenuation for the proposed filter is expressed as Equation (26).

Obj = max|G(jw) (26)

“‘7=wswiluh
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where G(jw) is given by is given by

1
(LinngridCr + Linngridch)(].w)3 + (Linv + Lgrid)(jw)

G(jW)ﬂt(w = wswitch) =

Subject to

(1)  Lyin < Liny < Lyax, where L,;;;, and Ly,y are the minimum and maximum allowable inverter side
inductance values, respectively.

(i)  Cyin < Ct < Ciax, where C,j, and Cpyqy are the minimum and maximum allowable capacitance
values, respectively.

The relation between inverter side and grid side inductances and maximum/minimum value of
inductance and capacitance is presented in Section 2.1.

(iii) Harmonics greater than 35 should be less than <0.3% of the rated fundamental current as per IEEE
519-1992 standards. The current harmonic attenuation is computed by considering that, at high
frequencies, the converter is a harmonic generator, while the grid is considered as short circuit
source. The magnitude of switching ripple current to inverter voltage ripple at the switching
frequency is evaluated using Equation (27).

iauf(j“’) _ GGy (j("))z + (CV + Ch)(j“’) +1 (27)
Vino (]'w)w:wswc;, LinngridCrCh (jw)4

+(CrLinoLgria + CnLinoLgria + CrCLiny + CrCpLgria) (jw)?

+(CrLiny + ChLino + CrLgyia + CiLgria) (jw)?

+(Linv + Lgrid)(jw)

The magnitude of the switching ripple current at the switching frequency is guided by the
recommendations of IEEE 519-1992 (harmonic magnitude to be lesser than 0.3% of fundamental). With
inverter side inductance values of 1 mH, 2 mH and 3 mH computed as discussed in Section 2.1, the
maximum magnitude of harmonics greater than 35 (since harmonics are mostly around switching
frequency, the magnitude is evaluated at 10 kHz) is found to be 0.37%, 0.16% and 0.28% of rated
fundamental current, respectively. Hence, the inverter inductance is chosen as 2 mH. Compared to
step-by-step method, this value has 1% error.

2.6. Optimization to Minimize Damping Power Loss Using PSO

Reactive components used in passive filters inherently produce switching oscillations that needs
to be damped. These oscillations appear as a peak amplitude at the resonant frequency. The damping
resistance used to suppress these oscillations produces power loss and weakens the high frequency
attenuation ability. To efficiently use the damping circuit in the proposed design, this work considers
the damping power loss, damping resistance value and the damping of resonant oscillations. In the
proposed work, care is taken that the damping resistance does not weaken the harmonic attenuation
and does not contribute to damping power loss. The damped filter should show more attenuation
at the resonant frequency as well as in the high frequency band. This work uses PSO algorithm to
minimize power loss on the premise of allowable damping resistance value and minimum peaking in
the resonance. An objective function is defined that minimizes the power loss. In the following section,
the steps towards an optimal design to minimize damping power loss is described:

Particle: The particle of particle swarm optimization is denoted by a set of two-dimensional vector
as X = [Ptarall Ry, |G(jw)|w:wyes] :

Objective Function: This paper uses Equation (28) as the objective function that minimizes the
damping power loss.

Obj = min(Pyysar) (28)
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where Py, is defined from Equation (25) that includes fundamental and switching frequency power
loss given by Equations (23) and (24).
Subject to the Constraints:

(a) The harmonics produced due to PWM is mainly located at the switching frequency and its
multiples. The frequency response characteristics of the proposed filter shows that the filter
produces attenuation with a slope of 60 dB/decade after the resonant frequency. Therefore, if the
switching frequency is located far from the resonant frequency, the greater the attenuation at the
switching frequency would be. The amplitude function of the grid current to the inverter voltage
at the switching frequency is given using Equation (29).

R/CrRy,Ci(je0)” + (ReCy + Ry,Cy) (jw) + 1
LinoLgriaCrCh(Rr + Ry) (jw)* + (CrLino Lgria + ChLinoLgria
+CrCyLinoReRy + CrCthridRrRh)(jw)3
+(CrRrLino + CuRpLiny + CrRyLgria + ChRyLgria) (jw)?
+(Linv + Lgrid)(]“‘-’)

G(jw) =

W=Wres

(29)

(b) The shunt damping resistance is limited as Rymin < Ry < Rymax, Where Rj = R, + Ry, and Ry,
and R,y are the minimum and maximum allowable values of the shunt damping resistance
(sum of R, and Ry,) value, respectively, as discussed in Section 2.2.

The search process begins with the initialization of the particles, number of populations,
generations, best values of the objective function in the local search and global search [28]. The defined
objective function is calculated for various values of resistance and is stored as an array. If the
constraints are satisfied, a comparison is established between the obtained objective function value and
the best value that is searched by the particles and is stored as Pj,;. A comparison is also made with
the global best value that is searched by all the particles and stored as Gy,s;. The search is repeated until
all the populations and generations are exhausted. The PSO algorithm renews the position and velocity
to search the whole space by V = A.V + a1 x rand() * (Pyes; — Present) 4+ a2 + rand() * (Gpesy — Present)
where “V"” is the velocity of the particle, Present is the present position of the particle, Ppegy and Gpest
represents the partial optimal solution and global optimal solution. A is weighted factor ranging from
0.1t00.9. a1 and a2 are the learning factors, commonly taken as a value equal to two [25].

3. Parameter Design, Verification and Discussion

With above design and constraints considered, the proposed filter configuration is constructed
for a five-level inverter. Table 1 depicts the system parameters. Table 2 shows the designed filter
component values. To assess the performance of the proposed filter, two filters namely LCL filter with
resistance damping [21,22] (Filter I), and R;-C; damped LCL filter [20,21] (Filter II) are compared with
the proposed filter (Filter III). The overall inductance and capacitance values of all filters (for Filter III,
capacitance becomes lesser as per design) are maintained the same. The damping circuit parameters of
Filter I and Filter II are based on [21] and are listed in Table 2.

Table 1. System Design Parameters.

Parameters Specifications
Output Voltage 110V
Output Power 1kW
Input voltage 78 V to each H-Bridge
Switching frequency 10 kHz
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Table 2. Filter Design Parameters.

Parameter Filter I Filter I1 Filter III
Lino 1.5 mH 1.5 mH 2 mH
Leyia 1.5 mH 1.5 mH 1mH

C, 8 uF 4 uF 4 uF
R, 200 200 90
Ch - 4 uF 2 uF
Ry, - - 10

The frequency response characteristics obtained for the three filters based on the above design
parameters is depicted in Figure 4. It is clear that the proposed filter provides greater attenuating
effect on the harmonics when compared to the R;-C; damped LCL filter. The proposed filter exhibits
high harmonic attenuation capability in the high frequency band while maintaining the same overall

inductance and capacitance values compared to Filter I and Filter II.

50

Magnitude (dB)

-150

-200

Filter I

B s

Frequency (Hz)

Figure 4. Frequency response characteristics with the three filters: Filter I, resistance damped LCL

filter; Filter II, R;-Cy damped LCL filter; and Filter III, proposed filter.

From Equation (25), it is clear that changes in inverter switching frequency changes the damping
power loss. If switching frequency varies, the parameters of the filters also vary. High switching
frequency operation necessitates lesser values of filter components. Figure 5 presents the damping
loss achieved with all the three filters for different values of switching frequency. It is seen that Filter
III provides reduced damping loss compared to Filter I and Filter II at the switching frequencies
considered because the impedance of the Rj,-Cj, branch is less at the switching frequency, providing a
bypass path for high frequency harmonic currents as per the proposed design.
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Figure 5. Damping loss with switching frequency variation.

Figure 6 presents the damping loss achieved with all three filters for different values of modulation
index. With the proposed filter, lower damping power loss is obtained compared to the other two
filters at all of the modulation indices considered, as the majority of the high frequency harmonic
currents circulate through the R;,-Cj, branch, bypassing the R, branch.

1500 T
==#-- Filter I
-=#-- Filter II

AR ==#-= Filter IIT

Damping Loss (mW)

$-oott- -

0
0.5 0.6

Modulation Index

Figure 6. Damping loss for different modulation index values.

Figure 7 presents the damping loss variation achieved for variation in the values of the resistance
ratio by keeping R, constant. It is seen in Figure 7 that, at higher values of , the damping power loss is
reduced for any value of R,. Again, for a particular 3, as the value of R, increases, the damping losses
increase. This is expected, as increase in the resistance value increases the damping power loss. Thus,
to reduce the damping power loss, lower values of R, is chosen and, at the same time, higher value of
resistance loss ratio is chosen. Choosing a higher resistance ratio factor helps in choosing lower values
of R, in the proposed design. Hence, the resistance parameter selection for both the parallel branch
circuits of the proposed filter plays a vital role in reducing the overall damping losses. The curves
validate the design value selection of the resistances used in the proposed filter design.
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Figure 7. Damping loss variation with resistance ratio.

Figures 8 and 9 present the variation of damping loss and harmonics (maximum harmonic
magnitude with respect to fundamental) achieved for different values of C, keeping capacitance ratio
constant. It is seen in Figure 8 that, as the value of C, increases, the damping losses increase at a
capacitance ratio value, whereas the percentage magnitude of the maximum harmonic with respect to
the fundamental decreases. Again, for the same C,, as the capacitance ratio increases, the damping
power losses increase with a decrease in the harmonic magnitude percentage. Small capacitance value
contributes to significant ripple on the output of the inverter. There is a minimum capacitance value
on these curves which attributes to lower damping loss and lesser percentage of harmonic magnitude
with respect to the fundamental. Thus, the capacitance parameter selection for both the parallel branch
circuits of the proposed filter plays a vital role in reducing the overall damping losses. The curves
validate the design value selection of the capacitance used in the proposed filter design.
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Figure 8. Damping loss variation with capacitance ratio.
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Figure 9. Harmonic variation with capacitance ratio.

Figure 10 shows the frequency response plot obtained with the proposed filter for two varying
values of R, (depicted as R1 and R2 in the plot for convenience) with the resistance ratio remaining
constant. It can be seen that, at constant resistance ratio, for smaller values of R, (represented as R1 in
the plot), the attenuation in the high frequency band is high.
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Figure 10. Frequency response characteristics for varying R, with resistance ratio constant.

Figure 11 shows the frequency response plot of the proposed filter for two different values of
resistance ratio (depicted as G1 and G2 in the plot for convenience) for constant values of R,. It can be
seen that, at higher values of resistance ratio (pictured as G1 in the plot), the attenuation in the high
frequency band is high.

Thus, to reduce the damping power loss and simultaneously achieve high harmonic attenuation,
lower values of R, is chosen and, at the same time, higher value of resistance loss ratio is chosen.
The frequency response plots also validate the design value selection of the resistances used in the
proposed filter design.
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Figure 11. Frequency response characteristics for varying resistance ratio with R, constant.

Table 3 shows the variation of harmonics around the switching frequency and twice the switching
frequency for the three filters. It is evident that, with the proposed filter, the dominating current
harmonics can meet the recommendations of IEEE 519-1992. The other two filters also follow the
recommendations, except for Filter I where the percentage near the switching frequency is slightly
higher. The proposed filter provides a much lesser harmonic magnitude percentage when compared
with the conventional LCL filter with simple resistance damping. Thus, the proposed filtering scheme
with a carefully designed filter parameter values is an attempt to reduce the damping power loss and
at the same time provide a higher harmonic attenuation rate in the high frequency band of around
switching frequency and its multiples.

Table 3. Variation of harmonics around switching frequency.

Max Harmonics Around Max Harmonics Around Twice
Switching Frequency Switching Frequency
Filter I 0.45 0.32
Filter IT 0.29 0.17
Filter I11 0.16 0.15

Table 4 presents the comparison of the proposed filter configuration with Filter I and Filter II
based on number of components, attenuation and damping loss.

Table 4. Comparison of different filter configurations.

Filter/Parameter Filter I Filter IT Filter ITI
Number of inductors 2 2 2
Number of capacitors 1 2 2
Number of resistors 1 1 2
Total volume of inductance 100 cm® 100 cm® 84 cm?®
Total volume of capacitance 36 cm® 32 cm® 26 cm?
Harmonic Attenuation in high frequency band 60 dB/decade 40 dB/decade 100 dB/decade
Damping Loss 245 W 1.08 W 0.16 W

92



Energies 2017, 10, 1834

4. Experimental Results

With reference to the design procedure outlined in Section 2, a laboratory setup of a 1 kW five-level
CHB inverter based on FPGA processor is developed as per specifications in Tables 1 and 2. The grid
is simulated using a programmable ac source (Chroma 61511). The filter parameter selection is based
on the aforementioned design described in Section 2. PDPWM technique is employed to generate
switching pulses for the inverter. The hardware implementation of PDPWM using FPGA offers
computational simplicity, fast prototyping, simple hardware and software design. An image of the
experiment set up is shown in Figure 12.

o

Digital Storage :
Oscilloscope ‘I = 208
T v MY

y s 2

CHB inverter

4

Figure 12. Picture of the experimental set-up.

The experimental output voltage/current waveforms, which are captured before connecting the
proposed passive filter to the inverter output, are shown in Figure 13a, and the corresponding spectrum
of the inverter output current is shown in Figure 13b. As expected, the waveforms in Figure 13a show
a five-level inverter output. From the harmonic spectrum, it is evident that the uppermost harmonics
of the five-level inverter output current are around the switching frequency of 10 kHz. The spectrum
presents harmonic components not only at the switching frequency and respective multiples (20 kHz,
30 kHz, 40 kHz, etc.) but also in the neighborhood of these frequencies in the form of sidebands. The
THD content on the output current waveform is measured as 26.90% before connecting the proposed
passive filter.

The proposed filter structure is designed to attenuate the higher order harmonics from the inverter
output. Experiments are carried out to compare the performance of the proposed filter with two other
passive filter configurations. The experimental output waveforms and the current harmonic spectra
obtained by connecting the passive filters are shown in Figures 14-16. Filter I is the resistive damped
LCL filter strategy shown in Figure 14. Filter II is the R;4-C4 damped LCL filter configuration shown in
Figure 15. Filter III is the proposed filter strategy shown in Figure 16. In Figures 13b, 14b, 15b and 16b,
the significant harmonics of the output currents are highlighted. It can be inferred from the spectra
of Figures 13b, 14b, 15b and 16b that, before connecting the passive filter, the inverter output has the
maximum harmonic amplitude lying at the switching frequency of 10 kHz. With the implementation of
passive filter, the current harmonic components are reduced by a factor of nearly 6 dB/Hz from Filter
1I to Filter IIT and by a factor of almost 12 dB/Hz from Filter I to Filter IIT at the switching frequency
of 10 kHz. With the proposed filter, the percentage of harmonics in the high frequency band (in and
around multiples of switching frequency) is reduced compared to the spectra of Filter I and Filter II,
showing that the proposed filter has better harmonic attenuating effect in the high frequency band.
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Figure 13. Experimental waveforms of the inverter output before connecting passive filter: (a) output
voltage and current waveforms; and (b) output current harmonic spectrum.
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Figure 14. Experimental waveforms with Filter I: (a) output voltage and current waveforms; and
(b) output current harmonic spectrum.
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Figure 15. Experimental waveforms with Filter II: (a) output voltage and current waveforms; and
(b) output current harmonic spectrum.
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Figure 16. Experimental waveforms with Filter III: (a) output voltage and current waveforms; and
(b) output current harmonic spectrum.

From the spectra of Figures 14b, 15b and 16b, the amplitudes of the dominant harmonic current
(greater than or equal to 35th) are listed in Table 5 for all three filters. It can be seen that the dominating
harmonic current meets the IEEE recommendations in Filter III. The measured THD for the three filters
is depicted in Table 5, which shows that the inverter output current with Filter III has the lowest THD
of 0.82%.

Table 5. Percent Total Harmonic Distortion (THD)and dominant harmonic’s magnitude in
different cases.

Filter I Filter IT Filter IIT
THD (%) 0.98 0.99 0.82
Dominant Harmonic’s Magnitude 047 0.29 018

(%)

With Filter I, the amplitude of the harmonics at the switching frequency of 10 kHz is measured as
0.47% of fundamental; with Filter II, the harmonic amplitude at the switching frequency is measured
to be 0.29% of fundamental; and, with Filter III, the harmonic amplitude at the switching frequency is
measured to be 0.18% of fundamental. The amplitude of the harmonics (percent of the fundamental
current) at the switching frequency, and twice, thrice, four times and five times the switching frequency
with all the three filters are listed in Table 6.

Observing the output waveforms and the harmonic spectra in Figure 16, it can be seen that the
designed filter has good attenuation effects on the harmonics. The percentage magnitude of harmonics
around the switching frequency (10 kHz) is greatly reduced. The output waveforms have become
sinusoidal and the THD content on the inverter output current is measured as 0.82% after connecting
the proposed filter.

Table 6. Maximum harmonic magnitude as percentage of fundamental with the three filters.

Maximum Maximum Maximum Maximum Maximum
Filter Harmonics Harmonics Harmonics Harmonics Harmonics
around fowitcn  around 2fsyipcy  around 3fsyircy  around dfcuiren  around 5fsyiren
Filter I 0.47% 0.32% 0.28% 0.18% 0.07%
Filter I 0.29% 0.18% 0.08% 0.06% 0.04%
Filter ITI 0.18% 0.16% 0.02% 0.01% 0.01%

Figure 17a—c shows the measured damping branch currents obtained with all three filters when
the output voltage is 110 V. The RMS values of the damping branch currents (ij,,,) are measured as
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353 mA, 237 mA and 138 mA with Filter I, Filter II and Filter III, respectively. Thus, the loss in the
damping circuit is computed as 2.49 W, 1.12 W and 0.17 W for Filter I, Filter II and Filter III, respectively,
which is in very close agreement with the theoretical analysis.

+ +
1dam: [500mA/div] 1dam: [S00mA/div]

Time: [10 ms/div] Time: [10 ms/div]

Time: [10 ms/div]

(0

Figure 17. Experimental damping branch current waveforms with: (a) Filter I; (b) Filter II; and
(c) Filter I1I.

The percentage damping loss reduction achieved with the proposed filter structure with respect
to Filter I and Filter II is shown in Figure 18. It is clear in Figure 18 that Filter III achieves 93%
damping power loss reduction with respect to Filter I. With respect to Filter II, 85% damping power
loss reduction is achieved, which is in good agreement with the theoretical analysis.

120

100 93 1
85
80 1
60 B

40 1

Power loss reduction (%)

20 b

with respect to Filter I ~ with respect to Filter II

Figure 18. Damping loss reduction in Filter III.
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5. Conclusions

In this paper, a novel filter structure with improved power quality and low damping power
loss is proposed for a five-level CHB inverter used in grid connected applications. An additional
resistance—capacitance branch in parallel to the filter capacitor of the traditional LCL filter in addition
to a resistance in series with the capacitor reduces the damping power loss and provides improved
harmonic attenuation. A detailed parameter design procedure of the filter components is introduced
providing expressions to obtain individual filter component values. PSO algorithm is employed
to minimize damping power loss on the premise of lower resonant peak and increased harmonic
attenuation. Similarly, PSO algorithm maximizes the harmonic attenuation in and around the switching
frequency on the premise of allowable inductance and capacitance values. A 1 kW, 110 V, 50 Hz grid
connected five-level CHB inverter with the proposed filter structure is implemented on an experimental
set up to verify the validity of the filter configuration through experimental results. SPARTAN
6-XC6SLX25 FPGA processor is used to implement the modulation algorithm for the five-level inverter.
The results show that the proposed filter structure is beneficial in providing a significant amount
of harmonic attenuation in the high frequency band compared to alternative filter topologies, while
maintaining the same overall inductance, reduced capacitance and resistance values thereby reducing
the overall filter size. The THD content on the output current waveforms with the designed filter
is 0.82% and the high frequency spectrum is well within the IEEE requirements. An approximate
damping power loss reduction of nearly 89% is achieved with the proposed filter structure compared
to the conventional topologies for the multilevel inverter based grid connected system.
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Abstract: Pulse width modulation strategies have been developed for indirect matrix converters
(IMCs) in order to improve their performance. In indirect matrix converters, the LC input filter is
used to remove input current harmonics and electromagnetic interference problems. Unfortunately,
due to the existence of the input filter, the input power factor is diminished, especially during
operation at low voltage outputs. In this paper, a new space vector modulation (SVM) is proposed to
compensate for the input power factor of the indirect matrix converter. Both computer simulation and
experimental studies through hardware implementation were performed to verify the effectiveness
of the proposed modulation strategy.

Keywords: indirect matrix converter (IMC); input filter; input power factor; matrix converter (MC);
space vector modulation (SVM); power quality

1. Introduction

Matrix converters (MCs) provide a number of advantages, including sinusoidal input and output
currents, regeneration capability, and compact size with good power-to-weight ratio. The development
of MCs began in the early 1980s when Alensia and Venturini introduced the basic principles of
operation [1]. Afterwards, the MCs were applied to the adjustable motor speed drive, for renewable
energy applications, power supplies, and many others application [2,3].

MC:s are classified into direct matrix converters (DMCs) and indirect matrix converters (IMCs) [4].
Both converters are able to generate input/output waveforms with the same performance and the
same voltage transfer ratio capability. The IMC is now preferable to the DMC because it has many extra
advantages over the DMC, such as easy implementation, more secure computation, the possibility
power switch number reduction, and the possibility of constructing AC-AC converters with multiple
three-phase outputs and multiphase output voltages [5-7].

The modulation strategies for IMC have recently been discussed, and many researchers have
developed various methods for IMC modulation. In [8], space vector modulation (SVM) methods
were proposed for common mode voltage reduction. In order to reduce the harmonic level in the load
side, a new modulation method based on the virtual DC-link voltage was applied [9]. However, the
analysis of the input power factor of the IMC has not been presented in the literature.

Figure 1 shows the main circuit of the IMC. The IMC system consists of an input LC filter, a rectifier
stage, and an inverter stage. In Figure 1, the LC input filter, which consists of three inductors and
three capacitors, acts as an interface between the power supply and converter, so that it smoothens the
input currents, and removes the electromagnetic interference (EMI) problems. However, it diminishes
the power factor at the input power supply, and the input power factor cannot be unified anymore.
Particularly, in the case of operation at low voltage output, the input power factor is greatly worsened.

Energies 2017, 10, 588; doi:10.3390/en10050588 101 www.mdpi.com/journal/energies
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It is well known that the poor input power factor induces negative effects on AC power source
utilization, as well as increasing the magnitude of the electric current more than is necessary.
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Figure 1. The indirect matrix converter (IMC) topology.

In case of the conventional space vector modulation method for the IMC, the input sectors and
the duty cycles of the modulated switches in the rectifier stage are determined by the input phase
voltage magnitude and its phase angle [5-9]. Although there is much work required to ensure good
performance on the output voltage and input current by the IMC with the conventional SVM, papers
investigating the input power factor problem are rare.

In this paper, we propose a new SVM method for the IMC, which can easily compensate for the
input power factor without IMC performance degradation. The compensation algorithm is based on
the calculation of the optimal compensation angle, which depends on input filter parameters and the
demanded output load.

This paper is organized as follows: The IMC operation and the conventional SVM method are
presented in Section 2. The effects of the input filter in the input side and the proposed SVM method
are described in Section 3. The simulation and experimental results are provided in Sections 4 and 5,
respectively. Some conclusions are given in the last section.

2. Operational Principles of IMC and Conventional SVM Method

2.1. Operational Principles of IMC

The power circuit of the IMC feeding a three-phase inductive load is shown in Figure 1.
The voltages and currents at the power supply side are denoted by (v,, vy, v¢) and (i, 7, ic), respectively,
while those of the load side are denoted by (v4, vp, vc) and (i, ip, ic). The IMC consists of two
stages, i.e., rectifier stage and inverter stage, as shown in Figure 1. The purpose of the rectifier stage
is to generate a sinusoidal input current, as well as the positive DC-link voltage. The rectifier stage
successively connects the positive input voltage to the positive pole (p), and the negative voltage to the
negative pole (1) of DC-link bus. Based on DC-link voltage, which is determined by segment of two
positive line-to-line input voltages, the inverter stage is modulated to generate the three-phase output
voltage with the desired magnitude and variable frequency.

2.2. Conventional SVM Method

In the conventional SVM approach for the IMC, the operation of the rectifier stage depends only
on the phase angle and instantaneous value of the input voltage. The balanced three-phase input
voltage is given in Equation (1).

Ug = Vin Cos(wint)

vy = Vi cos(wiyt — 271/3) 1)
ve = Vi cos(wjpt —47/3)
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where V;, is the input voltage magnitude and wy, is the input angular frequency.

From the input voltage, the input sectors are defined as shown in Figure 2. The six input sectors
shown in Figure 2 can be classified into two cases: In the first case, one input voltage is positive and
two input voltages are negative (sectors 1, 3, 5). In the second case, two input voltages are positive and
one input voltage is negative (sectors 2, 4, 6).

Va Vp Ve
/\ /—\
Oint
N1 N
Input sector 6 1 2 3 4 5
Modulated SW. | Sap Scp | Son Sen | Sap Sbp | San Sen | Sbp Sep [Sbn San
ON Switch Stn Sap Sen Shp Sen Se

Figure 2. The definition of input sectors.

To explain easily how to find the duty cycle of all switches in the rectifier stage, for example,
we assume that the rectifier stage operates in sector 1 without missing the generality of the analysis.
In this sector, the instantaneous supply voltage v, is positive, while v, and v, are negative. Under this
condition, the switch Sy, is always on while Sy, and S, are modulated. Based on the analysis in [5-9],
the duty cycle of two switches Sy, and S, are given as:

Op

dop = o (el
v

dac =—-—= (3)
Ua

During one sampling period, the DC-link voltage is modulated with two line-to-line input
voltages; while Sy, is turned on, the DC-link voltage equals to v,,, and while S, is turned on,
the DC-link voltage equals to vg,.

The average DC-link voltage is obtained as follows:

3V2
Vie = dap(va — 0p) + dac(va — vc) = Ef 4)
a

From Equation (4), the minimum value of the average DC-link voltage is

3
Vdc(min) = EVM (5)

We can find the switching states, the corresponding DC-link voltage, and its average value for any
other input sector, by utilizing the same approach, and the results are summarized in Table 1. Once the
switching state of the rectifier stage is determined, the traditional space vector pulsewidth modulation
(SVPWM) can be applied to control the inverter stage. For calculating the duty cycles of the active and
zero vectors in the inverter stage, it is necessary to refer to the local average DC-link voltage value.
The eight space vectors with the six active vectors (V1~V;) and the two zero vectors (V, V7) are used
in the SVPWM method.
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Table 1. The switching states and their DC-link voltages according to the input sector.

Input Sector Conducting Switch Modulated Switches Dc-Link Voltage Average Value (V)

1 Sap Sbus Sen Vb Vac 3V2 /20,
2 Sen Sapr pr Dac, Upe —3‘/,%, /20,
3 pr San, Sen Ubas Ube 3‘/31 /20,
4 San Stps Sep Upas Vca *3\/3,/2011
5 Sep Sbns San Ucbs Vca 3‘/,%, /2vc
6 Spn Saru Scp Uabs Uch _3‘/1%1/21%

For a reference output voltage vector, ?out/ with the magnitude, V¢, and the phase angle, 0oy, in
sector 1 shown in Figure 3, the duty cycles of two active vectors V1, V, and two zero vectors Vy, Vy
are given as follows:

dy = \/g“//";’c' sin(7t/3 — Bout)
dy = /3 sin(6out) (6)
dog=dy; =05(1 —dy —dy)
where dy, dy, dy and d7 are duty cycles of V, V1, V; and V7, respectively.

V3 X010 @) Ve
® N\ of ©
voztf
V4 V,]
011 100

Vs
001 ® v\ 101

Figure 3. The space vector diagram of inverter stage.

The voltage transfer ratio of the IMC, m, is defined as follows:

m= Vout
Vi

@)

According to Equations (4)—(7), the voltage transfer ratio should be smaller than 0.866 in order to
maintain all duty cycles positive.

To obtain the balanced input current and output voltage, the switching patterns for the rectifier
and the inverter stage should be combined effectively. As mentioned before, the DC-link voltage has
two values, v, and v,., during one sampling period with the duty cycles d,, and d,, respectively.
Therefore, the switching states at the inverter stage are divided into two groups, as shown in Figure 4.
The duty cycles of two active and two zero vectors in each group are calculated as follows:

dy(apy = d1dap; dogap) = d2dap; do(apy = d7(ap) = d7dap ®)

d](ac) = dydac; dZ(uc) = dydac; do(ac) = d7(ac) = dydgc (C)]



Energies 2017, 10, 588

v de-link voltage
Rectifier stage ab

Vace
V7277272222222222222222222222222277222)
0 du b duc Ts/2

<
Inverter stage

d()ab d]ab d.?ab d7ab d7ac dZﬂc d[ac dOac

Figure 4. The switching pattern of IMC.

3. SVM to Compensate Input Power Factor
3.1. Input Filter Analysis

Figure 5 shows the equivalent circuit of the input filter per phase: v, and i, are the voltage and
current of the power supply, v,;, and i,; are the rectifier input voltage and current after the filter.

The equivalent single-phase model in Figure 5 can be used to derive the displacement angle between
the source line current i, and the input voltage v, [10].

ia iai
L leap
C

Va Vai

Figure 5. The equivalent circuit of the input filter for phase a.

From Figure 5, it follows:
Vg = Uy + L(dig/dt)
lg =g + icup (10)
icap = C(dv,;/dt)
Therefore, the input current and voltage can be rewritten as:
Ua = Vinej 0
ig = Iin — wianCIin — jwCViy

(11)
- \/[(1 - wIZV!LC) Iin]z + (wincvm)Ze—jatan[wi,,CVm/(1—w,2nLC)I,-,,]

Hence, the input filter causes the phase angle difference between the voltage and current of the
power source, which is given as:

winCVin 1 :| (12)

0 = arct. e
arctan { (1 — wianC) I

where V;,, I;;, are the input voltage and the current amplitude of the power supply, respectively. L and
C are the inductance and capacitance of the input filter.

In this paper, we consider a new SVM method to compensate the displacement angle between the
input current and the voltage in Equation (12).
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3.2. The proposed SVM Method

For convenience, the input space vectors are defined as follows:

- 2 , : .

in=3 (ia + 63 + ice7/3) = [y,elt (13)
2 ) ) )

Vin = 3 (va + 0pel?™/3 4 ’0561471/3) = VelPin (14)

g —
where i, and v}, are the input current and the input voltage space vectors, respectively.

Table 2 shows the entire possible switching states and the corresponding space vectors for input
current. From Table 2, the input current space vectors are composed of six active current vectors
with fixed directions and three zero vectors, where I;. refers to the DC-link current. Figure 6 shows
the space vector diagram of the rectifier stage. Each active current vector represents the switching
condition between the input phase voltage and the DC-link bus.

Table 2. The input current space vectors according to the switching state.

Switching State Input Current ?i,,
Srzp pr Scp San Slm Scn Iin Kin
1 0 0 0 1 0 2/+/31,. —/6
1 0 0 0 0 1 2//314 /6
0 1 0 0 0 1 2/+/31, /2
0 1 0 1 0 0 2//314 51/6
0 0 1 1 0 0 2/v/314 71/6
0 0 1 0 1 0 2//314 37/2
1 0 0 1 0 0 0 X
0 1 0 0 1 0 0 X
0 0 1 0 0 1 0 X

Ibc

Figure 6. The space vector diagram of rectifier stage.

In order to compensate for the displacement angle caused by the input filer, the input current
vector has to be lagged behind the input voltage vector with the angle § as shown in Figure 6. If we
assume that the input current space vector, I;;,, is located in sector 1, I;;, is synthesized by two neighbor
active vectors I, and ;.. The duty cycles ds and d., for two active vectors are given by:

dd = Myec Si.l’l(ﬁ{n -6+ 7-[/6) (15)

doy = Mpeesin(rt/6 — (Bin — 0)) (16)
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where 1, is the modulation index of the rectifier stage.

In the modulation of the rectifier stage, the zero current vectors are not used to obtain the
maximum DC-link voltage.

Therefore, in order to complete the sampling period, the duty cycles of two adjacent active vectors

are adjusted as follows:
ds _ cos(Biy —4m/3 —0)

dac = ds+d, cos(Bin — 0) an
d cos(Bin —27/3 —6)
dop = —— = - 18
“ ds+d, cos(Bin — ) s
And, the average DC-link voltage becomes:

3 Vi
Vdc = dab(va — vb) + dac(vg — Uc) = Emcosé (19)

m

The calculation of duty cycles for the active and zero vectors is similar to that of the conventional
method, and they are given in Equation (20).

dl = \/g% Sin(7'[/3 - eaut)
dy = \/g“//”‘;;[ Sin(f)guf) (20)
do = dy = 0.5(1 — dy — dy)

Similar to the conventional method, the voltage space vectors in the inverter stage are arranged in
a double-side switching sequence V-V 1-V,-V;-V;-V,-V -V, but with unequal halves.

The duty cycles of the active and the zero vectors in the inverter stage are given in Equation (21)
during which the first active current vector I, is applied to the rectifier stage.

di(ap) = V3 sin(71/3 — Opy) B 21320

COS(ﬁm—(S)
da(ary = VI sin(Bou) b 20500 @1

do(ab) = d7(ab) = %(dab = dy(ap) — dZ(ab))

In contrary, when the second active current vector I, is applied to the rectifier stage, the duty
cycles are obtained as Equation (22).

i (acy = V/3Y sin(71/3 — Ogyr) L A3

cos(Bin—0)
3 in -
ey = V/BY sin(Bou) gt 22)

do(ac) = A7(ac) = %(dac = d1(ac) — dz(m)

Figure 7 shows the block diagram of the proposed SVM method. First, after detecting the
three-phase input voltages/currents using voltage/current sensors, the displacement angle J is
calculated based on Equation (12). Then, the duty cycles of the active vectors in the rectifier stage
and average dc-link voltage are determined based on Equations (18) and (19). In the inverter stage,
the duty cycles of active and zero vectors are calculated based on the desired output voltage, desired
compensation angle d.,;, and the duty cycles of the rectifier stages. Finally, the gating signals are
generated by using the switching pattern.
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From Equation (1) and Figure 6, the line-to-line input voltages vy, and v, are obtained as follows:
Oap = V3V cos(Biy + 71/6) = V/3Viy, cos(aiy, 4 6 4 7/6) (23)

Vae = V3V cos(Biy — 71/6) = /3Viy, cos(aj, + 6 — 71/6) (24)

From Figure 6, the phase angle of input current vector, «;,,, in sector 1 is given as:

alx

<aj <

olx

(25)

From Equation (23)—(25), in order to keep v,;, and v, positive, the compensation angle should
satisfy the Equation (26).

s
< =
fscam =% (26)

Therefore, the compensation angle is chosen as following:

{(smm =5 if6 < 71/6 o

Scom = 10/6 ifd > /6

I Rectifier stage Inverter stage
Vala | -

kAR ==

Ve le Three-phase load

Input filter
T i et
‘ Gate drivers ‘
Measure input voltage il 11T
and input current

Generate the gating signals

Calculated displacement

angle & (12) T

Calculate duty cycles of active

and zero vectors and make the
switching pattern (21)-(22)

Calculate duty cycles in the
rectifier stage (17)-(18)

Calculate average dc- N T
link voltage (19) Desired output voltage and

compensation angle d¢om

Figure 7. The block diagram of the proposed SVM method.

4. Simulation Results

In order to verify the performance and the effectiveness of the proposed method, simulations
were carried out using Psim 9.0 software (Powersim Inc., Rockville, MD, USA) with three-phase RL
load. The parameters of the IMC system were as follows:

e  Three-phaseload: R=12 ), L =10 mH.

e Input filter inductance: L = 1 mH, input filter capacitance: C = 25 uF.

e  Switching frequency: 10 kHz (Ts = 100 us).

e  Three-phase power supply voltage for the IMC set to 100 V (line-to-neutral voltage), frequency:
60 Hz.

Figure 8a,b shows the input and the output side waveforms with using the conventional method
when the output voltage transfer ratio, m is 0.6, and the out frequency, f,,t is 50 Hz. In Figure 8a,
the input current of the IMC (i,;) contained many switching harmonics, and its fundamental component
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was in phase with input voltage (v,), while the input current (i;) of the power supply led the input
voltage by § = 71/9. Therefore, the power factor (PF) in the input side was not at unity; the achievable
power factor was 0.94.

ﬂ /\ VaB
—~

- / \\\
\_/ Ia
5A/div 50V/div 5ms/div 5A/iv 100V/div 5ms/oh

(@) ()

///

Figure 8. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the conventional
method at m = 0.6 and fo,+ = 50 Hz.

Figure 9a,b shows the input and the output side waveforms with the proposed modulation
method under the same output voltage condition, with the conventional method in Figure 8. From
Equation (27), the compensation angle was selected to be dco = 71/9. The input current of power supply
was in phase with the input voltage, meaning that the input power factor became at unity, so that the
input current magnitude became smaller under the same load condition. Contrarily, the input current
of the IMC lagged behind the input voltage of power supply by 77/9. Also, the output voltage/current
waveforms in Figure 9b had good performance, like those in Figure 8b, although the DC-link waveform
was different from that of the conventional method, due to the different modulation strategy.

pil9

|
}
; 1
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5A/div 50V//div 5ms/div v| 100V/div Smsm\

() (b)

Figure 9. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the proposed
method at m = 0.6 and fo,+ = 50 Hz.

In order to investigate the performance of the low output voltage operation, the output voltage
references were changed to m = 0.35 and f,,; = 50 Hz. Figures 10 and 11 show the currents and
voltages at the input and output side with the conventional and the proposed methods, respectively.
As mentioned before, in Figure 10a, the displacement angle between the input and output current
became larger at the low output voltage ¢ = 77/4; the input power factor was 0.71. When the proposed
method was applied with the maximum compensating angle (d¢o; = 71/6) from Figure 11, the input
power factor improved to 0.91. Figure 11a shows that the IMC input current i,; lagged behind the
input voltage v, with the desired compensated angle 7r/6. From Figure 11b, the proposed method
provided the same output voltage performance as that in Figure 10b.
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From the simulation, it was clear that the proposed method is effective in improving the input
power factor without deteriorating the output performance in both cases of low and high output
voltage transfer ratio.

— — e Vdae
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Figure 10. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the conventional
method at m = 0.35 and fy,s = 50 Hz.
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Figure 11. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the proposed
method at m = 0.35 and fy,r = 50 Hz.

5. Experimental Results

In order to validate the effectiveness of the proposed SVM method, a laboratory prototype was set
up experimentally. Figure 12 shows the experimental setup for the IMC topology. The controller board
was developed with high performance DSP (TMS320F28335, Texas Instruments, Dallas, TX, USA) and
CPLD (EPM128S, Altera, San Jose, CA, USA). The power circuit of the rectifier stage was constructed
by six insulated-gate bipolar transistor (IGBT) modules (SK 60GM123, Semikron, Niirnberg, Germany)
and the inverter stage was composed of three dual-IGBTs (FMG2G100US60, Fairchild Semiconductor,
Sunnyvale, CA, USA).

Figures 13 and 14 show the input and the output waveforms with the conventional method and
the proposed method, respectively, under the same load condition: 7 = 0.6 and f,,+ = 50 Hz. We saw
that the input power factor improved from 0.91 to unity, with the compensation angle at 77/9.
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Figure 13. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the conventional
method at m = 0.6 and fo,+ = 50 Hz (PF = 0.94).
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Figure 14. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the proposed
method at m = 0.6 and f,,; = 50 Hz (PF = 1.0).

Figures 15 and 16 show the experimental performance of the low voltage operation at voltage
transfer ratio m = 0.35 and output frequency fo,x = 50Hz, with the conventional method and the
proposed method, respectively. In Figure 15a, the maximum compensation angle 71/6 was applied,
so that the power factor improved from 0.71, which was obtained from the conventional method
in Figure 15a, to 0.91. Comparing Figure 15a with Figure 16a, the input current magnitude became
smaller under the proposed method, due to the improved input power factor.
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Figure 15. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the conventional
method at m = 0.35 and fo,; = 50 Hz (PF = 0.71).
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Figure 16. (a) Input waveforms; and (b) DC-link voltage and output waveforms with the proposed
method at m = 0.35 and fy,; = 50 Hz (PF = 0.91).

As a result, the experimental results matched the simulated results very well, and the effectiveness
of the proposed method was also verified by experiment as well as simulation.

6. Conclusions

This paper presents a new SVM method for the IMC to compensate for the input power factor,
which is implemented by using the input voltage and the input current. Analysis, design and
implementation of the proposed SVM for the three-phase IMC with the improvement of the input
power factor, were presented. And also, the allowable of compensating angle according to the
displacement angle caused by LC input filter is analyzed. By using the proposed SVM method, the
input power factor was compensated significantly regardless of the existence of the input filter, without
any performance degradation on the input/output waveforms. The unity input power factor was
obtained with the proposed SVM method. Thanks to the improved power factor, the magnitude of the
input current became smaller compared to the conventional method. The performance of the proposed
SVM was verified with both simulation and experiment.
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Abstract: Monitoring Power Quality Events (PQE) is a crucial task for sustainable and resilient
smart grid. This paper proposes a fast and accurate algorithm for monitoring PQEs from a pattern
recognition perspective. The proposed method consists of two stages: feature extraction (FE) and
decision-making. In the first phase, this paper focuses on utilizing a histogram based method that
can detect the majority of PQE classes while combining it with a Discrete Wavelet Transform (DWT)
based technique that uses a multi-resolution analysis to boost its performance. In the decision stage,
Extreme Learning Machine (ELM) classifies the PQE dataset, resulting in high detection performance.
A real-world like PQE database is used for a thorough test performance analysis. Results of the study
show that the proposed intelligent pattern recognition system makes the classification task accurately.
For validation and comparison purposes, a classic neural network based classifier is applied.

Keywords: event detection; power quality; histogram; machine learning; wavelet transform

1. Introduction

The Smart grid is a complex network that needs an advanced monitoring system to assure its
reliability, security, and sustainability. The increase in stream of data from the smart devices makes more
amount of knowledge to be processed by network operators. Considering the industrial Internet of
Things (IoT) architecture, intelligent devices use embedded processing and communication capabilities
that produce exceptionally large amounts of data, rising the necessity of fast processing algorithms.
Furthermore, today’s power system experts face with a new paradigm. The government is not the only
provider of energy, there are also non-public companies providing grid demand. Common purpose is
effective energy consumption. Thus, power providers bring service quality, resilience, sustainability
and reliability into the forefront. Blackouts and power quality issues inherently create significant
financial loses because modern industrial area and electrical energy are tightly coupled [1-4].

In the research field of power quality monitoring, Power Quality Event (PQE) classification has
an important position. In monitoring centers, measured PQ signals are collected and transformed to
knowledge for managing the whole grid with the help of intelligent systems. Researchers investigate
event classification in terms of feature space and decision space [5-12]. Feature space includes
extracting distinctive features of signal and in a decision space the classifier performs discrimination.
Construction of feature set relies on different signal processing methods [5,13]. In literature,
there has been many studies based on transform and model-based methods [14-19]. In addition
to data—driven methods, such models using micro-synchrophasor measurement data [20] are also
proposed. Conventionally, Fast Fourier Transform (FFT) and Root Mean Square (RMS) variation
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tracking methods exist and have a long-term usage in feature extracting [21,22]. In addition, FFT and
RMS methods have no ability in signal analysing of time and frequency domains [23]. Short time
FFT (ST-FFT), which is proposed to upgrade the FFT method with a time domain analysis, has
a fixed window width when analyzing a raw signal. Kalman Filter, Hilbert-Huang Transform,
and S-Transform are enumerable among the most used methods [3,5,24,25]. In power systems,
Wavelet Transform (WT) was first used in the year 1996 with its Multi-Resolution Analysis (MRA)
structure [26,27]. WT is a time—frequency analysis method that uses a variable window width to gain
a robust frequency tracking [28,29]. The histogram is a representation, which briefs distribution of a
numerical array by counting the same values of data within specified intervals. Sturges Rule defines
the choice of those intervals in data range [30]. This article uses a histogram method as a crucial part
of the feature set and proposes the method as its contribution. Histogram and commonly used feature
extraction method WT are integrated to obtain an effective feature set. The histogram method is easy
to implement and it has a less computational time. This study proposes a fast algorithm for feature
extraction that is the most important phase of PQE classification.

Developing technology of computer hardware systems brings powerful components, which have
a high process capability. Following this, intelligent systems are able to implement complex artificial
methods. Conventional Artificial Neural Network (ANN) structure, Support Vector Machine (SVM)
classifier, and Fuzzy and Expert system based classifiers are commonly used decision makers in the
literature [5,13,23,25,31-33]. Today, Machine Learning (ML) based classifiers are challenging topics
for researchers. Furthermore, one method that has presented top performance is Extreme Learning
Machine (ELM). ELM is a learning algorithm that covers the Single Layer Feed Forward Neural
Network (SLEN) structure and it has an adequate performance without any necessity of iterative
process [34]. Since it was first proposed, ELM has been applied to classification and regression models
in the various field of research as computer vision, biomedical signal processing and so on [35-42].

In this article, a novel feature extracting method is highlighted, which is combined with Discrete
Wavelet Transform (DWT) Entropy details. Decision-making is held by ELM with a high performance
value. The histogram method retrieves distinctive features from the raw PQE data and has never been
used before in PQE classification. With an ELM based classifier, the proposed pattern recognition
system compiles PQE classification process with an acceptable performance improving. Using ELM
and the histogram, this study expresses its novelty among other studies in the literature. The processed
database has been simulated via an elaborate software. Simulation model generates the more frequent
voltage disturbances such as sag, swell, interruption, harmonics, and flickers. In literature, there has
been so many studies using transform based methods in feature extraction. The study in Ref. [8]
uses Discrete Gabor Transform (DGT) with a type-2 fuzzy based SVM classifier. They experiment two
different level of noise conditions using a synthetic dataset. In our study, we use a non-transform based
easy to implement method using an extremely fast ELM classifier, our proposed system outperforms
the DGT with SVM method. (Please see Section 6).

The proposed system utilizes a single phase event classification that is compatible with a multiple
usage in three—phase systems. DWT-Entropy and Histogram methods generate a distinctive feature
set from raw synthetic data. We designed the dataset using a comprehensive model in MATLAB
(R2015a, MathWorks, MA, US) [43]. In our study, we may list our contributions as: (1) we propose a
non-transform based feature extraction method that uses a histogram with an effective computational
cost. Using a conventional DWT based method has improved the overall performance; (2) in
decision-making, we use a machine learning based non-iterative ELM classifier. In comparison
with classical algorithms like ANN, ELM solves a single linear equation to reach the solution; and (3)
an intelligent classifier system uses a detailed dataset that we designed through a PQE generator
toolbox elaborately. For the next stages, we have planned to prepare it as a virtual toolbox for Power
Systems lectures. In Figure 1, we present the general block sheme of the proposed intelligent event
classification system. The three main steps—database construction, feature extraction and decision
steps—are demonstrated with the included methods.
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Database (——PQE Simulation
Feature DWT Entropy
Extraction Histogram

L Decision ——ELM

Figure 1. General block scheme of the proposed intelligent event classification system.

Following this chapter, the rest of this article is structured in this case: Sections 2—4 describe the
methodology of FE and decision-making under the topics of DWT and the Entropy method, histogram,
and ELM structure, respectively. Section 5 describes the PQE dataset and designated PQE generator;
Section 6 emphasizes analyses and results of the proposed pattern recognition system. The last chapter
is a brief conclusion for the study.

2. Feature Extraction: Wavelet-Entropy

WT operates a resilient time-frequency analysis and reveals the implicit partitions that signal
includes. While FFT only performs frequency analysis, ST-FFT fills the gap and performs its analysis
in the time-frequency domain. ST-FFT utilizes a fixed width window when tracking the signal.
WT overcomes this issue by means of a scalable window width. Thus, analysis continues with
extended window width to probe low-frequency divisions of signal and with reduced window width
to probe high-frequency divisions. In power system signal processing, WT is a useful tool because it
can clearly detect beginning and ending points of events [44]. WT governs a scalable wavelet model
when healing the constant resolution affair and gives a flexible time—frequency analysis at different
resolution levels [22,26,44-46]. The discrete form of WT is expressed as:

DWT(a, b) = 29/2 / (Y27 — bdt, (1)

where 7 is the scaling parameter of frequency, and b is a time offset. y(t) represents the processed
signal while () is the wavelet function. DWT method uses MRA, dividing the signal into lower
frequency levels. Theoretically, levels of frequency sub-bands are unlimited whereas in practice
sampling frequency restricts the levels of MRA [44]. In this study, 8-level decomposition is used in
DWT MRA and the wavelet function is “Daubechies 4” (db4) based on former works in literature [5].
Figure 2 shows DWT-MRA analysis in graphical representation for chosen sample events. As it can be
seen in depth, details in d-d4 range indicate start and end moments of PQE, clearly. In Figure 2, “s” is
the raw signal.

Raw signals should be subject to a size reduction process before serving as classifier input. In this
study, the entropy method is applied to detail vectors of DWT (for detail vectors, see Figure 2). In terms
of statistical explanation, entropy states the “disorder” in a signal. The usage of signal processing
field, Shannon is one of the first proponents of the entropy approach [47]. Entropy computation is an
optimum way to measure the disorder in a non-stationary signal. Commonly used entropy calculations
in signal processing are Shannon, Threshold, Norm, Sure method and Logarithmical Energy [46,48].
Shannon Entropy is preferred in this study, which is described as:

E(y) = Y1 vi -logy (), @

where y; is the element of signal number i. Entropy computation generates eight features based on
DWT coefficient vectors for each PQE.
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Figure 2. Discrete wavelet transform-multi resolution analysis of power quality event data in graphical
view: 8-level decomposition details of a sample voltage sag event.

Figure 3 illustrates a graphical representation of DWT details” entropy of four selected sample
events in the dataset. It can be clearly seen that DWT-Entropy features characterize PQE data effectively.
In this study, DWT is preferred for performance boosting of the histogram method.
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Figure 3. DWT-Entropy features of 8-level decomposition for sample events.
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3. Feature Extraction:Histogram

Using histogram, a graphical distribution is achieved that indicates the counts of samples in
specific intervals throughout complete data array [30,49,50]. In our PQE dataset, histogram features
characterize nearly whole events individually. Figure 4 illustrates the general histogram bars of
sample events.

Figure 4 shows a unique distribution scene for each event, making feature extraction
more distinctive.

In this study, counting points of each interval, so called “bins”, are specified by Sturges’ Rule,
which is defined inclusively in [30]. With this designation according to Equation (3), the histogram
feature set has consisted of 14 elements for each PQE , where C is the interval number and k is the
samples of each signal here is 10.001. Figure 5 shows us histogram features of sample events:

C =1+3.322log(k). 3)

As one can see in Figure 5, histogram features have the ability to emphasize nearly all PQE
individually. Figure 5 includes the counts of signal magnitudes according to chosen 14 bins.
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Figure 4. General histograms for sample events.

Algorithm 1 briefs the whole process of feature extracting. Algorithm 1 runs for every sample of
the dataset, which is a number of 600.

Algorithm 1 Applied FE method using DWT-Entropy and histogram

Input: Loading PQE Dataset
Output: Total feature set to be classified

Feature Extraction :
1: fori =1 to 600 do

2:  Calculate the DWT details of PQE signals using (1),

3:  Calculate the Entropy values of DWT details with (2)
4. Form the feature set T,El ...Esg],

5. Calculate the Histogram counts of PQE signals

6:  Form the feature set [Hj ... Hy4]

7: end for

8: Compose the total feature vector [E; ... Eg, Hj ... Hi4l
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Figure 5. Histogram features of sample events.

4. Decision-Making: Extreme Learning Machine

ELM was firstly proposed by Huang et al. [34] and is a learning structure applied to SLFNs.
In the ELM algorithm, weights and biases of the input layer are arbitrary while only the outputs
are calculated [51]. The fact that the first layer is assigned arbitrarily has been stated, and the
learning time for ELM is extremely short. Additionally, the ELM structure has accurate generalization
ability compared to Feed Forward ANN (FF-ANN) based conventional learning algorithm [38,39].
Figure 6 briefs a basic SLFN frame. Inputs and outputs of the classifier are shown as x; and y;.

The basic SLEN frame, which contains M total of hidden nodes and operates with g(x) activation
function, can be described in mathematical form as:

M
Eﬁig(wi'xj‘f‘bi):%‘, j=1...N, ()
i=1

where w is the input weights of the layer, and p is weights of the output layer. b; is bias values of the
input layer. o defines the expected output of ELM. (w; - x;) operand is the inner product of w; and x;
so-called weighted inputs. Given the structure of SLEN can establish the “zero error” theoretically, i.e.,
o value is equal to y output vector. Thus, Equation (4) can be reformulated as:

M
Z:Big(wi’ijrbi):]/j, j=1...N. (5)
i=1

Equation (5) exhibits that there are suitable output weights able to form measured outputs or real
outputs of SLEN. If a facilitation is implemented as in (6), Equation (5) can be reformed as in (7):

g(w; - xj +b;) = Hy, (6)
Y=H B @)

Equation (7) refers to a linear equation whose solution takes us to output values of ELM. In usual
learning frames, there is a need for iterative processes to obtain expected outputs, but ELM solves
only a linear equation to execute the similar process at one time without any iteration. Equation (8)
describes the solution for getting  value from (7):

p=H®-Y, ®)

where H? is operated via the “Moore—Penrose inverse” so-called generalized inverse of H matrix [22,52].
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Figure 6. Basic single layer feed-forward neural network frame.

Algorithm 2 briefs the ELM learning. In decision-making, we use the last feature vector with a
length of 22 that includes eight features (Eq, . .., Eg) from DWT-Entropy and 14 features (Hy, ..., Hyy)
from the histogram method. Process loop runs for every sample of the dataset.

Algorithm 2 ELM Method

Input: Training set, [t =1,2,..., T},
Output: Output weights of ELM structure: Calculation of g from Y = HB.

Initialisation :
: Defining input weights and biases randomly.
: fort=1,2,..,T.do

. Compute the output weights from (8),
. end for

Test :
. Predict an unlabeled test input
7. Decide the type of PQE

1
2
3:  Compute H matrix using (4) and (6),
4
5

[N

5. Power Quality Event Data Description

The PQE simulation model presented in this paper has three steps: generating events using
mathematical equations, normalization, and building last datasets to be processed. All three steps of
the model have been designed in MATLAB [43]. Built simulation model generates five categories of
voltage events such as sag, swell, interruption, harmonic polluted voltage, and flicker. In addition,
a pure sinusoidal voltage is generated in order to depict normal operating conditions. PQE generator is
operated at 10 kHz sampling frequency. Sampling frequency value can be thought of as measurement
devices’ operating frequency. The built model composes the dataset using mathematical models of
events [8,25]. The frequency of the grid model is considered as 50 Hz; thus, a data array includes
200 samples in a period duration and measured time is set to 1-s. This operation time gives 1 x 10,001
length of raw data vector. The complete dataset includes six different classes for a total of 600 events,
each with a length of 10,001 samples. At the end of the feature extraction process, the dataset is subject
to a size reduction and as a result the feature vector has a length of 22 before processing in the classifier
stage. In a 1-s period of an operation window, data rows have three sections as pre—event, event and
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post-event. Occurring durations are different from each other for every single event data. The built
simulation model sets different durations of events in every data row. This makes every PQE unique
in each class. Table 1 briefs the dataset in terms of Event Class (EC) types.

Table 1. Mathematical model based power quality event types and numbers.

PQE Type Class Number of Signals

Normal Sine  EC1 100
Sag EC2 100
Swell EC3 100
Harmonics EC4 100
Interruption ~ EC5 100
Flicker EC6 100
Total 600

In order to resemble a real-field dataset, noise distortion is considered at values of Signal-to-Noise
Ratio (SNR) 10 dB, 20 dB, and 30 dB. Noise addition makes dataset closer to real-site signals so that
classifier performance is forced to various difficulty levels. Figure 7 illustrates three type of exemplary
PQE signals in the dataset.
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Figure 7. Three samples of PQE data in graphical view (Signal-to-noise ratio 30 dB) (a) sag; (b) swell;
(c) interruption.

6. Results and Discussion

After feature extraction process using DWT-Entropy and histogram methods, a set of distinctive
features is obtained to be classified in a decision-making phase. Whole feature set matrix includes
Ey, ..., Eg set as DWT-Entropy features, and Hjy, ..., Hyy set as the histogram features. The feature
matrix has a row number of 600, the same as samples of the dataset. In this study, a feature vector that
consists of 22 elements is used for classification.

The feature set has a pre-processing period containing normalization and a cross-validation
procedure. A 10-fold cross validation algorithm is used to get a better test performance and to
force classifiers to more complicated test periods. Because of using cross-validation, accuracy values
are given for 10-fold on average. FF-~ANN and ELM have the same form as the SLEN structure.
Because of this reality, we compare the proposed method just with the classic FF~ANN topology. In our
experiments, number of hidden neurons are 225 and 20 for ELM and FF-ANN. Both classifiers use
tangent sigmoid activation function in the hidden layer. Given parameters are acquired empirically
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as optimum values of several experiments. All the simulation is held by a work station hardware
including a dual-processor with a clock of 2.1 GHz and 32 GB of RAM value. Results for SNR 10 dB,
SNR 20 dB, and SNR30 dB are given using those classifier parameters above.

In Table 2, results for SNR 30 dB, 20 dB, and 10 dB noise conditions are presented collectively
for both classifiers. It is said that ELM has a robust structure for different noise states. In Table 2,
results for SNR 30 dB conditions show that ELM has a superior performance with 100% accuracy and
classifies all the classes correctly. In addition, ELM is good at a time cost in both training and test
phases. FF-ANN has an adequate performance, but it is nearly three times slower in the training
period. This time costs when processing the big data concept. In Table 2, we can see the accuracy
performance of SNR 20 dB as 99.66%. In Ref. [8], the performance value that belongs to the same
condition is 96.22%. Using an easy to implement method with less features and less computational
time, our proposed system outperforms the DGT with type-2 fuzzy based SVM. Because our classifier
demonstrates its robustness in Table 2 with different noise levels, we set the SNR 30 dB value as the
benchmark level. Other result tables present the results with the benchmark noise level as SNR 30 dB.

Table 2. The result table for signal-to-noise ratio 30 dB, 20 dB, and 10 dB conditions.

Classifier Average Time (s)

Type Accuracy (%) Training  Test
Results for 30 dB Conditions

ELM 100 0.3266 0.0250

FF-ANN 99.0 0.9007 0.0111
Results for 20 dB Conditions

ELM 99.66 0.3141 0.0000

FF-ANN 98.00 0.8883 0.0262
Results for 10 dB Conditions

ELM 99.83 0.2906 0.0000

FF-ANN 99.17 0.9641 0.0138

When making a comparison between two similar classifiers, it is always considered whether
the test is running under equal circumstances. The results carried out using the optimal classifier
parameters are above. In this part of the experiments, two more different operation conditions are
provided for classifiers: (1) when ELM has a number of 20 hidden layer neurons just the same
as FF-ANN; and (2) when FF~ANN has a number of 225 hidden neurons just the same as ELM.
This allows both classifiers for evaluating with the same situations. Table 3 presents the results of those
two conditions.

The most important argument of this evaluation approach is about time cost of FF~ANN. In Table 3,
when FF-ANN has 225 neurons, training time is nearly four hundred times more. In comparison with
FF-ANN, when ELM has 20 neurons, it generates nearly accuracy of 98% with a fast training time.
Dealing with a large-scale dataset, training time is a crucial value of interest.

Table 3. The result table for SNR 30 dB and both ELM & FF-ANN are under equal terms of
neuron numbers.

20 Neurons 225 Neurons
Classifier Average Training  Testing Average Training  Testing
Accuracy (%) Time(s) Time(s) Accuracy (%) Time(s) Time (s)
ELM 97.50 0.0578 0.0000 100 0.3266 0.0250
FF-ANN 99.00 0.9007 0.0111 96.00 129.353 0.0325
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The results above are obtained via using of the full feature set. Now, the ongoing analysis has a
feature searching starting with DWT-Entropy features. Figure 8 shows Ejy, ..., Eg feature sub-set for
all the samples of the dataset.

One can see from Figure 8 that E; to Es features are less distinctive comparing to Eq to Eg features.
Magnitudes of E;—E5 are low values and show a little change only for EC4 class, but Eq—Eg features
differ from each other for all the classes of the dataset. Table 4 shows the ELM results of classification
using only DWT-Entropy for SNR 30 dB with different combinations.

Table 4. ELM results for DWT-Entropy features (SNR 30 dB).

Feature Average Time (s)

Set Accuracy (%) Training  Test
E¢—Eg 72.70 0.3609  0.0156
Eq1-E5 63.80 0.3094  0.0000
Eq1-Eg 96.20 0.3563  0.0000
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Figure 8. Variation of DWT-Entropy feature sub-set according to samples, Classes: EC1-EC6.

The meaning of Table 4 differs from graphical projection. Figure 8 tells us that E1—Es features are
less distinctive but classification results refute that estimation. Using just Eq—Eg features gives 72.7% of
average accuracy. When E;—E;5 features are added and using the whole DWT-Entropy sub-set, average
accuracy rises to 96.2% value and the result for using only E;—E5 sub-set has an average accuracy
of 63.8%.

General distribution of the histogram features is given in Figure 9. It can be clearly seen that
all histogram features (H;—Hj4) are distinctive for nearly all classes. The features of EC2 are less
distinctive among all feature sub-sets, but if we zoom in its distribution, it is seen that they differ from
each other.

Now, the next results are obtained using just the histogram features, Hj—Hy4. Table 5 lists the
ELM classification according to Hy—H14 feature sub-set with SNR 30 dB. The histogram feature sub-set
with an average accuracy of 98.7% is adequate for the proposed PQE classification system.
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Table 5. ELM result table for histogram features (SNR 30 dB).

Feature Average Time (s)
Set Accuracy (%) Training  Test
Hy-Hiy 98.70 0.3734  0.0266

A general comparison is given in Table 6 according to processing time and average accuracy
values; specs of total feature sets are also listed. As it can be seen in Table 6, extracting features from
the histogram method is 15 times faster than DWT-Entropy. Average accuracy values are close to
each other so the important point is time cost, most particularly dealing with big data. For the whole
feature set, the proposed system for PQE classification reaches the perfect classification. However,
the proposed intelligent recognition system can be used just preferring the histogram method based
feature set, which is the novelty of this paper. Its accuracy reaches an adequate performance value and
the DWT method supports this for more.

Table 6. Feature extraction method comparison.

Feature Set  Processing Average
Method Length Time (s) Accuracy of ELM (%)
DWT-Entropy 8 7.66 96.2
Histogram 14 0.51 98.7
Total feature set 22 8.2 100
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Figure 9. Variation of histogram feature subset according to samples, Classes: EC1-EC6.

7. Conclusions

In this paper, a machine learning based ELM classifier coupled with DWT-Entropy and histogram
methods for classification of PQE signals is proposed. With its MRA nature, the DWT method is used
to establish a time-frequency analysis suitable for event signals. Feature extraction from DWT is based
on entropy calculation. This study proposes the histogram, which is a novel feature extracting method
used in power system signal processing with a machine learning based classifier. Histogram features
characterize PQE data in an accurate manner. Feature extraction methods provide a size reduction
in the raw dataset before classification process. In addition, the proposed feature extraction method
of histogram comes to the fore with being fast in time, and its easy implementation for embedded
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systems. Designing a power quality event monitoring device using just histogram features is one of
the future aims of this study. The conventional DWT method is used for performance improvement of
the histogram. Given results prove the increase in performance.

The results from the proposed pattern recognition system prove that it carries an efficient
classification process with six categories of PQE. In addition, it can be said that the proposed system
has a robust structure for different noisy conditions. Future works will include building an embedded
system for the histogram method. Thus, it would be able to run the algorithm on a field device.
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Abstract: This paper proposed an efficient phase-locked loop (PLL) that features zero steady-state
error of phase and frequency under voltage sag, phase jump, harmonics, DC offsets
and step-and ramp-changed frequency. The PLL includes the sliding Goertzel discrete Fourier
transform (SGDEFT) filter-based fundamental positive sequence component separator (FPSCS),
the synchronous-reference-frame PLL (SRF-PLL) and the secondary control path (SCP). In order
to obtain an accurate fundamental positive sequence component, SGDFT filter is introduced as it
features better filtering ability at the frequencies that are integer times of fundamental frequency.
Meanwhile, the second order Lagrange-interpolation method is employed to approximate the actual
sampling number including both integer and fractional parts as grid frequency may deviate from the
rated value. Moreover, an improved SCP with single-step comparison filtering algorithm is employed
as it updates reference angular frequency according to the FPSC, which promises a zero steady-state
error of phase and improves the frequency tracking speed. In this paper, the mathematical model
of the proposed PLL is constructed, its stability is analyzed. Also, design procedure of the control
parameters is presented. The effectiveness of the proposed PLL is confirmed by experimental results
and comparison with advanced pre-filtering PLLs.

Keywords: distorted grid conditions; SGDFT; Lagrange-interpolation method; frequency adaption;
SCP

1. Introduction

The information about instantaneous grid voltage phase and frequency are usually obtained via
phase lock loop (PLL), which is of vital importance to maintain synchronization and stable operation
for grid-connected power electronic devices [1-5]. Recently, the presence of DC offsets and harmonics
in grid voltages caused by measurement devices, nonlinear loads and grid faults throws down a new
challenge to the synchronization technique [6].

Synchronous-reference-frame PLL (SRF-PLL) is probably the most popular synchronization
technique under ideal grid condition [7,8]. However, the disturbance rejection capability of SRF-PLL
is poor for unbalanced voltages, harmonics, step-and ramp-changed frequency and DC offsets.
Under unbalanced condition, the fundamental negative sequence component imposes the second
harmonic ripple on variables in dq axis. Under polluted condition, the nth order harmonic components
of input voltages become (1 — 1)th harmonics (if it is a positive sequence harmonic) or (n + 1)th
harmonics (if it is a negative sequence harmonic) in dg axis [9]. Especially, DC offsets become
fundamental component in dq axis. Under step-and ramp-changed frequency, there is an error between
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the reference angular frequency and the actual one. As a result, the SRF-PLL cannot track phase and
frequency precisely.

To solve this problem, numerous advanced PLLs have been intensively studied [10-27].
The improved methods generally fall into two classes. One representative method is the in-loop
filtering technique which adds various specific filters in the phase control loop, such as adaptive
notch filter-based PLL [10], moving average filter-based PLL (MAF-PLL) [11], Type-1 PLL [12],
dg-frame delayed signal cancellation operator based-PLL [13] and the variable sampling period filter
based PLL (VSPF-PLL) [14]. These PLLs show satisfactory performances but they are not applicable to
the situation where precise fundamental positive sequence component (FPSC) is needed.

The other method is the pre-filtering technique which employs various filters to extract FPSC
from the non-ideal voltages [15-27]. References [15,16] present a multiple complex-coefficient
filter-based (MCCF) synchronization technique with no need of the symmetrical component method
and rotating frame transformations. Reference [17] proposes a generalized second-order and
third-order complex-vector filter based on reference [15] for better dynamic performance and higher
harmonic attenuation, but DC offsets of input signal are not considered. Moreover, as CCF gives
relatively limited gains for each order harmonics especially for DC offsets, it cannot maintain
tracking precision of grid phase under harmonics and DC offsets. As a representative pre-filtering
SRF-PLL, second-order generalized integrator-based (SOGI) PLL is presented in [16] and improved
in references [19,20]. Dual SOGI in [18] is the building block of the quadrature signal generator
(QSG) and offers harmonic blocking capability to the system. References [19,20] make SOGI-PLL
frequency adaptive by adding a harmonic decoupling network and an angular frequency feed
forward loop, respectively. Consequently, the SOGI-based PLLs exhibit a relatively precise and
frequency-adaptive response under unbalanced condition, but they also cannot track the phase
precisely under harmonics and DC offsets due to similar filtering characteristics with CCF based PLL.
The moving average filter-based (MAF) pre-filtering PLL has precise accuracy under unbalanced and
heavily polluted conditions when the filtering window width is integer times of the input AC signal’s
period [21]. The filtering window width in [22,23] is set to one time of the input AC signal’s period
in dq axis, which can eliminate DC offsets of input signal. But this will give one period delay and
increase the response time. References [24] proposes a generalized delay signal cancelation-based
(GDSC) pre-filtering PLL, which can eliminate the negative-sequence component and any given
harmonics under unbalanced voltages, harmonics and DC offsets. References [25-27] focus on the
frequency-adaptive scheme of GDSC-PLL. They all track frequency precisely and give an acceptable
response time when input frequency varies. However, it bears burdensome digital computation time, as
it needs 4 to 5 cascaded DSC modules to suppress all-field harmonics. Furthermore, the aforementioned
pre-filtering PLLs give steady-state error on estimated phase when input signal’s frequency varies
due to the fixed reference angular frequency. Thus, some improved PLLs adopt a secondary control
path (SCP) for better tracking accuracy [28,29]. But the reference angular frequency is calculated
directly from the input signals without pre-filter, which would make the reference angular frequency
inaccuracy and consequently mislead the detected frequency under variable frequency.

With the aim of further improvement in tracking accuracy and disturbance rejection capability
under unbalanced voltages, harmonics, step-and ramp-changed frequency and DC offsets, an improved
PLL based on sliding Goertzel discrete Fourier transform (SGDFT) pre-filter is proposed. The FPSC
is extracted by SGDFT pre-filter as it features unit gain on specified frequency and negative infinite
gain on other frequencies; Second order Lagrange-interpolation method is used to approximate the
actual sample number as grid frequency may deviate from the normal value; In order to obtain
an accurate reference angular frequency, the extracted FPSC is adopted as the input of SCP rather
than the one without being pre-filtered. Meanwhile, single-step comparison filtering algorithm is
proposed according to the SCP characteristics, which gives lower delay and higher accuracy on the
calculation of reference angular frequency than traditional low pass filter (LPF). By means of these
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schemes, zero steady-state error and rapid transient response in phase and frequency are guaranteed
under distorted conditions.

The rest of this paper is organized as follows: Section 2 analyzes the SGDFT filter characteristics.
Section 3 proposes the new PLL structure and its mathematical model. Section 4 describes the design
and implementation method. The comparative experimental results of five PLLs obtained from the
prototype comprised of signal generator and digital signal processor (DSP) TMS320F28335 control
board are given in Section 5. Finally, the conclusions are drawn in Section 6.

2. SGDFT Overview

The quadrature signal generator (QSG) is widely used in pre-filtering PLL. However, it has
limited performance under polluted condition, since the separated FPSCs still contain harmonics.
The SGDFT filter is derived from the standard DFT equation and commonly used to compute DFT
spectra [30]. Compared with QSG, it has better filtering ability at the frequencies that are integer times
of fundamental frequency. The transfer function Hsgprr(z) and the structure of SGDFT filter are shown
in Equation (1) and Figure 1, respectively.

_ (1- eszkvr/szl)(l _ ZfN)
" 1—2cos (2krt/N)z=1 4272

)

Hscprr(2)

where k is frequency domain index and N is the sampling number.

") .
.
®: cos(2km/N)

sin(2kmn/N)

x(n)

2cos(2kn/N) [__'1 Yim(n)

Figure 1. Block diagram description of SGDFT.

Figure 2 shows the frequency response and z-domain zero/pole of SGDFT. As shown in Figure 2a,
Hye(z) and Hin(z) are the real and imaginary part of Hsgprr(z), while Gg4(s) and Gg4(s) represent the
transfer function of QSG in d and g axis, respectively. The magnitude of the four transfer functions are
all 0 dB at the fundamental frequency f( = 50 Hz. It is shown that the frequency response of SGDFT is
same with QSG except at the frequencies that are integer times of fy. Meanwhile, SGDFT has much
smaller gain than QSG at the integer multiple of f, which means that SGDFT has better filtering
ability than QSG under polluted condition. In Figure 2b, there are 256 zeros (blue circle) of the transfer
function equally spaced around the unit circle on z-domain. Moreover, it has two conjugate poles
(red cross) cancelling zeros at z = e/271/256 Thus, one can conclude that SGDFT can calculate the
fundamental coefficient of the input signal precisely. Therefore, SGDFT is introduced to separate
the FPSC.



Energies 2017, 10, 280

504

Imaginary

-100}

Magnitude(dB)

d‘(s)i

—— Hu(2)

-150 === Gy
.......... Hin(2)

10 Frequency(Hz) Real
(a) (b)

Figure 2. Frequency response and z-domain zero/pole of SGDFT when k = 1, N = 256. (a) Real and
imaginary frequency response of SGDFT; (b) z-domain zero/pole.

3. The Proposed PLL

The block diagram of the proposed PLL is shown in Figure 3. This PLL structure consists of three
main parts: FPSCS, SRF-PLL and SCP. The FPSCS module uses SGDFT filter and the symmetrical
component method to separate the FPSC precisely even under distorted conditions. Considering
that the practical grid frequency may deviate from the rated value, Lagrange-interpolation method is
adopted to approximate the actual sampling number N, in order to make the SGDFT filter effective
under variable frequency. The SCP module updates reference angular frequency, which improves its
tracking performance.

Vi Vol
o
improved| . 0. ri
SGDFT qvd i Normalization
o 0.
Va
Vabe aoff v 2
abe " N,
v
’ Vg " ]guﬁ O [on
improve P (] [-m2,7/2] —27fy. 27y
g sin (. ) didi abs —
SGDFT qvg \/vf e (] filter
,
NN f

Lagrange 27':/{5

FPSCS interpolation o, SCP

Figure 3. Block diagram of the proposed PLL.

3.1. SGDFT-Based FPSCS

The SGDFT structure is shown in Figure 1. vy and vg are input signals in two-phase stationary
frame. v/, and qv/, are the filtered direct and quadrature parameters of v. v’rs and qv’ﬁ are the filtered
direct and quadrature parameters of vg. v and vg are FPSC in two-phase stationary frame, v}, and
UFﬁrl are normalized FPSC. The FPSC v and Ug in «f3 axis are obtained by:

)=l
vh 2| qu, +vp

In practical power system, the grid frequency f is a time-varying parameter. The problem arises
when f cannot be divisible by the sampling frequency f5, i.e., the order N; would not be a integer and
can be described as Ny = N, + D, where N, = floor (N;) is the integerand D =N; — N, (0 <D < 1) is
the fractional part. Thus, the delay is given as: z~N* = z7Naz=D_ The Lagrange-interpolation method is
introduced because it is an effective way to approximate the fractional delay for FIR filter design [31].
The fraction delay z~P can be approximated by:

@
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The coefficients H(k) are calculated as:

" D—i

H(k) = ]

i=0
i#k

k=0,1,---,n 4)

Specifically, the case n = 1 corresponds to the linear interpolation and the two coefficients are
H(0) =1 — D and H(1) = D. Figure 4 shows the frequency responses of Lagrange-interpolating fraction
delay z~P at different D values.

In Figure 4, the fractional D are 0.3 (red line), 0.5 (green line) and 0.75 (blue line) for validation.
It shows that the magnitude of fraction delay with # = 2 (dashed line) is closer to the case with D =0
(the real value), meanwhile the phase has smaller change at different D values than n = 1 (solid line).
The magnitude of fraction delay with the order 1 = 3 is close to the case with D = 0 while it exceeds the
unit amplitude, which may introduce stability problem. Moreover, the fraction delay with the order
n = 3 consumes more addition and multiplication operations than n = 2. Considering these two aspects,
n =2 is chosen to be the Lagrange interpolation order. Hence, the corresponding fractional delay is:

27N = H(0)z ™™ + H(1)z N1 £ H(2)z N2 (5)
12 =
D=0 PR
/__. —”i: s
1 wEeiy
N
o 0.8F AR Ao
2 W ]
% N\
3 P <
206 N\NN S
E N
f A
= (1)) TOTTPPOPPITRIR SIPPITA W E o,
A " .
\\ — - —n=3,D=0;5 \
02F Ay 3 b——n=1,D=0:75[
\ — — 2,075
o : 3.5l =3D=075
0 0.5 1 0 0.5 1
Normalized Frequency Normalized Frequency
(a) (b)

Figure 4. Frequency responses of Lagrange-interpolating fraction delay. (a) Magnitude responses; (b)
Phase responses.

Therefore, the structure of SGDFT can be improved, as shown in Figure 5.

<+ ) Vee(12)

Yim()

Figure 5. The improved structure of SGDFT.
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3.2. Description of SCP

The secondary control path is introduced to improve the transient response rate. Moreover,
it updates the reference angular frequency to decrease phase error under variable frequency.

In reference [28], the phase 0 € [—n/2, /2] can be deduced as 6 = tan_l(v?g/vg;). However,
arctangent function gives rapid change at £nm/2, which results in differential errors in digital
implementation. Therefore, this paper uses arcsin function to calculate the phase. Besides, an abs
function is adopted to regulate the negative angular frequency. In order to eliminate the digital
differential error in the regulated angular frequency, the single-step comparison filter is realized
as follows:

wr(kn) = {w(kn) = w(ky — DI?{ewr(kn) = wlkn):{wr(kn) = wlky — 1)} (6)

where k;, is the current cycle counter. Both the differential part d/df and Equation (6) need one
control period delay, thus its transfer function can be described as G¢(s) = 1/(2Tss + 1). As analyzed in
Section 2, the model of SGDFT is equivalent to QSG. Thus, the pre-filtering stage small signal model
in the proposed PLL can be used as G(s) = wo/(s + w,), where w, equals to 0.707w;. Therefore,
the secondary control path transfer function is w(s) = Go(s) X Gg(s) x w(s).

Moreover, the introduction of SCP changes the type and pole-zero location of tracking loop [29].
Thus, the voltage normalization part is employed to remove this adverse effect. It can be achieved as:

vl vl
v+] = » U;l = 3 \/ 2.
& +2 4 12 21 g2 / /.
\/Ox Vg 0.5(\/vE+quE+,/vE+qv)
o b oor o 7)

+ : + :
v = ——— v =
1 v&2+v[‘52 p1 0.5(\/v§+qv§+\/v’§+qvg)
3.3. Proposed PLL Model

According to the aforementioned deduction, the small-signal model and equivalent model of the
proposed PLL are shown in Figure 6.

w(s)

o 3
L @D

w(s) 1) 9(s) 03) 1 0, (s)
*<> O
b (s

(b)

Figure 6. Small-signal model of the proposed PLL. (a) Original model; (b) Equivalent model.
It can be deduced from Figure 6b as:

07 (5) = VimGo(5)Gri(5) L 0e(s) + Gols)Gil(s) {0e(s) + 05 (5) ®)
Ga(s)

Then the open-loop transfer function can be obtained as:

_85(8) _ Go(s)Gi(s) + Gals)
Gol(s) - ee(s) - 1-— GO(S)Gf(S) (9)
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The term Go(s) X G¢(s) can be replaced by Ge(s) = 1/(Tes + 1) because these two terms are small
inertial elements, where T is the equivalent delay that equals to 2T + 1/ w,. Therefore, the complete
open-loop and closed-loop transfer functions are:

05(5) 8%+ 52wo(1+kpTe) + swolkp + kiTe) + wok;

Be(s) Tes?(s + wo) (10)

Gol(s) =

Gule) = 05(s) 83+ 82wo (1 + kpTe) + swo (kp + ki Te) + wok;
AT 00s) T STl + F(1+ woTe) + s2wo (1 + kpTe) + swo (kp + kiTe) + wok;

(11)

4. Systematic Design Approach

The aim of this section consists of four aspects: parameter design guidelines for the
proposed PLL, system stability analysis, study of bandwidth and dynamic responses, and discrete
implementation method.

4.1. Parameters Design

It can be seen from Equation (10) that the open-loop transfer function is a four-order expression.
Thus, zero-pole cancellation which is convenient for parameters design is adopted to simplify the
system. Suppose that numerator polynomial has three real zeros, and one of them equals to w,. Thus,
the open-loop transfer function would be:

(s 4+ wy1)(s+ wy)(s + wo)

Gol(s) = TeS3(S ¥ wo) (12)

It has been proved that the coincident zeros (i.e., w1 = w,) can provide a higher stability margin
than the spread ones [32]. Thus, combining Equations (10), (12) and w,; = w,, = w,, Equation (10) can
be rewritten as:

(s+ wz)2 _ s+ WokpTes + ki
Tes3 Tes3

where k, and k; are the proportional and integral parameters of PI regulator shown in Figure 6.

From Equation (13), the phase margin (PM) and the crossover frequency w. of the proposed PLL can

Gol(s) = (13)

be determined as:
PM = —90° + 2tan~! (h)
1

We = Te sin® (tan—1 (1))

(14)

where w, = hw,. Figure 7 illustrates that PM is a function of .

PM(deg)

Figure 7. PM is a function of h.

135



Energies 2017, 10, 280

The PM within the range of 30°~60° is the recommended range for stable operation [32]. Generally,
PM = 45° is selected, which corresponds to /1 = 2.5, as shown in Figure 7. When / = 2.5, it can be derived
that we =246.8 rad/s, w, =98.7 rad/s, kp = 2w, /(wo X Te) =189.2 and k; = w,? =9746 according to
Equations (13) and (14).

4.2. System Stability

It is known that the introduction of SCP aggravates the stability problem as the voltage
amplitude Vi, changes the zeros of the open-loop and closed-loop transfer function. Thus, the voltage
normalization is utilized to remove this effect. From Equations (10) and (11), it can be seen that Vy, is
no longer an influence factor. According to the analysis in Section 4.1, the open-loop bode plots are
shown in Figure 8.

Magnitude(dB)

Phase(deg)

10° 10’ 10 10° 10°
Frequency(rad/s)

Figure 8. Open-loop bode plots of the proposed PLL.

It can be observed that the gain margin (GM) is between 8.1 and 16.9 dB within the PM range of
29.1°~60.2°, which are coincide with the aforementioned calculation. Therefore, one can conclude that
the design guideline for the proposed PLL gives satisfactory PM and GM.

4.3. Bandwidth and Dynamic Response Evaluation

In order to analyze the bandwidth of the proposed PLL, the closed-loop bode plots of SRF-PLL,
DSOGI-PLL and the proposed PLL are drawn. From Figure 9, it can be seen that the proposed PLL
obtains wider bandwidth than the other two PLLs.

Magnitude(dB)

——“SRFPLL
-60 (- — DSOGI-PLL -3
—— The proposed PLL|: !

Phase(deg)
IS
N

10 10° 10 10°
Frequency(rad/s)

Figure 9. Closed-loop Bode plots of three kinds of PLL for /1 = 2.5.
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The dynamic responses of the proposed PLL are evaluated by the unit step and ramp response.
The corresponding transient responses are shown in Figure 10. It can be seen that the settling time are
about 2 fundamental periods in these two conditions. Also, the steady-state value of unit step response
equals to 1, and ramp response tracks the input ramp function 1/s> precisely. These results validate
that the proposed PLL obtains good dynamic performance.

14
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Figure 10. Transient response of closed-loop transfer function for 1 = 2.5. (a) The unit step response;
(b) The unit impulse response.

4.4. Discrete Implementation of the Proposed PLL
Performance of the proposed PLL highly depends on digital discretization approach. The Tustin

with pre-warping method (s = mwé’i&l” z +1) gives better accuracy and frequency characteristics
than the forward Euler and the backward Euler methods [33]. It is worth noting that SRF-PLL is
regulated in g-axis. Therefore, w; = 0 and Tustin with pre-warping method has the same effect as
Tustin (trapezoidal) method (s = %S %). The discretization implementations of the proposed PLL are

shown in Table 1. It is worth noting that n means the current period and y means « or f3.

Table 1. The digital implementation.

Discretization Expression Difference Equation Implementations
_ _fs
Ni(z) = wZ(TZ[)fj Nr(”) w1y

v(n) = 2cos (2knt/Ny)v(n —1) —ov(n—2)

SGDFT  y(z) = L Sp@nihz )02 Tz +x(n) —x(n - Ny)
sin (2k7c 2N = — 2k7t/ Ny -1
ay(z) = S R x(z) Zy(% fs(fn) (Zk:?/SIE],)ZT)T(n 7);})(” )
vl (2) = vf(2)/ 02 (z) + vgz(z) oly(n) = ok (n)/\[ol2(n) + vgz(n)
vgl(z) = v?{(z)/,/vzz(z) + vgz(z) U&(") = Z’Jé(”)/ & (n )+ Z’EZ(")
SRE-PLL ¢4 (2) = —sin (8] (2)z Dot (z) og (n) = Sn(e;(”*l)) 1(n) + cos (93("*1))%1(”)
+ cos e;(z) ’1)061(2) wf (n) = wh Fn—1)+ U—’r(”) wr(n—1)
wi (2) = 0d (2) [kp + kiTs(1+ 2~ 1/(2=227Y] + ax(z) +vg () (kp +kiTs/2) = vg (n = 1) (kp — kiTs/2)
0 () = (1 +2 1)/ (2 - 2w (2 0 (m) = 03 (n — 1) + To/2[wy (n) + i (n — 1)
054 (2) = 0 (2)/Joi (2 )+vg2( ) 84p(n) = vk(n)//oi(n) +vf2(n)
scp wzﬁ(z)=(2—22 D/(Te+ Tz )0 5 (2) ‘Xﬁ(n)7uu‘xﬁ(n—1)+T[60’Cﬁ(n)790‘65(n71)}
wr(z) = ; ‘LPF we(n) ‘waﬁ ‘LPF

5. Experimental Validation

The aim of this section is to evaluate the performance of the proposed PLL by extensive
experimental studies under distorted conditions. The experimental setup presented in Figure 11
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consists of signal generator and digital signal processor (DSP) TMS320F28335 control board.
Throughout the experimental studies, the voltage benchmark is 311 V and the grid fundamental
frequency f is 50 Hz. The PI parameters in control loop are: kp = 189.2 k; = 9746 and the sampling
frequency fs is 12.8 kHz. In addition, three phase DC offsets (0.1 p.u., —0.1 p.u. and 0.1 p.u.) caused
by measurement devices are considered all the time in the rest experiments. The detailed distorted
conditions performed in experiments are summarized as follows:

Condition I: An asymmetric voltage sags (0.1, 0.2 and 0.3 p.u.) at t = 30 ms.

Condition II: An asymmetric phase jumps (10°, 20°, and 30°) at ¢ = 40 ms.

Condition III: 5th and 7th order harmonics (0.2 and 0.1 p.u.) emerge at f = 50 ms.
Condition IV: Grid frequency jumps from 50 to 55 Hz at t = 60 ms.

Condition V: Grid frequency ramp change occurs at f = 100 ms with ramp rate of 20 Hz/s.

Signal Generator Input Signal

T
“QF_

e S T
. hEm ETT

e YB1603 DB S 2k ey

Voltage Scnsor'

4
3

e

~w O3

T

Computer  Save Test Data DSP Board

Figure 11. The experimental platform.

5.1. Experimental Results of the Proposed PLL under Distorted Conditions

The main variables of the proposed PLL are displayed: three-phase voltage (v,p,.); FPSCs in
two-phase stationary frame (v, and v?g); phase angle of fundamental positive sequence voltages (9;’ )
calculated reference angular frequency (wy); detected grid frequency (fr); estimated phase error (A9);
detected frequency error (Af). The settling time is the time required for the response curve to reach
and stay within certain range of 98% steady-state value for A8 and Af, respectively. Figure 12 shows
the experimental results of the proposed PLL performed under voltage sag (condition I), phase jump
(condition II), harmonics (condition III), and step-changed frequency (condition IV).

As can be seen in Figure 12, v} and vg give same amplitude and 71/2 angle difference,
which means the FPSCs are extracted accurately under conditions I-IV. As SGDFT needs one cycle to
collect data, v and vg become stable after one cycle when disturbances occur at t = 30 ms, t = 40 ms,
t = 50 ms and t = 60 ms. Besides, it is worth noticing that 6; and v{ reach the maximum simultaneously
and fm, is in accordance with f in steady-state regardless of the distorted conditions.

The performance of the proposed PLL under ramp-changed frequency (condition V) is also
evaluated. The corresponding experimental results are shown in Figure 13. It can be observed that f 1,
tracks the ramp change of f( with a small error. In addition, fr, gives obvious overshoot at the start and
end of ramp change, as SGDFT cannot give correct reference during its settling process. The detailed
steady-state and dynamic performance indexes under conditions I-V are shown in the next section.
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The experimental results under conditions I-IV. (a) Voltage sag; (b) Phase jump;

(c) Harmonics; (d) Step-changed frequency.
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Figure 13. The experimental results under ramp-changed frequency.

5.2. Experimental Results Compared with Other Pre-Filtered PLLs

The effectiveness of the proposed PLL is further confirmed by comparing its performance

with MCCF-PLL, DSOGI-PLL, PMAF-PLL and GDSC-PLL in [15,18,21,24], respectively. In order

to allow a fair evaluation, the PI parameters of the above four PLLs are regulated according to
the tunning methods in the corresponding articles. The PI parameters of the above four PLLs are:

141.1 kiy = 9952, kyp = 222 kip = 6169, kp3 = 390 kiz = 40,426, and kpa = 266 kis = 35,530, respectively.

the relevant data are summarized in Table 2.

kp1
P
The comparative tracking performance under conditions I-V are shown in Figures 14 and 15. Besides,
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Figure 14. The comparative experimental results under conditions I-IV. (a) Voltage sag; (b) Phase jump;
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Figure 15. The comparative experimental results under ramp-changed frequency.

Table 2. Dynamic performance index.

Performance  conditions  MCCFPLL DSOGI-PLL PMAF-PLL GDSC-PLL  Proposed PLL
Index A0 Af A0 Af A0 Af A0 Af  A® Af
1 ~30 =33 =~40 =~40 ~36 ~31 ~35 =30 ~25 ~23
Settlin I ~36  ~38 ~Al  ~42 ~40 ~40 A39 A39 A30 ~30
Ti; (H%) I ~30 A35 A38 A39 A34 A34 A33 ~33  ~30 A28
€ {ms v ~31 32 A38 ~40 A4l A~36 ~40 A35  A35 A5
v . _ _ _ ) - - - ~50  A50
1 ~0.14 =~4 ~0.14 =~4 ~0.01 ~0.3 =~0.01 =03 =0.006 =09
o hoot 11 ~032 =~10 =~028 =7 ~0.11 =3.1 =0.11 =~3.1 =~0.03 ~4.5
(Veés;‘; I ~014 ~4  ~016 ~41 ~001 ~031 ~0.012~031 ~0012 =~2.1
rad, Hz v ~029 ~41 ~031 ~41 ~018 ~5 =018 ~5 ~0006 ~38
v - - - - - - - - ~018 ~45
I ~013 ~39 ~01 ~29 0 0 0 0 0 0
Steadvostate I ~013 ~4 ~01 35 0 0 0 0 0 0
| (3’ o Hz) I ~014 ~4 =015 ~45 0 0 0 0 0 0
value (rad, v ~028 ~3 029 ~35 ~017 0 ~017 0 0 0
v N . ) B} ) . - - ~0013 ~039

DC offsets are considered in all conditions in Table 2.

It can be seen from Figure 14 that only MCCF-PLL and DSOGI-PLL contain obvious fundamental
component in A@ and Af as their pre-filters are not effective for DC offsets. Also, it is clear that A®
and Af of MCCF-PLL and DSOGI-PLL are strongly distorted under heavily polluted condition due to
their limited filtering characteristic for harmonics. As shown in Figure 14a—c, PMAF-PLL, GDSC-PLL
and the proposed PLL have satisfactory disturbance rejection ability for DC offsets, voltage sag,
phase jump and harmonics. However, PMAF-PLL and GDSC-PLL give obvious A® steady-state errors
in Figure 14d. Moreover, in Figure 15 MCCE-PLL, DSOGI-PLL, PMAF-PLL and GDSC-PLL cannot
track ramp-changed frequency accurately as their reference angular frequency is not updated with
input signal’s frequency. It is clear that the proposed PLL is effective under DC offsets, voltage sag,
phase jump, harmonics, step- and ramp-changed frequency.

In Table 2, the performance indexes of the first four PLLs under condition V is not provided as
they cannot track the ramp-changed frequency stably. Moreover, the steady-state values of MCCF-PLL
and DSOGI-PLL refer to the peak value because they both contain fundamental components.

As summarized in Table 2, DSOGI-PLL gives the maximal settling time overall. The settling time
of PMAF-PLL and GDSC-PLL are almost same. They are slightly smaller than DSOGI-PLL. MCCF-PLL
tracks relatively faster than the previous PLLs. The proposed PLL gives the least settling time of A®
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and Af under conditions I-IV and it needs about 2.5 cycles to track the ramp-changed frequency as
SGDFT needs one cycle to collect data when the periodical signals change.

MCCF-PLL and DSOGI-PLL give obvious overshoots due to the existed DC offsets. The A9
overshoots of PMAF-PLL and GDSC-PLL are smaller than the first two PLLs. It is worth noticing that
the proposed PLL gives the smallest AB overshoot but it cause a slight increase in the overshoot of Af
under conditions I-IV. In addition, the proposed PLL gives acceptable overshoot in AB and Af under
condition V.

MCCE-PLL and DSOGI-PLL have obvious fundamental components of A6 and Af under
steady-state condition, while the other three PLLs can obtain zero steady-state error of A9 and Af
under conditions I-IV except for A6 of PMAF-PLL and GDSC-PLL under condition IV. Moreover,
the proposed PLL gives the smallest steady-state values of A8 and Af.

We can conclude from the experimental results in Figures 12-15 and Table 2 that, (1) Like
PMAF-PLL and GDSC-PLL, the proposed PLL has good disturbance rejection capability of DC offsets;
(2) Only the proposed PLL can solve the ramp-changed frequency problem due to its improved SCP;
(8) The proposed PLL can obtain the least settling time of phase and frequency under conditions
I-1V; (4) The proposed PLL gives the least overshoot of phase and the third small overshoot of
frequency under conditions I-IV; (5) The proposed PLL almost obtains zero stead-state error of phase
and frequency.

6. Conclusions

This paper presents an efficient PLL based on SGDFT filter and the improved SCP. SGDFT filter is
employed to enhance separation accuracy of FPSC under distorted conditions. Lagrange-interpolation
method is applied to remove the adverse effect of the fractional delay when the sampling number is
not integer. The improved SCP is employed to promise precise phase estimation and enables the PLL
tracking reference frequency rapidly. Comparative experimental results demonstrate that the proposed
PLL can achieve zero steady-state error in phase and frequency with a rapid speed compared with
the other four PLLs. Meanwhile, it has satisfactory disturbance rejection capability under unbalanced
voltages, harmonics, step-and ramp-changed frequency and DC offsets.
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Abstract: This paper presents the concept of the impact of harmonic distortion on a digital protection
relay. The aim is to verify and determine the reasons of a mal-trip or failure to trip the protection
relays; the suggested solution of the harmonic distortion is explained by a mathematical model in the
Matlab Simulink programming environment. The digital relays have been tested under harmonic
distortions in order to verify the function of the relays algorithm under abnormal conditions. The
comparison between the protection relay algorithm under abnormal conditions and a mathematical
model in the Matlab Simulink programming environment based on injected harmonics of high values
is provided. The test is separated into different levels; the first level is based on the harmonic effect of
an individual harmonic and mixed harmonics. The test includes the effect of the harmonics in the
location of the fault point into distance protection zones. This paper is a new proposal in the signal
processing of power quality disturbances using Matlab Simulink and the power quality impact on
the measurements of the power system quantities; the test simulates the function of protection in
power systems in terms of calculating the current and voltage values of short circuits and their faults.
The paper includes several tests: frequency variations and decomposition of voltage waveforms with
Fourier transforms (model) and commercial relay, the effect of the power factor on the location of
fault points, the relation between the tripping time and the total harmonic distortion (THD) levels
in a commercial relay, and a comparison of the THD capture between the commercial relay and
the model.

Keywords: protection relay; Simulink; Matlab; Omicron CMC 256plus; power quality; enerlyzer;
comtrade; distance protection

1. Introduction

In electrical engineering, the protective relay is a relay device designed to trip a circuit breaker
when a fault is detected, and has the ability to measure the power system quantities through the
internal logic of a microprocessor. Digital relays have become more efficient and functional, especially
for each of the following processes: the digital relay features accurate methods to calculate the voltage,
current measurements, and other electrical quantities, and has become a communication standard for
electrical Substation Automation Systems (SAS). Digital relays include multi-protection functions such
as distance protection, overcurrent protection, under-voltage protection, etc. In addition, there are many
measurements that can be done using the microprocessor, such as internal/external fault diagnosis,
fault measurements, zero current sequences, and disturbance recording. Additional functions of
the digital relays, such as monitoring, metering, setting groups, fault recorder communication, and
reports, have no direct relation to the protective elements. The hierarchy structure of power system
automation comprises an electrical protection relay, control, measurement and monitoring, and
data communications. Power system automation is a system that is integrated into the various
components connected to the power network. The numerical relay is a focal concept of the power
system automation for protecting the equipment and limiting the damage. The system’s components
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have better communication with each other; the information is exchanged via dozens of communication
protocols, this concept can be characterized by the fact that one sensor is enough to obtain and
collect information through the network instead of a sensor per component in the power system.
Power system automation has several levels to integrate between the power substations and the
substation supervisory system (SCADA). It defines both the information model and services used for
communication between the Intelligent Electronic Devices (IEDs) in a substation.

Some studies presented the practical test of the harmonic influence on electromechanical and
microprocessor relays, the test implemented the current signal accompanied by the total harmonic
distortion on relays, these studies found that the mixed-harmonics influence is minor on the protective
relays, conversely, the influence of pure signal above the fundamental frequency found a significant
effect on protection relays function [1-5]. The evaluation influence of the power quality on the proactive
relays presented using the simulation models (Mathcad software) [6-9], these studies focused on the
advantages and distances of the relay algorithm. The harmonic distortions in the power system and
the associated problems caused by non-linear loads were briefly discussed. A review related to various
methodologies for detecting and measuring harmonics based on this review of a new hybrid method
for detecting and measuring harmonics is introduced in these references [10-12]. Few studies explore
the research associated with quantifying the cost of reliability and power quality. Various power
quality disturbances are investigated and possible methods of quantifying both the effect and cost
are presented [13-15], moreover, it aims at analyzing and probing the influences of harmonics to
differential relays. It analyzes and compares the mathematic models which are constructed by using
EMTP and the test results [16,17]. It presents the impact of the fault in the power line based on the
short circuit and abnormal condition, comparing the fault tripping time on the distance relay with two
simulation scenarios developed using matlab environment [18].

This paper explains the signal processing of power quality disturbances using Matlab 2016,
MathWorks, Natick, MA, USA) Simulink, especially the power quality impact on the measurements of
the power system quantities; the test simulates the function of protection in power systems in terms
of calculating the current and voltage values of short circuits and their faults. The model includes
a number of blocks that process the signals for the current and voltage coming from the simulator
side. First, the current and voltage signals are filtered through a low-pass filter which removes the
high-frequency components from these signals. After the passage of the signals through the filter,
there is the second level that converts the analog signals into digital signals through the processing
signal within four stages. The first stage is the sampling process of the original signal, taking into
account the sampling frequency which is determined to be 80 samples/cycle according to IEC standard
61850 (4000 Hz per second for systems operating at 50 Hz frequency). For this block, the input signals
are analog and plus generator signals. The signal is then inserted into a quantizer that converts the
sinusoidal signal into a digital signal. Meanwhile, the signal is filtered through a digital filter. The
parameters of this filter are adjusted to match the previous filter. The last stage is the calculation
relating to the signal itself, which includes the amplitude angle using the Fourier transformation or an
arms calculation. The model characteristics are calculated from the parameters of the component with
the intention to protect the relay, such as the transmission line, the transformer, and the generator, etc.

2. Impact of Harmonics on Protection Relays

The main reasons to study the power quality as follows:
e Intelligent electrical devices (IED) have become more accurate in power quality measurements
and less tolerant with higher frequency components than the nominal frequency of these devices.

The major risk of harmonics in power systems is mal-operation of the protective relays and the
thermoelectric effect accompanied by these harmonics.

The reason to study the impact of harmonics on protective relays is the existence of harmonics in
current and voltage signals which can cause a mal-trip of the relay when no fault happens or the system
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fails to trip when there is a fault in the power system, especially when a harmonic can be noticed
during faulty performance. The relay algorithm is an important factor to define the harmonic impact.
There is a difference between the higher values of relay tripping thresholds and the lower values
of normal operation. A large difference will cause a higher risk of failure to trip and mal operation.
The power systems quantities are converted to the digital form that provides easy implementation of
digital processing signal (DPS) and analysis the power quality.

Usually, the harmonic can be determined by the load characteristics; moreover, the harmonic in
the current has a more intense impact than the harmonic in the voltage.

In the power system, the harmonics might reduce the power quality and cause a number of
problems, such as overloads in distribution systems because of an increase in the rms current value,
and harmonics can also cause a shorter lifespan of generators, transformers, motors, and other power
system components. On the other hand, the sensitive loads can be affected by harmonic distortion.

Harmonic Phenomena

The total harmonic distortion (%THD) is a percentage of the rms of the fundamental component.
The percentage current total harmonic distortion is

VI I
THD; = L5220 100%,

Irms

)

where I}, ;5 is the current harmonic amplitude of order / (i.e., the i-th harmonic) and I,.y;s is the current
amplitude of the normal frequency and harmonic components:

_ S 2
Trms = V Zk:z Ih/rms’ (2)

This subsequently leads to the formula:

Lims = I V 1+ THDi2 (3)

The total power factor

P
PF = . ()
Vl,rms Il,rms \/ 1+ (Tl-(l;{)g/z:)
The percentage voltage total harmonic distortion is
VI Vi
THDy = Y~ 2™ . 100%, (5)

‘/TWIS

where V), .5 is the voltage harmonic amplitude of order / (i.e., the ith harmonic) and Vs is the
voltage amplitude of the normal frequency and harmonic components:

loe]
Vims = V Ekzl th,rms’ (©)

The European energy organizations define the power quality in three parameters [2]:

e Commercial quality: it refers to the services which provide by the electrical distribution companies.
Voltage quality: it refers to the total harmonic distortion, frequency variation and voltage
distortion can cause mal-operation. Levels of continuity of supply depend on the measurements
which can be collected at all voltage level.

The IEC (International Electrotechnical Commission) is an organization for standardization
comprising all national electrotechnical committees.
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There are three European standards defining the limitation of harmonic currents injected to the
power system. They define the limits of the harmonic component of the input current which may be
produced by the equipment:

e IEC 61000-3-2:2014 Electromagnetic compatibility (EMC)—Part 3-2: Limits—Limits for harmonic
current emissions (equipment input current <16 A per phase). This standard is applicable to the
electrical equipment which required an input current up to 16 A.

e IEC 61000-4-7: Testing and measurement techniques—General guide on harmonics and
inter-harmonics measurements and instrumentation, for power supply systems and equipment
connected thereto. The new requirement launched for measuring harmonic should get 10 cycles
of the fundamental current. Furthermore, no gap and no overlapping between the successive
measuring windows are allowed.

e IEEE 519: The standard provides limitations for a harmonic distortion (a limitation on the
harmonic voltage distortion provided by the distributor to the customers, a limitation on the
harmonic current distortion superimposed to the system by a customer).

e Individual Voltage Distortion limits for the bus voltage level of 69 kV and below should be not be
exceeded by 3% and the total voltage distortion THD should be not be exceeded by 5%. Moreover,
according to IEEE 519, there are more conditions with regard to the effects of harmonics on
protective relays (electromechanical, static, and digital relays).

e Itisimportant to bear in mind that the impact of the power quality on the protection relays can
cause incorrect trips and relay mal-operation, while an incorrect tripping time occurrence depends
on the power frequency variations and harmonic distortion [7,16].

3. Description of Mathematical Model

The model is a suggested method of processing the voltage and current signals similarly to the
process that takes place in relays, precisely, for the frequency variations and the number of samples per
cycle. To ensure the validity of the test for this model, a comparison was made between the output of the
model and the output of the physical relay located in the laboratory. The simulator generated signals
for the voltage and current of a single phase fault (a short circuit) with the accompanying of these
signals. These signals have been sent to the physical relay and have been recorded and changed the
format to Comtrade (Common Format for Transient Data Exchange for power systems); after that the
signals have been sent to the model; see Figure 1. Comtrade is a file format for status data related to a
transient power system and storing signals. In addition to blocks that simulate these physical elements,
the model also contains a display and calculation blocks for graphic representation of the results of
simulated scenarios. The model presents the simulation and modeling of communication-based digital
relay using Matlab and the model tested under abnormal conditions (short circuit) and under various
fault types. The behavior of the model can be monitored and compared with the real protection relay
by using the Enerlyzer in Omicron which can able to record voltage and current signals. The model
reads the recorded signals by using a comtrade reader and the model offers the analysis of signals as
shown in Figure 2.
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The model was made in the Matlab Simulink programming environment (Figure 2) using elements
of the Sim-Power-Systems library. The first step is to get the current and voltage signals from the
current and voltage transformer sides and apply some functions to them. The digital processing
signal is the process of modifying a signal to improve the performance of the relay, to eliminate the
high-frequency components, and to avoid the phenomenon of aliasing from a fault signal; low pass
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anti-aliasing analog filters with suitable cut-off frequency are used. Holding and sampling the signal is
the second block of the signal process which converts the analog signal to the sample. The quantizer
converts the smooth signal into a stair step output. Fast Fourier Transform (FFT) is a faster version
of the Discrete Fourier Transform (DFT) which is used to find the fundamental frequency and higher
frequencies contained in the input signal [6,7].

3.1. The Low Pass Filter Block

The low pass filter block can filter every channel of the input signal separately using the given
design specification as shown in Figure 3 and the Table 1. A detailed description and the possibilities
of determining equivalent parameters are thoroughly discussed in [9,19].

Magnitude Response (dB)
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Figure 3. Low pass filter block characteristics.
Table 1. Parameters of low pass filter block.
Parameter Value
Passband edge frequency (Hz) 6000
Stopband edge frequency (Hz) 12,000
Maximum passband ripple (dB) 0.1
Minimum stopband attenuation (dB) 80
Input sample rate (Hz) 28,000 *

* Sampling frequency (3 kHz, 9 kHz, 28 kHz).

The output signal from the Finite impulse response (FIR) filter can be described by Equation (1):
N

yln] = box[n] + bix[n — 1]+ - + byx[n — N] = Y bix[n — ], ?)
i=0

where:

x[n] Refers to the current or voltage signals,

y[n] Refers to the filtering signal,

N Refers to the filter order,

b; is the value of the impulse response at the ith instant for 0 < i < N of an Nth-order FIR filter.
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3.2. Sample and Hold

The sample and hold block gets the input signal when it receives a trigger event at the trigger
port. The block holds the output signal until the next triggering event occurs.

o When the trigger input rises from a negative value to a positive value, the block starts to acquire
the input signal.

e When the trigger input drops from a positive value to a negative value, the block starts to acquire
the input signal.

3.3. Pulse Generator

The pulse generator block is the trigger input of the sample and hold block. It generates square
wave pulses at regular intervals. The block waveform parameters (amplitude, pulse width, period,
and phase delay) determine the shape of the output waveform.

3.4. Fourier Block

The Fourier block offers the calculation the amplitude and phase of the input signal (current and
voltage), total harmonic distortion. The block offers analysis of the signal components as a percentage
of the fundamental signal.

Recall that a signal f(t) can be expressed by a Fourier series of the form

f(t) = %0 + i aycos(nwt) + bysin(nwt) (8)
n=1

where 1 represents the rank of the harmonics. (1 = 1 corresponds to the fundamental component.) The
magnitude and phase of the selected harmonic component are calculated by these equations:

|Hu| = \V a,? + bnz (C)]

where ,
an =2 [ f(t)cos(nwt)dt
=T
t
by=2% [ f(t)sin(nwt)dt
F? .

f1: Fundamental frequency.

3.5. Phase Locked Loop (PLL) System

This block is used to synchronize a variable frequency sinusoidal signal. Meanwhile, this model
is used to determine the frequency and the fundamental component of the signal phase angle which
can be used to track the frequency and phase of the sinusoidal signal by using an internal frequency
oscillator. The control system changes the internal frequency to keep the phase difference set to 0, as
shown in Figure 4.

The model discusses two cases of Power Frequency variations when the power frequency
gradually increases from 50 Hz to 52 Hz and returns to the normal frequency after a period of
time; see Figure 5. The model compares the conventional way of calculating the frequency variation
and the proposed way using a closed circuit. The proposed method is to track the frequency and
amplitude of the input wave by using the frequency oscillator. In Figure 6, in contrast, the frequency
decreases by 2 Hz gradually to 48 Hz.
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4. Relay Report and Simulink Result

Fault points were used in the tests, and a single phase with ground (SLG) was chosen; the fault
points were included in the harmonic components. The points were located near the border of zone 1
and zone 2. The characteristic zones of the distance relay and the chosen points can be seen in Figure 7.
As it is known, most digital relays use quadrilateral characteristics due to the many advantages
which those characteristics can provide. The configuration and settings of the relay should be done
in the first place; after that, exporting of these settings to CMC 256 is important to evaluate the relay
functions. CMC 256 provides different platforms to test the relay with its zones setting, transmission
line parameters, and time delay. Moreover, an advanced distance test displays the amplitude and phase
of the three phase currents and voltages determined by the fault type and the fault location [11]. The
distance relay is a universal short-circuit protection. Its mode of operation is based on the measurement
and evaluation of the short-circuit impedance which, in the classic case, is proportional to the distance
to the fault. Its tripping time is approximately one to two cycles (20 to 40 ms at 50 Hz) in the first zone
for faults within the first 80% to 90% of the length. In the second zone, the tripping time depends on
the settings which are usually 300-500 ms [20].
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Figure 7. Characteristic zones of a distance relay and fault points.

The parameters of the derived model are based on the physical relay, as shown in Figure 7, which
presents the characteristic zones of distance relay designed in the matlab environment.

The Testing Conditions

A harmonics test allows for creating a voltage and current signals with three states: pre-signal
refers to the signal with the fundamental frequency and pre-signal time can be determined according
to the test conditions, signal refers to the signal accompanied by the harmonic components, post signal
refers to the signal with the fundamental frequency as shown in Table 2. Harmonic can be added to the
voltage an current signals individually or mixed. The test offers the file export as comtrade formate
and playback.
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Table 2. Harmonic testing conditions Omicron.

Voltage Current Signal Definition Triger Condition Harmonic Input
VA 1A Pre-signal time Active high % of fundamental
VB 1B Signal Active low Absolute
vC IC Post-signal

Measured trip time

The distorted voltage and the current waveform can be composed of harmonic components;
however, the distorted waveform can be decomposed into a fundamental sinusoidal waveform at
nominal and harmonic frequencies. The decomposition of distorted waveforms can be done by Fourier
transform, as shown in Figure 8. An evaluation of the relay function and harmonics impact can be
done in this test. The test is divided into different levels. The first level is based on the harmonic effect
of mixed harmonics and individual harmonics. Both are used to test the protection operation and the
Simulink model, considering that protection is IED and Matlab is a Simulink model. Figure 8 shows
three mixed harmonics (2nd, 4th, 6th) of the fundamental signal. The discrete Fourier transform is
used to calculate the THD in the Matlab model. The DFT Spectrum of a one-cycle (20 ms) voltage
signal was taken, applying the DFT to the first 20 ms of sampled signal results in the line spectrum
at discrete frequencies 50, 100, 150 Hz, etc. Figure 8 shows the magnitude values of the harmonics
by using Equation (8). The figure shows that the 50 Hz component dominates; it is already visible
from the original signal. The voltage signal contains significant components at even harmonics of 100,
200, and 300 Hz. Figure 9 shows decomposed voltage waveform with harmonic distortions of three
harmonics (3rd, 5th, 7th) using the Fourier transform/ Matlab window. The harmonic analysis was
tested and measured using a Matlab model.
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Figure 8. Decomposed voltage waveform with Fourier transform/Matlab window.
LINE_UL1 Harmonics /Hz
& ® uNE_uL1 =l 100.0%
NE_ULNV 35/ 3490
< 50 <30
2 2251
i
8 315
S =0l 173% 169%  15.6%
-50 4 5/01% 00%504 00%589 0.0%5:46 0.0% 0.0%
0004] 1000[ oo 0.00 []000 001
- DC 50 100 150 200 250 300 350 400 450
0.680 0690  Timef[s] 0700 (70 Frequency [Hz]

Figure 9. Decomposed voltage waveform with Fourier transform/Matlab window.

The test was conducted at five different fault points and a total harmonic distortion was added to
each of these tests. The total harmonic distortion on the current wave added at two points (the arrow
direction up) is called an overreach, and the total harmonic distortion was added to the voltage wave
at three points, as shown in Figure 10. The total harmonic distortion was added as a percentage of
the fundamental signal as follows: 10%, 20%, 30%, 40%, and 50%, and were colored in the following
colors, respectively (violet, blue, yellow, red, and green).
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Figure 10. Quadrilateral characteristic and measured fault impedance locus.

Overreach and underreach of protection relays are common problems in power systems; they
cause a mal-operation of the protection relays and it is impossible to detect the fault in the correct
zone. The overreach of the point of the fault can cause the protection relay to send a mal-trip signal,
which means that the relay instead of a trip in a delayed time zone 2 will send the tripping signal
in zone 1, which is not desired; as shown in Figure 10. A harmonic distortion can change the power
factor which leads to a change in the measured impedance lower than the actual value. The overreach
can be noticed from a distorted voltage waveform, as shown in Figure 10, due to the lagging power
factor. Conversely, an underreach of the point of fault can cause the change of protection relay and the
decision to send a mal-trip signal; it means that the relay instead of a trip at a delayed time zone 1 will
send a tripping signal at zone 2, which is not desired, as shown in Figure 10. A harmonic distortion
can change the power factor, which leads to a change in the measured impedance higher than the
actual value. The underreach can be noticed from a distorted voltage waveform, as shown in Figure 10,
due to the leading power factor. The overreach of the distance relays should be avoided mostly in the
first zone.

The test can illustrate harmonic distortion. A single-phase fault operation of a distance digital
relay was applied and, as a result, the relay made a mal-operation decision. The analysis has been
summarized from the integral disturbance recorder in the relay that has an area of memory. The relay
can store all events in a disturbance recorder. Figure 11 shows a single phase to earth fault on the
transmission line in a power system with a high harmonic content. It is assumed that three harmonics
(3rd, 5th, and 7th) exist. The distance protection relay shows the instantaneous value of the three-phase
voltage with a high harmonic content once a single phase with earth occurs.
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Figure 11. Voltage waveforms during single-phase fault (IED).
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5. Distance Relay: Tripping Time vs. THD Level

Based on previous reports [21,22], the total harmonic distortion was measured at 30 different grids
in the Czech Republic at different intervals. The measurements and evaluation of the harmonic level
were made by the E.ON Distribution in the Czech Republic, operated by the company E.ON Czech
Republic. More than 1000 MW of distributed energy sources (DES) are connected to this network,
mainly from photovoltaic (PV) sources; see Table 3.

Table 3. Evaluation of the voltage harmonic from Grids.

Grid 3rd 5th 7th 15th
1 0.80% 1.60% 0.80% 0.10%
2 0.20% 0.80% 1.40% 0.10%
3 1.90% 2.20% 1.60% 0.42%
4 1.00% 1.80% 1.20% 0.38%
5 0.60% 1.70% 0.80% 0.02%
6 0.40% 2.20% 1.90% 0.50%
7 0.70% 1.90% 1.40% 0.18%
8 0.70% 1.80% 1.80% 0.17%
9 0.40% 1.60% 1.20% 0.08%
10 1.00% 1.60% 1.00% 0.26%
11 0.80% 1.80% 1.60% 0.30%
12 0.40% 1.40% 1.60% 0.10%
13 1.40% 1.40% 2.00% 0.41%
14 0.80% 1.80% 1.60% 0.20%
15 1.00% 1.80% 0.80% 0.24%
16 1.60% 1.80% 1.40% 0.36%
17 1.00% 2.60% 1.60% 0.08%
18 0.60% 1.00% 1.20% 0.19%
19 0.60% 0.80% 1.70% 0.16%
20 1.00% 1.80% 1.80% 0.42%
21 0.60% 1.70% 1.20% 0.40%
22 0.40% 1.00% 1.80% 0.12%
23 2.50% 2.40% 2.10% 0.60%
24 2.40% 2.00% 1.80% 0.60%
25 1.60% 2.40% 1.80% 0.48%
26 0.40% 1.00% 3.20% 0.18%
27 1.00% 1.00% 1.80% 0.18%
28 1.00% 2.00% 1.40% 0.32%
29 0.60% 0.60% 2.40% 0.12%
30 0.40% 1.00% 2.10% 0.08%

According to the total harmonics of the measured points in grids, the distance relay was tested.
Its mode of operation is based on the measurement and evaluation of the short-circuit impedance
which in the classic case is proportional to the distance to the fault.

This test explains how a different magnitude of the total harmonic distortion can influence the
relay’s operation and the tripping time of most digital protection relays used. A fault was located at
zone 1 near the border zone 1-2 border (as shown in Figure 12: the tripping time for fault without
distortion was 23 ms (average of 10 measurements); the tests were performed with zone 1 tripping time
set to 0 ms and zone 2 tripping time set to 1000 ms. It is possible to see how the harmonic distortion
can affect the distance relay’s accuracy and assessment of where the fault took place. During harmonic
distortion, a portion of the current is missing so an excessively large impedance is measured. In our
measurements on the distance protection, the zone reach is reduced. It is acceptable for near faults,
because the distance to the zone limit is long [13,16].
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Figure 12. Distance relay: tripping time (seconds) vs. THD level of grids.

For faults close to the zone limit, an underreach is not permitted; the relay will trip in the second
zone with a time delay [11]. Figure 12 shows the relation between the tripping time and the THD of
the voltage. In this test, the THD does not exceed 4.5%. Note that the tripping time for the distance
protection varies according to the added harmonic value.

Figure 13 presents the harmonic influence on the tripping time of the physical distance relay,
where the current and voltage signals contain harmonics at a high level. The test was repeated five
times and the average tripping time is presented. The type of fault is a single phase with the ground
and tripping time without added harmonics of 1 s. The rms current and rms voltage should be constant
during the test. For example, when the voltage and current signals contain the second harmonic, the
tripping time of the distance protection is not constant, and the tripping time starts to change from
1s to 1.6 s, meaning that the relay algorithm calculated the impedance in the third zone when the
harmonic level was 10-40% of the current and voltage signals. Moreover, when the harmonic level was
50% of the current and voltage signals, the tripping time is changed to 3 s and the distance protection
decision wrongly calculated the fault in zone 4.

35

Current and voltage harmonics

—@— Mixed harmonics (3rd + 5th+ 7th)
~@— Mixed harmonics (2nd+ 4th+ 6th) ®
309 @ Third harmonic
—@— Fifth harmonic
@~ Second harmonic

25 <

204

Tripping Time (s)

tp_Zone2=1s
tp_Zone3=16s
tp_Zone4=3 s

05

T T T T T T
o 10 20 30 40 50 60

%THD

Figure 13. Distance relay: tripping time (seconds) vs. %THD level.
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6. Comparison of Total Harmonic Measurement between Physical Relay and Model

The test involves a calculation of performance indicators concerning the level of harmonics
through a commercial relay. This chapter contains a large number of measurements. The interval in
the relay is 10 cycles in a 50-Hz system according to IEC 61000-4-30 and the model. The harmonics
were added as the percentage of the current and voltage signals.

e  Testing Conditions

To achieve a comparison between the THD in the commercial relay and the model, EnerLyzer is
used to control the measuring features of the CMC test sets. It runs as a stand-alone test module. It
has four modes of operation: a multimeter mode, a transient recording mode, a harmonic analysis
mode, and a trend recording mode. It calculates the harmonic analysis of all configured inputs (up to
64 harmonics) and displays it in a bar graph and in a tabular format.

¢ Total Harmonic Distortion Detection in Physical Relay and Matlab Model

Through the test, the results show that the commercial relay of the harmonic capture ratio is lower
than the original harmonic value. The total harmonic distortion is 10%, 20%, 30%, 40%, and 50% of
the current signal according to the relay report. Figure 14 shows the harmonic measurements in a
commercial relay. The second, third, and fourth harmonics were added as well as the three harmonics
combined (2nd, 4th, 6th) and were added to the 3rd, 5th, and 7th harmonics. We can conclude that the
commercial relay measures the THD with a difference of up to 35%, especially when there are three
harmonics combined in the input signal, as shown in Figure 14. The digital relays start function when
abnormal conditions occurred as faults. Abnormal events are accompanied by harmonics which are
combined with the current and voltage signals.
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Figure 14. Commercial relay measurement of THD.

Figure 14 shows the measurement of THD in a commercial relay. A harmonic measurement
evaluates the error of calculation, and the calculation method described above applies to the steady
state fault conditions. The measurements of the third harmonic showed that the error of calculation in
the commercial relay increased according to the harmonic percentage of the signal. The error of the
calculation of the third harmonic is ca. 7% when the percentage of harmonic is 0-10%. After that, the
error of the calculation of the third harmonic is stabilized to 10% when the percentage of harmonic is
10-50%. The highest error of the calculation of the THD can be found in mixed harmonics, as shown
in Tables 4 and 5. The THD for mixed 3rd, 5th, and 7th harmonics is ca. 10-20% when the harmonic
content is 0-10%. After that, the error of the calculation of THD for mixed 3rd, 5th, and 7th harmonics
is stabilized to 33% when the percentage of harmonic is 10-50%.

158



Energies 2018, 11, 893

Table 4. Data from distance relay’s tests with fault near to the border from zone 1 to zone 2.

THD Tripping Time (ms)

Level Test 1 Test 2 Test 3 Test 4 Test 5 Average
0.00% 0 20 30 20 1 14.2
1.63% 20 21 20 50 20 26.2
1.68% 1005 1000 26 1000 1000 806.2
1.96% 1000 170 1000 1000 15 637.0
1.97% 30 1000 1005 25 1005 613.0
1.98% 1005 1000 1005 80 1000 818.0
2.04% 1000 130 180 30 1005 469.0
2.10% 291 70 20 1000 1000 476.2
2.15% 1000 1000 70 1000 1000 814.0
2.17% 1000 1000 50 15 15 416.0
2.20% 1000 1000 1000 40 210 650.0
2.22% 20 1001 20 1000 1000 608.2
2.30% 1000 160 1000 1005 60 645.0
2.36% 80 20 1000 30 1000 426.0
2.41% 100 1000 1000 1000 1000 820.0
2.47% 60 40 20 1000 1005 425.0
2.55% 1006 1000 160 1000 1000 833.2
2.56% 1001 1000 20 1005 1000 805.2
2.65% 1000 80 160 70 1000 462.0
2.66% 1000 1000 1000 1000 1000 1000.0
2.77% 1000 1000 90 1005 1000 819.0
2.81% 1000 1000 20 1000 1000 804.0
2.84% 1000 30 1000 1001 1000 806.2
2.98% 1000 1000 40 15 1000 611.0
3.21% 1000 46 40 1000 1000 617.2
3.34% 1000 1000 26 1000 1000 805.2
3.38% 50 1000 70 20 30 234.0
3.43% 1000 1000 20 280 45 469.0
3.66% 70 1000 1000 1000 1005 815.0
4.10% 1000 1000 1000 1000 50 810.0

Table 5. The error of calculation THD for commercial relay.

THD 10% 20% 30% 40% 50%

2nd harmonic 2.04 3.62 3.45 3.62 3.52

3rd harmonic 7.526 9.89 10.29 10.19 10.13

4th harmonic 9.89 20.48 20.48 14.28 20.48

2nd + 4th + 6th harmonics 17.56 21.95 21.95 21.58 21.65
3rd + 5th + 7th harmonics 21.95 35.13 34.53 34.22 34.77

Figure 15 shows the measurement of THD in the model. The harmonic measurements evaluate
the error of calculation. The measurements of the third harmonic show that the error of the calculation
in the model is increasing according to the harmonic percentage of the signal and the error of the
calculation of the third harmonic is ca. 1% when the harmonic percentage is 0-10%. After that, the
error of the calculation of the third harmonic is stabilized to 2% when the harmonic percentage is
10-50%. The highest error in the calculation of THD can be found in mixed harmonics, as shown
in Figure 15 and in Table 6; the THD for the 3rd + 5th + 7th harmonics is around 1-2% when the
harmonic percentage is 0-10%. After that, the error in the calculation of the THD for the 3rd + 5th +
7th harmonics is stabilized to 3% when the harmonic percentage is 10-50%.
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Figure 15. Model measurements of THD.

Table 6. The error of calculation THD for Matlab model.

THD 10% 20% 30% 40% 50%
Har2 1 1.52 1.69 2.04 2.04
Har3 2.045 2.38 2.74 2.827 3.092
Har4 1.01 1.522 2.739 3.359 3.519
Har246 4.16 4.712 4.89 5.26 5.932
Har357 5.266 5.263 6 6.1 6.38

Because the model implements the voltage and current signals, it is able to measure higher THD
than the physical relay, as shown in Figure 15. The model captures harmonics with accuracy of 90-95%.
In the case of the individual harmonics, however, the physical relay captures with accuracy of 80-85%,
as shown in Figure 14. Similarly, mixed harmonics are inserted in the physical relay accompanied
by the fault current and voltage signals. The physical relay captures mixed harmonics with accuracy
of 65-70%, however the model captures mixed harmonics with accuracy of 85-90% , as shown in
Figures 14 and 15.

The model provides a filter to reduce the harmonic distortion; this filter is built up from passive
RLC components. Their values are computed using the specified nominal reactive power, tuning
frequency, and quality factor. The filter has been implemented to mitigate the total harmonic distortion
of the current and voltage. In case of an abnormal condition (a short circuit), the simulation implements
a fault (a single-phase with the ground) from 0.1 to 0.15 s. Conversely, the steady state has been
implemented during the period from (0 to 0.1) s and (0.15 to 0.2) s. During the implementation of
the simulation, the delay to start the calculation at the very beginning takes 0.02 s or 1 cycle. The
steady state of the model takes place under normal operation and the calculation of voltage total
harmonic distortion (VTHD) and current total harmonic distortion (ITHD) are implemented. Abnormal
operation begins at 0.1 s and lasts for 0.05 s (2.5 cycles), which is accompanied by increasing the fault
current and decreasing the voltage.

Figure 16 shows the rms current calculation during the steady state and fault (short circuit)
between phase B and the ground. The THD filter block offers the possibility to mitigate the harmonics,
and the THD filter is designed to reduce the 5th, 7th, 11th, and 13th) harmonics, as it known that the
physical relay has the ability to remove harmonics up to the 5th.
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Figure 16. Compare rms current calculation using THD filter & without THD filter.

Figure 17 shows the comparison between the rms measured voltage with and without a THD
filter. The figure confirms the assumption that the rms voltage with a THD filter is lower than the rms

voltage without a THD filter.
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Figure 17. Compare rmsvoltage calculation using THD filter & without THD filter.

Figure 18 shows the computed total harmonic distortion (THD) of the current signal. The THD
is defined as the rms value of the total harmonic content of the signal divided by the rms value of its
fundamental signal. For example, for currents, the THD is defined as

THD = In (10)
If
In=\L>+ 12+ -+ 172 11)

In: rms value of the harmonic 7,
I: rms value of the fundamental current.
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Figure 18. Compare %THD of current calculation using THD filter & without THD filter.

In Figure 18, when the simulation performs a normal condition, the Ityp has decreased
accordingly by 1% to 2% when the filter has been implemented, during the short circuit the Ityp has
decreased accordingly by 0.4% to 1.7%.

In Figure 19, when the simulation was run under normal conditions, the VTHD decreased
accordingly by 5% to 7%. When a filter was implemented during the short circuit, the ITHD decreased
accordingly by 2% to 5%.
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Figure 19. Comparison of the %THD of voltage calculation with and without THD filter.

7. Conclusions

This paper explains part of the digital signal processing in a power system. Moreover, the paper
provides different methods to compare the relay algorithm which can be used in a power system
based on the impact of harmonics once they are injected in high values. The implementation of the
test requires analyzing the occurrence of events in the power system. Each event contained in the
input signals can be imported to Matlab via a Comtrade reader which reads the selected event. Digital
relays are limited because they can only respond to changes in the magnitude of the fundamental
current or voltage. Regarding overcurrent relays, a low level of harmonic distortion may not affect
their operation. However, concerning distance relays, while the relay’s ability to find faults away from
zone’s limit may still be reliable, when it comes to faults located near the limit of the zone, there is a
possibility for the distance relay to be misguided as to the location of the fault.

Protective relays implement different techniques to measure the current and voltage. The
microprocessor relays use a digital filter to take out the fundamental component. Filtering techniques
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were developed to accommodate a wide variety of harmonic influences. Anti-aliasing provides the
ability to remove the frequencies higher than the Nyquist frequency; filter techniques should be
implemented to reduce the harmonic level from the power system measurements. The THD filter
implemented in this paper can mitigate the THD of the current and voltage. The calculations of the
THD during abnormal and normal conditions showed that the voltage harmonics were reduced by
2-5% and the current harmonics were reduced by 0.4-1.7%.
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Abstract:  Superconducting magnetic energy storage (SMES) systems, in which the
proportional-integral (PI) method is usually used to control the SMESs, have been used in
microgrids for improving the control performance. However, the robustness of PI-based SMES
controllers may be unsatisfactory due to the high nonlinearity and coupling of the SMES system.
In this study, the energy shaping passivity (ESP)-based control strategy, which is a novel nonlinear
control based on the methodology of interconnection and damping assignment (IDA), is proposed
for robustness improvement of SMES systems. A step-by-step design of the ESP-based method
considering the robustness of SMES systems is presented. A comparative analysis of the performance
between ESP-based and PI control strategies is shown. Simulation and experimental results
prove that the ESP-based strategy achieves the stronger robustness toward the system parameter
uncertainties than the conventional PI control. Besides, the use of ESP-based control method can
reduce the eddy current losses of a SMES system due to the significant reduction of 2nd and 3rd
harmonics of superconducting coil DC current.

Keywords: microgrid (MG); renewable power generation; superconducting magnetic energy storage
(SMES); energy shaping passivity (ESP)-based control

1. Introduction

The fossil energy crisis has expedited the development of renewable power generation (RPG) [1].
The microgrid (MG), an important part of the future smart grid, can flexibly organize the RPG
integration into the power system [2-5]. Typical RPGs such as wind and photovoltaic generation
have high intermittent and fluctuating natures, which deteriorate the stability of the power system [6].
Consequently, energy storage systems (ESSs) are essential in the MG to sustain the output power,
voltage, and frequency [7-9]. The superconducting magnetic energy storage (SMES) system is a
promising ESS in MG applications due to its significant life cycle and power density advantages [10-12].
The SMES system has been used in MG for the power smoothing, load following, power oscillation
damping, power factor correction, and dynamic voltage improvement [13]. In this study, SMES is
applied in MG for the power smoothing in the grid-connected (GC) mode as well as the frequency and
voltage regulation in the islanded mode.

The power conditioning system (PCS) is used to transfer the energy between the superconducting
coil and the AC grid. The power switch of the PCS can be the half-controlled device thyristor or the
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fully-controlled device such as insulated gate bipolar transistor (IGBT). The PCS topology is divided into
two types: voltage source converter (VSC), and current source converter (CSC) [2]. In this study, and IGBT
switched VSC-based topology is adopted for SMES due to the mature technology and wide applications.

The control performance of SMES mainly relies on a PCS control strategy [14]. The VSC-based
SMES system has relatively high nonlinear and coupling characteristic because the PCS of a SMES system
includes the DC/DC chopper and VSC. Robustness should be an important consideration in any SMES
system to maintain its stability due to its high nonlinear and coupling characteristics [15,16]. In the real
implementation, the model mismatch is inevitable due to the parameter drift and uncertainty [17,18].
In some cases, the structural parameters of the SMES converter may actively improve the certain
performance such as the output impedance of the converter (the switching ripple filters). A controller
with poor robustness might substantially undermine the performance in the SMES applications [18,19]
whereas a controller with strong robustness can maintain satisfactory performance and prevent the
redesign process. Conventionally, the proportional-integral (PI) strategy is employed to control the
PCS of SMES. However, the Pl-based SMES system might present an unsatisfactory robustness [20]
because the SMES and MG systems are both complex nonlinear and strongly coupling systems [21].
Since the partially linearized model of the SMES system is usually used to design the PI controller,
the PI method can only obtain the local stability and the respectable performance near the equilibrium
point [20]. When the operation points deviate from the balance point, the conventional PI method
might achieve poor performance, and even become unstable. To solve the problem, in [22], the authors
have proposed an H;/He-based robust PI control method for the SMES system. However, this
approach employs the particle swarm optimization (PSO) strategy to adjust the PI parameters, which
increases the computation and complexity of the SMES control system significantly.

Nonlinear control methods such as hysteresis, sliding, and fuzzy control methods, which can
improve the robustness of the system compared with the conventional PI method [23], have been
studied in the converter control areas [24-26]. Hysteresis control is simple to implement with
good transient performance and robustness, but the unfixed switching frequency may increase the
difficulty of the filter design. Sliding control is insensitive to the parameter variation and disturbance,
but nonetheless, chattering problems will deteriorate the control performance. Fuzzy control can be
applied to the complicated system to enhance the control robustness. However, it presents low steady
performance, and the design is not systematic. Due to their respective defects, these methods are subject
to limitations when applied in a SMES control system. Recently, an advanced nonlinear control strategy,
the so-called energy shaping passivity (ESP)-based control method, has drawn the interest of many
researchers [27-29]. The property of passivity, a special case of the system’s dissipation characteristics,
means that the energy injected from the outside is always less than the energy accumulated in the
system. The passivity is an important concept in control theory because it corresponds to the Lyapunov
stability of the system. The passivity-based control (PBC) is a class of the advanced control using an
expected energy storage function and the damping injection, which guarantees the system’s passivity
to achieve control stability. Unlike the conventional control concept which focuses on the signal,
the PBC considers the controller design from the viewpoint of the energy which is the essential
attribute of the physical system. Therefore, some desired control properties can be achieved easily
such as the global stability, strong robustness, etc. Compared with the “classical” PBC which is usually
called the Lyapunov control, the ESP-based control is proved to be superior because it retains the
Lagrangian structure of the system [30]. Energy shaping (ES) is the power configuration process
to stabilize the closed-loop control system at the expected equilibrium point. Interconnection and
damping assignment (IDA) strategy, which have low control complexity and outstanding performance,
can be considered as an effective implementation of ES [31]. In the IDA methodology, the structure of
the expected system is firstly described by the port-controlled Hamiltonian (PCH) equations. Then the
energy of the closed-loop system is configured to match the structure of the scheme. Finally, the control
input can be achieved by solving the resulting simultaneous equations. The advantage to ESP-based
method over the other nonlinear regulation approaches lies in the full consideration of the system
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interconnection features, which results in a straightforward controller implementation [32]. In contrast
to the traditional PI control, the ESP-based approach provides better transient control performance.
Moreover, the ESP-based approach can remain stable and robust over a wider operation range than PI
control [33]. Consequently, the ESP-based control method can achieve superior robustness performance
in SMES application in comparison with the conventional PI method.

The ESP-based method has been studied in the areas of mechanics, astronautics, robotics, and
power electronics [33—40]. Recently, the ESP-based strategy has been studied for power converter
control applications such as AC/DC converters [36], motor drive converters [37], battery charging
converters [38], GC inverters [39], and active power filters (APFs) [40]. Although the ESP-based
controllers are designed and can get good control effect, there are still some limitations in these studies.
References [36-39] only focused on the control performance of ESP-based strategy itself and did
not compare the performance of ESP-based method with that of some other approaches. Besides,
the conditions of parameter variations, which are very common in the practical application, were not
examined in [37-39]. Additionally, the PI regulator proposed in [40] for the comparison has an unclear
design basis and a weak control effect.

So far, no ESP-based strategy has been proposed for the SMES control. In this study, the ESP-based
method is implemented to control the PCS of the SMES for robustness improvement of the SMES system.
In particular, the robustness to the uncertainties of the converter parameters is considered in this paper.
Furthermore, a step-by-step ESP-based design method including the robustness considerations for
the SMES system is proposed, which might provide a useful reference for other ESP-based researches.
The IDA strategy and integral operation incorporate organically to ensure the outstanding performance
even under the model mismatch circumstances. The robustness of the ESP-based SMES controller is
compared with that of the conventional PI controller. Besides, the DC current in the superconducting
coil is also compared between ESP-based and PI control system to evaluate the efficiency of ESP-based
SMES control system. The remainder of this paper is organized as follows: Section 2 presents a stepwise
ESP-based regulator design strategy which is used for the current control loop of SMES system with
the consideration of the robustness issue. Section 3 provides the example MG system and the overall
regulation scheme of SMES system for MG application. Section 4 offers the simulation results of
the ESP-based method and compares the robustness of the ESP-based and PI methods. Section 4
also provides some discussions of the simulation results. Section 5 presents the experimental results.
Finally, Section 6 concludes this study.

2. Design of the Current Control Loop for SMES System Using ESP-Based method

Figure 1 depicts the SMES topology utilized in this study. The superconducting coil is firstly
linked to the DC capacitor by a bidirectional DC/DC chopper and then interfaced to the AC MG by a
VSC. This topology is well known as VSC-based SMES. VSC can independently control the real and
reactive powers transfer.

DC/DC chopper VSC
ige
SA j& D& 5,4@5 54 j& 5 j& o o
§ ]
Lm 1 im m i :)

C=—
D, S i& SAE Ssa as sglﬂs e L R
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im IDA-PBC for current loop ixdq)
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Figure 1. The topology of the SMES system.
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In Figure 1, S stands for the IGBTs, and D is the power diode. It is assumed that the direction
flowing into the SMES is positive both for the SMES current ig and power Pr,. The superconducting coil
charges and discharges through the bidirectional DC/DC converter to maintain a stable DC capacity
voltage. When the DC voltage is controlled to be constant, energy releasing from the SMES is the sum
of system losses and the energy injected into the grid.

In this study, the ESP-based method used in the current loop of the SMES system is proposed
to contain both DC/DC and VSC converters for the robustness improvement. As shown in Figure 1,
the ESP-based control directly calculates the duty ratio of the converter to control the SMES. The
detailed ESP-based design process including the robustness considerations for SMES system consists
of the following four steps.

2.1. The Establishment of Mathematical Model

The design of ESP-based control method requires the mathematical model of the VSC-based
SMES system. To facilitate the analysis and control, the VSC model is represented in the two-phase
synchronous rotating coordinate (d-q frame). Then, the mathematical model of SMES system depicted
in Figure 1 is given as in Equation (1):

digg . .
Lgﬁ = —Rgigq + woLgigq — Sqttdc + gd
‘s _ _p i i .
Lg = Rglgq wQnggd SqUdc T Ugq )
C ,le?c = idc - Smim

P
L = smilgc

where s represents the duty cycle of the system. In particular, sq4 and sq are for the VSC control, and s
is for the DC/DC chopper control. To simplify the analysis, sy, is defined as in (2):

Sm =87 +55—1 2

Meanwhile, in the ESP-based strategy, the PCH model of the system should be established as the
following standard form:
F = J(x) - ROIVH() + g(0)u(x) .
y(x) =" (x) VH(x)
where R(x) describes the damping properties of the dissipative system, and it should meet R(x) =
RT(x) > 0; J(x) and g(x) can depict the interconnect characteristics of the physical system. H(x) is the
energy function that corresponds to the storage energy of the system.
By using (1) to (3), the PCH model of the VSC-based SMES system is given as below:

. . T
x = [Lgigq Lgigq Cuge Lmim]

. T
u=/[sq sq Ugd Ugq fdc 0]
H=1r.2 +11.2 +1c,2 411 2 4
= 2lglgd T 2bglgq T 24HGe T 2bmim
T

y=VH=[igq igq Ugc im]
0 wolg 0 0 Rg 0 0 0 —uge 0 1.0 0 0
—woL 0 0 0 0 R, 00 0 —ug 01 0O
J= (;) 0 o R= g 8= a )
—Sm 0 0 0 0 0 0 00 10
0 0 sm O 0 0 00 0 0 0000
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2.2. The Determination of the Equilibrium Points

The IDA energy-shaping method is employed in this study because it is easy to implement and
the control performance is satisfactory. The structure of closed-loop SMES control system should be
configured in the following PCH equation:

= [Ja(x) — Rq(x)]VHg(x)

(x):]( )+ Ja(x ):—] (x) (6)
R4(x) = R(x) + Ra(x) = Rj(x) >

Hy(x) = H(x) + Ha(x)

The matrices with the subscript d are the desired parameters in the feedback control system,
whereas the matrices with the subscript 4 mean the functions awaiting to be determined, which
correspond to the parts introduced by the feedback regulation. For example, H,(x) describes the energy
introduced by the regulation. Based upon IDA strategy, the expected Hamilton energy function H/(x)
should adapt the configured structure of the closed-loop control system with the minimum value at
the equilibrium point x*. Furthermore, the balance positions of the closed-loop control system can be
gained by:
0Hg (x*)

Fra @)

Based on the instantaneous power equations in the d-q frame, the current references of VSC can
be obtained:

L]
x|x:x* =0=

o= %ngP*Jr“qu*)

gd 124 Higq ®)
#o— 5 (ugq P*—114Q")

89 u§d+u§q

The DC voltage should be controlled stably at the reference u. to maintain the proper operation
of VSC. ué c should be high enough to ensure the tracking ability of the VSC. Meanwhile, the selection
of u}, should also consider the withstand voltage capability of the IGBTs.

2.3. The Configuration of Energy Shaping and Stability Analysis
In the closed-loop control system, the desired Hamilton energy function which should meet the
Equation (7) to ensure the convergence of balance points is given in Equation (9):
e \2 1 * \2 1 . s\ 2
Hyq = ELg( gd — 1 ) +3 1L gligg —igq)” + 3C(tac — u3.)" + 5Lm(im — if)
. ok * . q T
VHy = [zgdfzgd fgq —lgq Ude = U, z,Tnfzm] )
VHa = [~igq —lgq —Hg —im]
Energy shaping is the process to make the closed-loop system reach the expected energy Hy by
controlling the injected energy H,. By combining the (3) and (6), it can be obtained by:

(Ja=Rq)(=VHa) = (Ja— Ra)VH — gu (10)

Equation (10) is a significant constraint in the implementation of the ESP-based method.
By choosing suitable indefinite matrices [, and R,, the expected duty ratio s for PCS in the closed-loop
control system can be achieved by solving Equation (10). With the control law obtained by Equation (10),
the energy of the closed-loop system will converge to the expected Hy value. The system will be stable
at the balance points, and the energy shaping is achieved.
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The design method for indefinite matrices in the ESP-based method is provided in [30]. For the
purpose of facilitating the design and decreasing the complexity of the ESP-based controller, here the
indefinite matrices are determined as:

0000 r 00 0
0000 0r 0 0

- R, = 11

Ja 00000 " 00 r O D
0000 00 0 n

By substituting Equations (5), (6), (9) and (11) into (10), the intermediate variable i}, can be
eliminated. The following equation can be acquired:

sq4 = [*Rgigd + r(igd — igd) + woLgigq + ugd}/udC
sq = [—Rgigq +r(igqg — igq) — wolLgigy + Ugq)/ tge (12)
Sm = —[r2im + \/rgilzn + 4y (ruge — i, + idc)} /2uf,

Stability is an essential consideration for the regulator design. The Lyapunov second theorem is
convenient to check the stability of the nonlinear system like ESP-based SMES. Hy can be chosen as
the Lyapunov function because it describes the energy features of the closed-loop control system with
the nonnegative characteristic and just achieves the zero value at the balance position. This choice
can substantially decrease the complexity of stability evaluation, which is a significant advantage for
the ESP-based control strategy. Based on the Lyapunov criterion, the stability of the controller can be
judged by the derivative of Hq showed in Equation (13):

dHy

—t = [VHa)"x = [VHa)(Js — Ra) VHg = ~[VHa) 'RgVHa < 0 (13)

The derivation process of Equation (13) employs two mathematical conditions. Firstly, /4 has
the antisymmetric feature. Therefore, it can be known [VHd]T JaVHy = 0. Secondly, Ry has the
nonnegative and symmetric characteristics. From Equation (13), the derivative of Hy is non-positive
and just get the zero value at the balance position. Consequently, the equilibrium position gains the
asymptotical stability. Moreover, it can be easily concluded that if ||x|| — co, Hy — co. The system
can acquire a large-scale asymptotic stability near the balance position, which is another outstanding
merit of the ESP-based control.

2.4. Introducing the Integrators

The ESP-based method configures of the structure and energy of the system with the aid of the
PCH model. Parameter variation and the external noise may introduce the steady-state performance
problem to the ESP-based method such as the existence of the steady error. For the purpose of dealing
with this issue, the ESP-based control can introduce the integrators in the IDA strategy to achieve the
outstanding static performance even in the situation of the model mismatch and the interference [41].
The duty ratios are functioning to the SMES converter regulation. The original location of sp, lies in the
interconnection matrix J. It should be transferred to the input vector # in the new PCH model for the
SMES system as shown below:

x.n = (]n - Rn)VHn + g1U1 + Qau2

y1 = §TVH, (14)
Y2 =8, VHn
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0 woLg 0 Rg 0 0 00100
Jn=| —wolg 0 0|, Rn=| 0 Rg O0|,&s=|0 0 0 1 0|,
0 0 0 0 0 O 00 001
(15)
—lUge 0 0 000 r 0 0
= 0 —uge O Jan=1]10 0 0 [,Rn=|0 r O
0 0 —im 0 00 00 n
. . T . T
Xn = { Lgigq Lgigq Cugc ] JUp = { 0 0 ugq uUgq idc ] JUp = [ Sd Sq Sm ]
. P . P * T
VH, = [ igd igq Udc ] ,VHgn = [ lod — ng lgq —lgq Ude — Uge ] (16)
T

T
Y = [ 0 0 lgd lgq Udc ] Y2 = { —lgqilde —igqUde —Iimldc ]

The subscript n means new. It is worth noting that the state variable Lyin, is ignored in the new
PCH model. The reason is that the expected controlled variables are igq, igq, and uqc. im is only the
intermediate variable in the model and can be omitted in the integral combination.

It can be noticed in Equation (16) that VHy, represents the differences between the actual
value and the expected value for the control variables. Defining 1,4 = g3 VHgn, a new part can be

introduced as:
Z= —Klf yzddt = —Klf g}VHdndt

Kgg 0 0
Ki=| 0 Kgq O
0 0 Kge

(17)

where Kj is the integral coefficient matrix, and Z is an introduced integrator array.
L]
When Z = —Kjg1 VHy, — 0, the static error will be eliminated even under the parameter
uncertainty situations. New parts introduced in the model are defined as:

7Z'kz
Hynz = > (18)

{HT(er) = Hyn(x) + Hanz(Z)

The ESP-based SMES PCH model with the integrator extension can be built as in Equation (19):
° JH7(x,
x.l'\ ]dn - Rdn KIgZ HTa(; Z)
7 _Klgg 0 JdHr(x,2)

0Z
JHt(x,Z
{ a<x ) - ;Hdn

OHr(x,Z2) _ -1
ez =Kz

(19)

Reference [41] has proposed and proved the integral stability theorem for the IDA strategy. Based
on this theorem, the integrator extension of IDA methodology in the PCH system will not change any
stability characteristic of the control system. Furthermore, the steady errors can be eliminated by:

Sdn Sd Sd
sn | = | sq |[+2=]5¢ | -Ki / IV Hypdt 0)
Smn Sm Sm .

By taking the related variables into Equation (20), it can be finally acquired:

8q = [_Rgi;d + T(igd — ng) + LUQLgl'gq + ugd]/udc + Kquf udc(igd — i;d)dt
Sq = [—Rgigq +7(igq — igq) — woLgigd + itgql /ttge + Kldqj tge(igq — igq)dt (1)
Sm = —[r2im + \/’%Z}Zn + drouf (riuge — rude +iac)]/2ud, + Kige [ im(ae — u)dt
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The determination of Kj just needs to consider the magnitude the steady error. Equation (21) is
the control law in the ESP-based method. The duty ratio of the converter can be directly calculated by
the sampling value of the related variables. sq and sq are used to control the VSC, while sy, is used to
regulate the DC chopper. It can be concluded from Equation (21) that the ESP-based control strategy is
simply implemented due to the direct calculation.

3. Test Microgrid System and SMES Control System for Microgrid Application

In this study, an AC MG consisting of the wind generation (WG), DG, load, and SMES is employed
as an example. The constitution and parameters of the example MG system for the test are illustrated in
Figure 2. The rated line voltage RMS value is 380 V and the rated frequency is 60 Hz. A constant-speed
wind turbine generator (WTG) is employed in the simulation with the expected output power of
300 kW. The capacity of the DG is 200 kVA. The 500 kW resistor load is considered in the simulation.
The inductance value of the superconductive coil is 1.5 H, and the initial coil current is 1000 A.
The forward direction of the primary power flow in MG system is also provided in Figure 2. Py has
the reversible power flow characteristics, and the charge is determined to be forward.

Load
500 kVA

/@ WTG 300 kVA
o PCC ” Y op
. i Py Pu 380 Vi60 Hz
i ] - T
N ‘7 I' Pn | Pp
Pg
S
Utility grid Q09
Y P > Diesel Generator
200 kVA

SMES
0.75MJ

Figure 2. The test MG system.

Figure 3 provides the control diagram of ESP-based SMES system. In the GC mode, the SMES real
power reference is calculated by Py = Pg — P5 whereas the reactive power reference is set constantly.
SMES can stabilize the power fluctuation of the WG and achieve the steady power flow at the point
of common coupling (PCC). The power references of SMES are obtained by using the first-order low
pass filter to smooth the fluctuations in WG. In the islanded mode, an additional frequency-real power
(f-p) PI regulator generates the real power reference of the SMES. Another outer voltage-reactive
power (v-q) PI regulator calculates the reactive power reference of the SMES. The designed ESP-based
current control strategy ensures that the SMES power can be controlled to follow the given trajectory.
Meanwhile, the ESP-based strategy can stabilize the DC voltage at the given value to guarantee the
normal operation of the PCS. It is noteworthy that the power tracking control is adopted without
the extra power feedback in this study. Although this extra feedback can improve the precision
of the power regulation, it is a tough to tune the parameters of the multi-loop PI controllers with
sufficient stability. The structure of the ESP-based control system is quite different from that of the
conventional PI-based control system. In the PI control system, VSC utilizes one PI controller for the
power control, and the DC chopper needs another different PI regulator to maintain the DC voltage.
Instead, the ESP-based method considers the SMES converters as a whole and integrates the control of
VSC and DC-DC chopper together. Therefore a better overall performance it can be anticipated for
the ESP-based control strategy. Finally, space vector PWM (SVPWM) technology is employed in VSC
control to increase the DC voltage utilization. The unipolar PWM method is used in the DC chopper to
reduce the harmonics.
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Figure 3. Overall control diagram of the SMES system.

For the purpose of showing the merits of the proposed ESP-based method, the performance of the
ESP-based control is compared with that of the conventional PI current control strategy in the example
SMES system. In this part, the design of the conventional PI control system for comparison is briefly
provided. The PI current controller for the VSC is used to regulate the output power of the SMES.
The classic current feedforward decoupling PI control which is commonly employed in VSC control
area is adopted in this study. The structure of the controller is depicted in Figure 4.

PI current controller Controlled object and actuator

> iy

Current reference

calculation

’_b ill‘l

Figure 4. The structure of the PI controller for VSC.

As shown in Figure 4, the grid voltage is fed forward to restrain the disturbance in the control loop.
The feedforward decoupling operation eliminates the control coupling between d and q components.
The detailed design strategy of this controller is presented in [42]. The simplified control block diagram
of the current loop is illustrated in Figure 5.

* k VSC) kPWM
i, ks, + —
od PVSC) s 1'5715 1

Lys+R,

Figure 5. The simplified control block diagram of the PI current loop.

In Figure 5, the function of the PWM and sampling delay are combined into one inertia link with
the time constant of 1.5T. According to [42], the adverse pole —Rg/Lg can be directly eliminated by the
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PI current controller to ensure the tracking ability of the system. By this design method, the closed-loop
transfer function of the control system is a typical second-order oscillation link. Based on the optimal
design method for the second-order oscillation system, the damping coefficient is determined as
&vsc = 0.707 to achieve the satisfactory overall performance. Accordingly, the implementation
equations for PI current controller are as follows:

Lg Rg
kovsc) = 3T kivscy = 3T, (22)

When the parameters of the system such as Lg and Ry vary, the performance of the PI control
system may deteriorate because the position of the adverse pole changes and the PI controller cannot
eliminate it. Meanwhile, the PI controller for the DC/DC chopper is used to control the DC voltage.
The detailed design method of the PI voltage controller is proposed in [43]. The closed-loop transfer
function of the DC voltage loop is as follows:

q)(s) _ Hde _ wg\(1+Ti(dc)s)
Ui 24284 Wns+ Wi

p T, X 23)
/ "p(d / “i(de)®p(de (
Wy = . (C;) , E ¢ = 0.5 ( o) *p( C)

As is shown in Equation (23), the closed-loop system is also a second-order oscillation link. In the
equation, wy is the natural oscillation frequency; Tjqc) is the integral time constant in the PI voltage
controller; &4 is the damping ratio of the system. Considering the characteristic and demand of the
DC voltage control, Tj(gc) is chosen to be 16 ms, and &4, is determined to be 2 [43].

The additional f-p and v-q PI controllers are designed by the classic Ziegler-Nichols parameter
tuning method. The primary simulation parameters are provided in Table 1.

Table 1. The primary simulation parameters.

Parameter Type Parameter Value
Sampling/switching frequency 10 kHz/10 kHz
DC voltage reference 750 V
C 32,000 uF
Lg, Rg 1mH, 1.1 mQ
Lm 1.5H
Pg 500 kW
kp(vsc)’ ki(vsc) 3.333, 3.667
ko(de)s Ki(de) 32,2000
kpt, kig ! 139.5, 3799
kpvr kiv ! 4,2
Kidg, Kide 3,0.35
r, 1,12 1500, 3000, 3000

1 The power unit is W or Var.

It should be noted that the state of charge (SOC) is a significant factor in the energy management
studies which is considered for a long-term operation. However, this study focuses on the control
problem in SMES which deals with the short-term operation. It is assumed that the energy managing
of the SMES system has been designed appropriately. Accordingly, the SOC issue of the SMES can be
neglected in our study.

4. Simulation Results and Discussion

In the simulation, the constant step-size and ode3 arithmetic is employed. Figure 6 illustrates the
power of each primary element in the example MG test system. The whole simulation period lasts 16
s. At the time point of 0.5 s, PCS converters of SMES is put into operation. At the time point of 5s,
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MG transits from GC mode to the islanded mode. A load with AP}, = 40 kW is switched into the MG
at the time point of 8 s and disconnected at the time point of 12 s.

600 T T T T T T T

Power (kW)

Figure 6. The power of each primary element in the example test MG system.

4.1. Simulation in the GC Mode

In the GC mode, SMES is employed to stabilize the WG power fluctuation, which can be seen in
Figure 7. Ideally, the constant power flow at the PCC can be achieved. In this simulation, the MG is in
the GC mode before 5 s.
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Figure 7. Performance under the grid-connected (GC) mode (Lg = 1 mH, Rg = 1.1 mQ)): (a) the
performance on stabilizing the grid-side power; and (b) the performance on SMES power tracking.

Figure 7a demonstrates the performance comparison of smoothing PCC power between PI and
ESP-based control strategies under the situation of Ly = 1 mH and Ry = 1.1 mQ). Figure 7b provides
a comparison of the SMES power tracking performance between these two approaches. It can be
seen that both PI and ESP-based approaches can stabilize the PCC power flow and follow the power
reference well. However, some visible differences between them still deserve the concern. Firstly,
when the PCS of SMES is put into operation, the PI-based system has a visible 7 kW overshoot and an
around 2 s regulation period as shown in Figure 7a. Accordingly, we can notice in Figure 7b that before
2 s the SMES power by the PI control has a distinct difference compared to the power reference and
needs a regulation period to remove the error. The primary reason for this problem is that the start of
the PCS is a disturbance for the control system, and the conventional PI control strategy has a relatively
poor disturbance rejection performance. Conversely, the ESP-based control system practically avoids
this disturbance regulation process, which can be seen in Figure 7. Hence, the ESP-based control
has stronger disturbance rejection ability in comparison to the PI method. Secondly, the steady-state
performance of PI control strategy is not as satisfactory as that of the ESP-based control strategy. From
the enlarged figure in Figure 7b, it can be noticed that the ESP-based control strategy provides a smaller
tracking error. Accordingly, the stabilized PCC power by the PI control strategy is not steady as that
by the ESP-based control strategy. Due to the better tracking ability, the ESP-based method can reduce
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the low-frequency harmonic of the system and has a lower ripple in the smoothed power compared to
the PI control, which can be seen in the enlarged figure of Figure 7a.

Figure 8 provides the DC voltage regulation performance. It can be found that the ESP-based
control strategy has much superior dynamic performance in contrast to the PI control. More specifically,
the PI control strategy has a 50 V overshoot and nearly 0.06 s regulation period. Instead, ESP-based
control method turns stable in the very short time without any overshoot.

850

800

750

S 700
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= 650
600
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Figure 8. The performance on DC voltage regulation.

Robustness is a critical consideration for SMES control system design because the model mismatch
is unavoidable in any real system. In this study, the robustness to the parameters variation of Lg and Rg
are considered. The reason for this selection mainly relies on two aspects. On the one hand, the actual
values of these two parameters are usually unknown and varying with the service time. Nevertheless,
this kind of parameter change is often in the small range. On the other hand, these parameters could
be modified deliberately to enhance the performance. This type of parameter uncertainty may be on a
large scale. Hence the parameter uncertainty considered in this study is in a considerable region. If the
controller can maintain the reliable performance and stability in this condition, it will greatly facilitate
the design and reform of the system.

Figure 9 shows the comparison of the GC mode performance between PI and ESP-based control
strategies under the condition of Ly = 3 mH, Rg = 0.1 Q). while Figure 10 provides the comparison
of the situation of Ly =4 mH and Rg = 0.2 Q). It is obvious in the figures that the performance of
these two approaches is quite different under the two test situations. The ESP-based control strategy
keeps the good performance on both the grid power stabilizing and the reference power tracking.
In contrast, the PI control strategy presents an inferior regulation performance. There is apparent
reference power tracking error during most of the time. As a result, the PCC power stabilized by the
PI control has a much bigger fluctuation than that by the ESP-based control. The following aspects
can explain this performance difference. On the one hand, due to the enlargement of connection
impedance, the tracking ability of the PCS converter decreases correspondingly. Power tracking
for PCS significantly increases the difficulty and requires an outstanding tracking ability for the
controller. On the other hand, PI parameters are designed based on the situation of Lg=1mH
and Rg = 1.1 mQ). Under the new circumstances, the PI control parameters are not suitable, and
the controller gets a poor tracking capability. To the contrary, the ESP-based method maintains an
outstanding tracking performance and presents a better robustness to parameter uncertainty. Also,
we can find the performance of PI control method is especially bad near 2.5 s. Around this time,
the SMES power strongly deviates from the reference power, which can be seen in Figures 9b and 10b.
Accordingly, the smoothed PCC power gets a large peak error as shown in Figures 9a and 10a.
The reason for this problem is probably that the absolute value of reference power is high and increases
very steeply during this time. The PI method has serious trouble with this situation due to the
insufficient tracking ability.
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Figure 9. Performance under the grid-connected (GC) mode (Lg =3 mH, Rg = 0.1 (0): (a) The performance
on stabilizing the grid-side power; and (b) The performance on SMES power tracking.
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Figure 10. Performance under the grid-connected (GC) mode (Lg =4 mH, Rg =0.2 0): (a) The performance
on stabilizing the grid-side power; and (b) The performance on SMES power tracking.

4.2. Simulation in the Islanded Mode

At the time point of 5 s, MG is switched to the islanded mode. The SMES system takes part
in the frequency and magnitude regulation for the MG voltage. Figure 11 provides the regulation
performance under the circumstance of Ly =1 mH and Rg = 1.1 mQ).

T T T T T T T T T 102

°

£(Hz)

=
o
3

Grid voltage (pu)

|
|
59.81—PI method
— ESP-based method| 804 | 806 §08 x“
5 7

T T
6 8 9 10 11 12 13 14 15 16 s 6 7 8 9 10 11 12 13 14 15 16

I
R

Figure 11. Performance under the islanded mode (Lg = 1 mH, Rg = 1.1 mQ): (a) Frequency control
performance; and (b) Magnitude control performance.

Figure 11a,b show the comparison of the control performance in the islanded mode between PI
and ESP-based control approaches, respectively. The regulation performance of the PI and ESP-based
control methods is similar because the external f-p and v-q PI controllers are the same. Both PI and
ESP-based methods can follow the reference well in this parameter situation. However, there are still
some performance differences between these two approaches. On the one hand, the ESP-based control
strategy presents a superior dynamic performance in comparison to the PI method. During the mode
transition and load change periods, the ESP-based control has a smaller overshoot in both frequency
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and magnitude regulations. On the other hand, the ESP-based control method has a smaller frequency
and voltage ripple.

Figure 12 provides the performance comparison under the situation of Ly =3 mH and Rg = 0.1 Q0.
It can be found that the performance of PI and ESP-based control methods has a sharp distinction.
In Figure 12a, it is noticed that the ESP-based control provides a much smaller frequency overshoot
during the islanded mode. Also, it can be seen that the frequency ripple by the ESP-based method is
much lower than that by the PI method. Similarly, the voltage overshoot and ripple by the ESP-based
control is also much smaller than those by the PI method. The main reason for these differences is that
the tracking ability of the PI method is awful in this parameter situation as mentioned before.
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Figure 12. Performance under the islanded mode (Lg = 3 mH, Rg = 0.1 Q0): (a) frequency control
performance; and (b) magnitude control performance.

Figure 13 shows the frequency regulation performance under the situation of Lg = 4 mH and
Rg = 0.2 (). Tt can be seen that the PI method becomes unstable, whereas the ESP-based method
maintains the proper performance in this situation. The poor tracking ability can explain this stability
problem for the PI method. When the power reference is large and fast-changing, the frequency
regulation of the PI control method gets unstable due to the insufficient tracking capability under this
parameter situation. It is concluded that the ESP-based method has a larger stability region than PI
method under the situation of parameter uncertainty.

60..

Figure 13. Frequency control performance under the islanded mode (Lg =4 mH, Rg = 0.2 Q).

Figure 14 compares the harmonic of the grid voltage controlled by the PI and ESP-based
control methods.

The results show that the typical harmonic in the grid voltage by the ESP-based method is smaller
than that by the PI method due to the superior tracking ability. When the system parameters change,
the harmonic performance of the ESP-based method is much better than that of the PI control.
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Figure 14. Comparison of the harmonic of the grid voltage: (a) Lg = 1 mH, Rg = 1.1 m(}; and
(b) Lg =3 mH, Rg = 0.1 Q0.

4.3. The Harmonic Analysis of the Superconducting Coil Current

The eddy current loss in the SMES system is an important consideration, for it greatly influences
the efficiency of the system. Meanwhile, the eddy current loss has a significant relationship with
the harmonic of the DC current in the superconducting coil, especially the low-order harmonic
(2nd and 3rd) [44]. In this part, the comparison of the DC current harmonic between PI and ESP-based
methods is provided to estimate the eddy current loss conditions.

It can be easily found in Figure 15a that the DC current by the ESP-based method is much
more sinusoidal than that by the PI method. We also provide the low-order harmonic analysis in
Figure 15b. The harmonic of the DC current is substantially reduced by the ESP-based method due
to the outstanding tracking ability. Therefore, the ESP-based method can be estimated to achieve the
eddy current loss reduction and the system efficiency improvement.
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Figure 15. The DC current in the superconducting coil (Lg = 1 mH, Rg = 1.1 mQ)): (a) the current
waveforms; and (b) harmonic analysis.

4.4. Discussion

In this part, some discussions based on the simulation results are provided. Firstly, in order to
well explain the difference in simulation results between PI and ESP-based method, the frequency
response of the current control loops are tested by the control design toolbox in Matlab. The amplitude
of the input test current is 10 A, and the frequency variation range of the input is from 10 Hz to 200 Hz.

Figures 16 and 17 provide the frequency response results of the PI and ESP-based current
controllers under two different parameter situations. Under the expected parameters, both the PI
and ESP-based control present a satisfactory frequency response, which proves the correctness of
the controller design in this study. The magnitude gain range is within 1 dB, and the phase shift
is within £10 degree. Both PI and ESP-based control can achieve good tracking performance under
this situation. When the parameters change, the magnitude gain of the ESP-based control is still in
the region of -1 dB. Nevertheless, the maximum phase shift increases to be —35 degree which is still
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acceptable due to the enlargement of the output impedance of the converter. In contrast, both the
magnitude and phase characteristics of the PI control deteriorate seriously under this situation. From
the frequency response analysis, it can be concluded that the ESP-based control can remain the good
tracking capability when parameters change, while the parameters affect the tracking ability of the PI
control significantly. This conclusion also can well explain the previous simulation results.
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Figure 16. The frequency response of PI control: (a) magnitude-frequency characteristics; and
(b) phase-frequency characteristics.
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Figure 17. The frequency response of ESP-based control: (a) magnitude-frequency characteristics; and
(b) phase-frequency characteristics.

Secondly, in order to verify the model adopted to design the ESP-based controller, a brief
sensitivity analysis [45] is provided in this part. The sensitivity analysis factor (SAF) which is defined
in Equation (24) is introduced to evaluate the sensitivity of the controller to system parameters:

AA/A

SAF = N

(24)

In Equation (24), AA/A represents the change rate of evaluating indicator; AF/F means the
change ratio of the uncertain system parameter. The positive/negative signs of the SAF reveal that the
evaluating indicator changes with uncertain system parameter at the same/opposite direction. In the
GC mode, SMES is used to smooth the WG power. Hence, the peak-to-peak power (Ppp) of the PCC
power is adopted as the evaluating indicator.

The magnitude of Pp, can evaluate the steady degree and the ripple level of the smoothed
power. Table 2 provides SAF performance when the system parameters change. Considering that
some parameters in the power system are prone to change, the parameter variations in the sensitivity
analysis consider not only the structural parameters of SMES but also the related parameters of power
grid. It can be found that the performance is not sensitive to the most of the parameter variation, which
proves the effectiveness of the adopted model and the designed ESP-based controller. The performance
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is a little sensitive to the grid voltage and the WG power fluctuation. However, Pp.p is still small
enough to guarantee the good performance.

Table 2. The SAF performance of ESP-based control in the GC mode.

Parameters ~ Change Rate (%) Ppp (kW) SAF
No 0 4.163 /
Lm 10 4.248 0.204

im (initial) 10 4.188 0.060

C 10 4.185 0.052
Ui 10 4.108 —0.133
Lg 100 3.953 —0.050
Rg 100 4.246 0.020
APy ! 50 5.988 0.876
P, 50 4.107 —0.027
g 5 445 1.379
f 0.5 4.156 —0.336

1 APy means the fluctuation of the WG power.

In the islanded mode, the frequency overshoot (Af = f — 60) when the load changes (at the time
point of 8 s) is employed to be the evaluation indicator in the sensitivity analysis. It can be seen from
Table 3 that the most of the parameters have little effect on the transient performance of the controller.

Table 3. The SAF performance of ESP-based control in the islanded mode.

Parameters Change Rate (%) Af (Hz) SAF
No 0 —0.272 /
Lm 10 —0.2726 0.022
im (initial) 10 —0.2713 —0.026
C 10 —0.274 0.073
ufe 10 —0.2722 0.007
Lg 100 —0.2703 —0.006
Rg 100 —0.2735 0.006
APy 50 —-0.277 0.035
APt 50 —0.349 0.566

! The positive/negative AP, means the load connecting/disconnecting to MG.

The load change AP, influences the transient performance of the system to some extent. If the
tolerance limit of Af is determined as +0.5 Hz, the permitted load change region is approximately
£140 kW which is obtained by the simulation test.

5. Experimental Verification

In order to further verify the feasibilities of the proposed control method, the real-time
simulation based on the hardware-in-the-loop simulation (HILS) using OP5600 and OP8665 (OPAL-RT
Technologies, Montreal, QC, Canada) is implemented. The HILS system used for the test of proposed
control method is depicted in Figure 18.

As shown in Figure 18, the HILS system can simulate the complex MG and the converter of
SMES by the programming of the software RT-LAB (Version 11, OPAL-RT Technologies, Montreal,
QC, Canada). The OP8665 including the digital signal processor (DSP) TMS320F28335 implements
the proposed control method by sampling the analog signal from the OP5600 and generates the PWM
commands for the converter of SMES. All of the parameters in the experiment are the same with those
in the previous simulation to facilitate the comparison. Nevertheless, the WG power is extended
periodically every 16 s in contrast to Figure 6.
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Figure 18. The HILS system used for the test of proposed control method.

Figure 19a compares the DC voltage performance between the P and ESP-based methods. The DC
voltage by the ESP-based method has a much better transient performance without any overshoot
than PI control. Figure 19b provides the comparison of the WG power smoothing performance under
the expected parameter. The performance of PI and ESP-based control methods are both satisfactory
under this situation. It can be noticed that the switching ripple of ESP-based control mainly lies in
the high-frequency region, which is easily absorbed by the additional LC or LCL filter. Figure 19¢,d
demonstrate the performance comparison under the situation of the parameter change. Figure 20a,b
provide the SMES power tracking performance under these two conditions. The experimental results
are quite similar with the previous simulation results. Both of the power smoothing and the power
tracking performance are poor by the PI control method when parameters change. In contrast, the
performance of ESP-based control method is still satisfactory under the situation of the parameter
variation. The reasons for the performance difference have been analyzed in Section 4.
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Figure 21 provides the frequency and voltage regulation performance in the islanded mode

without the parameter variation. It can be found that under the expected parameter situation the
performance of the PI and ESP-based methods are quite similar. The reason is that their outer f-p or v-q
controllers are the same, and in this parameter situation, both PI and ESP-based methods have the good
tracking ability. Figure 22 shows the regulation performance when Lg = 4 mH and Rg = 0.2 Q. Under
this situation, the PI-based control system becomes unstable due to the poor tracking capability. To the
contrary, the ESP-based method remains the good regulation performance when parameters change.
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Figure 21. Experimental performance of the islanded mode (Lg = 1 mH, Rg = 1.1 mQ)): (a) MG
frequency; and (b) MG voltage.
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Figure 22. Experimental performance of the islanded mode (Lg = 4 mH, Rg = 0.2 Q)): (a) MG frequency;
and (b) MG voltage.

Conclusions

In this study, an ESP-based control strategy, which can integrate the VSC and DC chopper

regulation together, has been proposed for the robustness improvement of SMES systems. A stepwise
ESP-based design strategy in the SMES system has been presented, which consists of four steps:
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building the mathematical model, establishing the balance positions, energy shaping, and introducing
the integrators. The designed ESP-based regulator is easily realized in the programming. Experimental
verification by using the HILS system with DSP was performed in this study to show the validity of
the proposed controller.

A comparison between the ESP-based and PI strategies is presented to show the merits of the
proposed ESP-based control. The parameters of the connection impedance of the PCS converter were
changed to test the robustness of the controllers. Both the PI and ESP-based control methods could
follow the power reference well under the expected parameter situation. Nevertheless, ESP-based
control avoids the disturbance rejection process and achieves a flatter PCC power flow under the GC
mode. Moreover, the ESP-based control provides a smaller overshoot and ripple in contrast to the PI
control method under the islanded mode. When the system parameters change, the ESP-based control
method could achieve a much superior performance than PI control. In particular, when the reference
power was high in value and varied steeply simultaneously, the SMES power controlled by the PI
controller would deviate from the reference due to the insufficient tracking ability. This problem also
caused a weak stability region for the PI method when parameters vary. It can be concluded from
the simulation results that the ESP-based control strategy has a superior robustness to the parameter
variation in comparison with the conventional PI control strategy. Besides, the ESP-based method
significantly reduced the harmonic of DC current compared with the PI method, which results in the
reduction of eddy current losses compared to the PI control method.

The SMES with the designed ESP-based control method might provide better overall performance
compared with the conventional PI-based SMES. On the one hand, the good robustness of ESP-based
SMES could maintain the satisfactory performance even when converter parameters change, and this
could avoid the redesign process in some cases. On the other hand, ESP-based SMES can provide
better dynamic property for improving the transient performance of the power system.
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Nomenclature

Abbreviations

SMES Superconducting magnetic energy storage
ESP Energy shaping passivity

IDA Interconnection and damping assignment
PCs Power conditioning system

RPG Renewable power generation

MG Microgrid

VSsC Voltage source converter

csc Current source converter

PCH Port-controlled Hamiltonian

GC Grid-connected

DG Diesel generator

WG Wind generation

SOC State of charge
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Variables, Parameters, and Constants

Pw,PG,Pm,Pp,P. The power of WG /utility grid/SMES/DG /load

Lg,Lm The inductance of the filter inductor/the superconducting coil

Rg The total resistance of the filter inductor and IGBTs (lumped parameter)

C The DC bus capacitance of VSC

fo Frequency /voltage

fro* Frequency /voltage reference

.4 Real/reactive power

ide/im The current flowing into the DC capacitor/the superconducting coil

Pg, P The expected /actual power of WG

P, Qm The real/reactive power reference of SMES

Pg*,Qg The real/reactive power reference of SMES under the GC mode

PrQf The real/reactive power reference of SMES under the islanded mode

Ko(vse) Ki(vse) The proportional/integral parameter in the PI controller for VSC

Kp(de) Ki(de) The proportional /integral parameter in the PI controller for DC-DC chopper

kot kit The proportional/integral parameter in additional f-p regulator

kpv kiv The proportional /integral parameter in additional v-q regulator

Kidaq Kide The integral parameters in ESP-based controller

i;( d,q)’ig(d,q) The reference/actual current of SMES (in d-q axis)

wp Fundamental angle frequency

Ul Ude The reference/actual DC voltage of VSC

Ugd,Ugq Grid voltage in d/q axis

5d,q/Sm The duty cycle of the VSC (in d-q axis)/the DC chopper

u(x),y(x) The input/output vector of the PCH model

J(x),g(x) The interconnection matrices

Ja(x),Rq(x) Expected interconnection/dissipation matrix

H(x),Hg(x) The original/expected Hamilton energy function

Ja(x),Ra(x) The interconnection/dissipation matrix to be decided

Ha(x) Hamilton energy function to be decided
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Abstract: This paper presents a time-efficient modeling and simulation strategy for aggregated
microinverters in large-scale photovoltaic systems. As photovoltaic microinverter systems are
typically comprised of multiple power electronic converters, a suitable modeling and simulation
strategy that can be used for rapid prototyping is required. Dynamic models incorporating switching
action may induce significant computational burdens and long simulation durations. This paper
introduces a single-matrix-form approach using the average model of a basic microinverter with two
power stages consisting of a dc-dc and dc-ac converter. The proposed methodology using a common
or intermediate source between two average models of cascaded converters to find the overall average
model is introduced and is applicable to many other converter topologies and combinations. It
provides better flexibility and simplicity when investigating various power topologies in system-level
studies of microinverter and other power electronic systems. A 200 W prototype microinverter is
tested to verify the proposed average and dynamic models. Furthermore, MATLAB/Simulink (2010a,
Mathworks, Natick, MA, USA) is used to show the improved simulation speed and maintained
accuracy of the multiple microinverter configurations when the derived average model is compared
to a dynamic switching simulation model.

Keywords: computer simulation; modeling; microinverter; photovoltaic systems; state-space model

1. Introduction

Photovoltaic (PV) power is becoming more prevalent as its cost has become more competitive with
traditional power sources and it is especially attractive for microgrids. As PV systems become more
popular, higher efficiency and reliability are of increasing importance. Researchers have developed
many effective designs and methodologies that address several essential aspects to improve the
performance of PV systems. Modified or optimized power electronic energy conversion topologies
have gained significant interest since power stage configuration has significant impact on the system:
For example, recent work has shown that microinverters can yield significant reliability enhancement
in PV systems [1]. Another example is shown in [2] where different targets, such as efficiency, reliability
and cost, were considered to optimize the design of synchronous rectification (SR) boost topology.
A third example is a new cascaded active-front-end converter is proposed in [3] to increase system
reliability and decrease cost. A single-stage PV system [4] and a modified dual-stage inverter [5] along
with maximum power point tracking (MPPT), grid synchronization, and harmonic reduction, have
been implemented. Among all these designs, selecting proper converter topologies and components
and evaluating their performance, system modelling is critical to address higher efficiency and
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reliability needs [6,7]. Advanced control has also been of interest enhance maximum power point
tracking (MPPT) in PV systems [8-10]. For example, recent work shown in [11] focused on distributed
maximum power point tracking (DMPPT) converter design methodology to deal with the problem of
variation in temperature, irradiance and shadowing. Other efficiency and power quality enhancement
methods include those that utilize an energy storage device [12] or shunt active power filter [13]
on the bases of conventional inverter operation. PV systems can be classified per their connection
method between the PV modules and the power conditioning system (PCS). In a conventional string
configuration, shown in Figure 1a, which can also be connected with several parallel strings, several
series PV modules deliver electrical power to the grid and local ac loads through a central PCS.
An example is Nano Grid integration [14], which utilizes a central PCS to control multiple of small
distributed generation clusters. However, the central PCS configuration may cause mismatch losses of
arrays due to differences in manufacturing, temperature, shading, and degradation conditions among
the PV modules, resulting in a less efficient PV system. Also, failure of the PCS affects the reliability
of the whole system. On the other hand, the microinverter configuration shown in Figure 1b, also
referred to as the module-integrated converter (MIC), uses individual small PCSs mounted on each PV
module, allowing a simple “plug and play” installation and more localized control such as independent
maximum power point tracking (MPPT) at the individual PV module scale [15-18]. Compared to the
centralized PCS configuration, this system is expected to be more reliable with higher energy yield,
which justifies its minor cost increase. Comparison based on experimental testing of PCSs is provided
in [19], but due to the variations of operating conditions, experimental testing is not convenient or cost
effective for one-to-one comparisons between various PCSs and under different conditions.

Ny T

1Y% PV PV PV 13

PV PV PV PV PV

S

(b)
Figure 1. PV system configurations. (a) Conventional string type; (b) multiple microinverters type.
Modeling and simulation has thus become essential especially in order to choose the proper

topology, select appropriate circuit component types and values, evaluate circuit performance, and
complete a system design [20,21]. There are several methods to build power electronics models and they
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usually involve switching power devices and passive power elements such as inductors, capacitors,
and resistors. Dynamic models have been used to analyze the performance of an inverter [5], but
dynamic models including switching actions may not be suitable for multiple-microinverter aggregated
system simulations despite their simple implementation and accurate transient responses. The increase
in the number of microinverters in a system simulation yields significant computational burdens and
long simulation times [22]. Another approach is to use the average pulse width modulation (PWM)
switch model replacing the switches in the dynamic models with time-averaged models represented
by voltage and current sources [23]. With the average modeling method, some simulation accuracy is
lost but the resulting simulation run time and setup time can be significantly reduced. The state-space
average model is employed to ascertain a set of equations describing the system behavior over one
switching period, which aids designers in understanding the physical relationship between control
parameters and converter states [20]. Using an average model, the transfer function of the system
can also be obtained, and larger simulation step sizes can be utilized with minimal loss of accuracy
which leads to a faster simulation time. Consequently the state-space average model will be the most
competitive modeling method in simulation studies for aggregated multiple microinverters.

A number of papers have examined the state-space averaging model for various power
converter topologies in different operating modes [24-33]. The proper analytical averaging model for
discontinuous conduction mode (DCM) operation in the dc-dc converter has been studied in [24], which
contains implicitly elements to generate a base model applicable to both fixed and variable frequency
operations. Many efforts have also been made to develop adequate seamless mode transitions
from DCM to continuous conduction mode (CCM) and vice versa in simulation studies of dc-dc
converters [25,26]. Furthermore, the issue of parasitic components on these modeling methods is
investigated in [27]. Recently the conventional converter configurations such as the boost, buck
and fly-back converter tend to be combined and integrated with other power electronics circuits for
high efficiency converters and thus their proper averaging model have been required. The boost
converter with a voltage multiplier cell has been analyzed in [28] to derive its average model which is
complex and requires the use of advanced techniques due to the resonant circuit. Not only small-signal
model approaches, but also large-signal model approaches have been conducted to investigate large
signal behaviors and capabilities in multiple dc-dc [29] or dc-ac [30] converters where a generalized
state-space averaging method employing the Fourier series with time-dependent coefficients. However,
these models cannot predict the complete dynamic behavior of these systems. While most papers focus
on dc-de converter modeling, a small number of papers have been presented on average modeling
of dc-ac converters to approximate their behavior in grid-connected power electronics such as static
synchronous compensators (STATCOM), active power filters [31] and PV applications [32]. It should
be noted that references [24-33] have all addressed single-stage power converters and inverters, but
average modeling of multiple-stage converters such as microinverters is still open to research along
with the adequate simulation strategy that is necessary to improve simulation speed and accuracy of
multiple cascaded converters, such as multiple PV microinverters in a microgrid.

The primary objectives of this paper are to introduce the simulation strategy for aggregated
multiple microinverters by employing state-space average modeling of multi-stage power converters
represented by a single-matrix-form (SMF). SMF can be derived by using the intermediate source
model to link to converters with established average models, and thus this approach can facilitate
integration of existing average models for cascaded, parallel, and many topologies. Since the proposed
simulation strategy is based on the state-space average modeling technique which allows investigating
small-signal behavior of the systems, it can capture important dynamics of PV microinverters in
smaller power systems such as microgrids even under aggregated multiple converters, but switching
transients that slow down simulations are over-ridden. The main advantages of this proposed approach
are: (1) achieving a faster simulation time in research on aggregated multiple microinverter systems
compared to dynamic switching models of converters; (2) providing better flexibility with easily
interchangeable converter models; (3) understanding the relationship of state variables between
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multi-stage converters; and (4) simple extension to other power electronics conversion systems with
multiple-stage configurations. It is important to note that the main purpose of this paper is to introduce
this intermediate source methodology in multiple-converter systems which can be extended to various
topologies and applications, especially in the area of modeling and control of microgrids to capture
finer dynamics with faster simulations that mask switching transients.

This paper starts with descriptions of the proposed simulation strategy and state-space average
modeling of microinverters in Section 2. Model validation is carried out by comparing waveforms
from simulation results in MATLAB/Simulink with experimental results from a 200 W prototype
microinverter board in Section 3. These results are compared in open-loop mode to test the “plant”
dynamics using the proposed model, dynamic simulation model, and experiments. The general control
strategy for microinverters in PV applications is explained in Section 4, and then the simulation times
between the proposed modeling approach and the dynamic model are compared in Section 5. Finally,
Section 6 concludes the paper.

2. Proposed Simulation Strategy and State-Space Average Model with a Single Matrix-Form

It is common for PV microinverters to have multiple-stage configurations consisting of dc-dc and
dc-ac stages [15,16,34]. The dc-dc converter provides MPPT at the PV panel terminals while the dc-ac
converter delivers PV power to the grid or local ac loads in the second stage as shown in Figure 2. The
proposed approach to simulate the multiple microinverter system is shown in Figure 3. Several models
are required for a PV system simulation—PV module model, power converter model, grid model
and local load model. PV cell models are very common in the literature, especially those utilizing the
current source and inverse diode configuration [35]. Using this model, a 200 W PV panel model is
developed under different irradiance conditions. As for the load model, a simple resistor model is used
as the passive Local Load Model in Figure 3 since it yields simpler SMF. If reactive power needs to be
consumed or generated by local loads, the resistive load model can be replaced with other inductive
and capacitive loads or an RLC combination. The grid model encompasses a stiff single-phase voltage
source with fixed voltage and frequency characteristics in series with the grid impedance consisting of
a resistor and inductor. By using this model, it is possible to simulate all grid disturbances such as sag,
swell, and interruptions, and adjust the voltage source to include voltage harmonics. Details of the
converter dc-dc, de-ac, and combined converter models are presented in this section.

While this paper presents examples of specific dc-dc and dc-ac stages, adjusting the matrices in
the average model of each stage to reflect other converter topologies is possible. The methodology
proposed in this paper for integrating two average models of dc-dc and dc-ac stages as shown in
Figure 4 can thus be followed. A SMF integrated with the dc-dc converter and dc-ac converter models
is used for better flexibility when other topologies are used as it directly links the state variables
between both energy conversion stages.

DC-DC DC-AC
LCL

HS N b

Loads

3

Figure 2. General PCS structure for converting PV power.
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Figure 3. Proposed modeling approach for the multiple microinverters system.

Common source
link model

Figure 4. Multi-stage converter model with single matrix form.

2.1. DC-DC Converter Model

State-space average modeling is employed to obtain a set of differential equations applicable to a
selected converter topology [20]. The resulting model is expected to combine the dc-dc converter in
CCM and dc-ac converter. Those equations are capable of describing the system behavior over one
switching period. It is also desirable to include all parasitic effects in the state-space average model to
predict the dynamic behavior and frequency response of the microinverter accurately [27,36]. The state
space equation of the converter in CCM can be expressed as:

X(t) = (q(t) A1+ (1 —q(t))A2)x(t) + (q(£)B1 + (1 — q(¢))B2)u(t) 0]

where ¢(t) is the switching function corresponding to the power device’s on/off states, Ay and By
are the system matrices where k = 1 or 2 depending on the switch status, and u(t) is the input vector.
The low-frequency components of state variables such as the inductor currents, capacitor voltages and
the output duty can be modeled by averaging over the switching period Ts and can be defined as:

X(t) = Tl [ ex(r)dr )

where the bar symbol denotes the so-called fast average or true average of a state variable x(t). Using (2),
the state average equation can be expressed as:

X(t) = (d(t)Aq + (1 —d(£)) A2)x(t) + (d(£)By + (1 — d(1))Bo)u(t) @)

where d(t) is the duty cycle function.
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As an example, Figure 5 depicts the grid-connected microinverter, consisting of a non-ideal boost
converter and H-bridge inverter. To obtain the state-space average model with a SMF, these converters
can be considered separately as shown in Figures 6 and 7. The circuit equations of these converters for
turn-on and turn-off periods can be derived by applying Kirchoff’s voltage and current laws, and then
the system matrices according to the switching status can be obtained. From the dc-dc boost converter
shown in Figure 6, the state-space average model can be defined as:

Xa(t) = Agxa(t) +Bgug(t)
= (Dac(t)Ag1 + (1 = Dye(t)) Agz)Xa(t) “)
+(Dae(t)Bar + (1 — Dye(t))Baz)ua(t)

where x4 = [ipy vealt, ug = [0p0 Um vg ize]T and ipy is the dc inductor current, vcy, is the link capacitor
voltage, vy, is the output voltage of the PV module, vy, is the drain-to-source voltage of the boost
switch, v, is the forward voltage of the diode, 4 is the current in the dc-bus and Dy, is the duty ratio
of the boost converter. Matrices A41, Ag2, Bg1 and Bz when the switch is on and off are presented in
Appendix A. Using these matrices and (4), matrices A4 and B, presented with averaged values during
one-sample time are:

_Rde+DchMdc+ (RCdc+Rd)(1 _Ddc) _1 — Dy

As= - sdc ©)
Cdc
1 D4y 1-Dg (1-Dgc)Rcac
Bd _ de de de Ldlc (6)
0 0 0 7C7dc

where L. is the boost inductor value, Cy, is the dc link capacitor value, Ry 4. and R¢y, are the parasitic
resistors of the passive and active components, Ry and R are the switch on-resistance, respectively.

i,
DY ey Ve

v

Figure 6. Circuit model for the dc-dc converter.
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Rege

Figure 7. Circuit model for the dc-ac converter.

2.2. DC-AC Converter Model

In a procedure similar to that discussed in the previous section, the average model of the H-bridge
converter shown in Figure 7 is defined as:

Xa(t) = AgXy () + B,y (t)
= (DHC(t)Aal + (1 - DaC(t))AuZ)iu(t) (7)
+(Dac(t)Ba1 + (1 — Dyc(t))Ba)ua(t)

where x,; = [iy, Ucae ig]T, u, = [vcge vp Ug]T, inp is the ac inductor current, vc,, is the capacitor voltage in
the LC filter, i¢ is the grid current, v}, is the drain-to-source voltage of the H-bridge switch, vg is the
grid voltage and D, is the duty ratio of the H-bridge converter.

It is worthwhile to mention that the relationship between the average duty and modulation
index (M) of the H-bridge converter can be expressed as Dy(f) = 0.5 + M-sin(wt) where w is the grid
frequency since the average duty is between 0 and 1. Matrices Ag1, Ag2, Ba1 and B,z are shown in the
Appendix A. Using these matrices and (7), matrices A, and B, for averaged values during one-sample
time are given by:

-~ 2RHac + Riac
+Rcact + Reae

_Y Reget
Lac Lac Lac
A, = ¥ I _Y (8)
Cnc CMRL CrlC
Reyc¥ ¥ ‘P< Reac + Ry )
L L L CacRg
g g 3 Ly
where ¥ = XL and:
RL+RCnc/ '
(2Dgc—-1) 2 0
‘ac L/l[
B, = 0 0 0 )
0 0o -+
Lg

where, L, is the ac inductor value, C, is the capacitor value in the LC filter, R;,. and R¢,, are the
parasitic resistors of the passive components, Ry, is the local load resistance, and Lg and Ry reflect the
grid impedance, respectively.

2.3. Combined Average Model

As the next step, using the relationship between the dc-bus current and output current, the two
state-space average models obtained in (4) and (7) can be combined into SMF since the common source
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in the previously derived two state-space average model is the dc-bus current. Thus, the dc-bus current
can be represented by ac current and ac duty in the H-bridge converter as:

;dc = (2Dac - 1)24117 (10)

It is notable in (10) that the common source model causes the dc-bus current to include ac ripples
that are twice the ac output frequency, which is also reflected to dc-bus voltage. Moreover, the dc
voltage v, and the output ac voltage v, can be expressed as:

gc = Reacipo + Fcac — Redclan (11)
. RpRcqe >f ( Ry >7 ( RiRcqe >f
Vo=\|\5—5 |+t |55 |%Cac— |55 )i 12
’ (RL + Reac o RL + Rcac cre Rp 4+ Reae ¢ 12
The SMF state-space representation of the dc-dc and dc-ac converters in the circuits of Figure 5 is:
ax(t
’;( ) Ax(t) + Ba(t) (13)
y() = C&x(#) (14)

The state variables x, u and y in Figure 5, for grid connected mode are defined as:

_ _ _ T
X = [ ipv Ucde lab  UCac ig } (15)
_ - _ - - _ T
u= [ Upo Om Vg O Ug ] (16)
— 3 — 3 — = T
y= { po Udc lap To Ig ] (17)

Finally, using (5)-(12), matrices for the state, input, and output variables including the boost
converter and H-bridge converter can be derived as:

A, (1= Dyc)(2Dac = 1)Rcge/Lge 0 0
—(2Dac —1)/Cye 00
A=1| 0 (2Dgc—1)/Lgc (18)
0 0 A,
0 0
1/de 7Ddc/de 7(1 - Ddc)/de 0 0
0 0 0 0 0
B= 0 0 0 —2/Lee O (19)
0 0 0 0 0
0 0 0 0 -1/Lg
1 0 0 0 0
Reae 1 —Rege O 0
c=| 0o 0o 1 o0 0 (20)
0 0 Rea¥ Y —Rep¥
0 0 0 0 1

Moreover, the state-space average model for stand-alone mode can be obtained in (18)—(20) by
setting the grid impedance (Lg and Ry) as infinity and the grid voltage (vg) as zero.

196



Energies 2017, 11, 465

3. Model Validation

The state-space average model of the microinverter in SMF obtained in the previous section can be
validated by simulating the model and comparing waveforms with a dynamic switching based model,
as well as experimental testing. A 200 W proto-type microinverter board is used for experimental
tests. Since long input wires are used for the experimental test in the dc-dc converter side, extra input
resistance R;, is added to Ry, in the simulation. For experimental validation, an open-loop control
scenario with resistive load is considered.

This validation procedure is intended to validate the plant dynamics in the average model,
dynamic switching model, and experiments without control effects where the plant is the microinverter
power stage. The main system parameters for simulation and experimental testing are summarized
in Table 1. The input voltage is 30 V to mimic that of a solar PV panel. Figure 8 shows the dynamic
behavior of the dc inductor current, dc voltage, and ac output current waveforms under open-loop
duty disturbances of the dc-dc converter while the modulation index of the H-bridge converter remains
constant at 0.935 in both MATLAB simulation models. At 0.35 ms, a 1% step change from 0.800 to 0.792
in duties is applied. Simulation results show excellent correspondence between the proposed average
model based on (18)—(20) and the dynamic switching model where the current and voltage values from
established average model are in the middle of the dynamic model switching ripple. An experiment
was carried out to ensure that the simulated models (average and dynamic) match a real setup under
the same test conditions where IRFP4332PbF and MURS840G are used for power devices. As shown in
Figure 9 and Table 2, experimental results are in agreement with simulation results in Figure 8, with
the exception of the settling time which is sensitive to various experimental set-up characteristics such
as the printed circuit board and line parasitic elements.

Table 1. Simulation and experimental parameters for model validation.

Parameters Value Parameters Value
Vo 25~40 V Lgc 2.63 mH
Vg 110 Vrms Rpge 0.15Q
V4 0975V Lac 1.3 mH
Vin 02V Riae 0.075 O
' 02V Cae 680 uF
R;, 020 Recae 0.03 Q)

Rutde 0.029 O Cac 1 uF
Ry 0.02 Q) Reae 0.01 Q)

RHae 0.029 O Lg 3mH
Ry 625 Q) R 0.01 Q

Table 2. Experimental results for model validation.

Parameters Simulation Results Experimental Results Errors (%)
V4e (Dyge = 80.0%) 141V 138V 2.1%
D4e (Dge = 79.2%) 134V 132V 1.5%
ipo (D ge = 80.0%) 42 A 41A 2.4%
ipo (Dge = 79.2%) 38A 3.6 A 5.3%
igp (Dge = 80.0%) 1.39 Arms 1.32 Arms 5.0%
iy (Dge = 79.2%) 1.31 Arms 1.26 Arms 3.8%
Settling time (v;.) 0.07s 0.09s —28.6%
Undershoot (v4.) 132V 127V 3.8%
Settling time (i) 0.07 s 0.09 s —28.6%
Undershoot (i) 19A 1.8A 5.3%
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Figure 8. Simulation results for a single microinverter under open-loop control with resistive load.
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Figure 9. Experimental results for a single microinverter under open-loop control with resistive load.
(a) PV current; (b) de-bus voltage; (c) ac output current.

4. Control Strategy for PV Microinverter

After validating the proposed model with dynamic simulations and experimental tests, it is
desired to study the effect of integrating multiple PV microinverters in a grid-connected large-scale
system. For this purpose, two control block diagrams for the dc-dc and dc-ac converters are developed
as shown in Figure 10. Cascaded voltage regulators with current regulators are used to maintain
the PV bus voltage and dc link voltage, while maintaining operation at the maximum power point
in the I-V curve of the PV modules by using MPPT algorithms [37,38] and delivering the generated
PV power to the grid or the local ac load with a sinusoidal current waveform in phase with the grid
voltage [36,39,40] (assume that the direction of the output current is going into the grid).

PV voltage control PV current control
wier 15 K, + KT K, +KT 2 G () P Gui(s)
- Tv
“VPVT lpv L4 GLPFI(S)
Grprs(5) |«

@

Figure 10. Cont.
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Grprs (s)
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A

Figure 10. Control block diagram for the microinverter. (a) de-dc converter; (b) dc-ac converter.

Figure 11 shows simulation results with closed-loop control. The PV voltage is changed from 30 V
to 40 V with a current reference of 5 A while the dc-ac converter controls the dc-bus voltage with a
reference of 200 V. Waveforms from the established average model match the averaged values of the
switching model as expected.
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Figure 11. Simulation results with closed-loop control. (a) PV currents; (b) dc-bus voltage; (c) ac
output current.
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5. Aggregated Microinverter in PV Applications

In order to validate the fast simulation time of the proposed modeling approach in a multiple
microinverter configuration, a simulation is carried out in MATLAB/Simulink with 20 parallel
microinverters at 200 W per PV panel for a total power output of 4 kW. Figures 12 and 13 show a
high-level block diagram of the simulated system and the PV module model emulating PV-TD195HA6
from Mitsubishi electric corporation (Tokyo, Japan) [41], respectively. The grid voltage is at 110 Vrms,
60 Hz, and the local loads are zero (R — 0). This means that all generated power from the PV
modules is sent to the grid.

#1 #2 #3 #19 #20
[ il (il [ Py ] [ ypietialidddiadidug [ e "
() .o " ) . " .
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() . " ) () " .
- i i : : 4 : ,
[ PV PVoORY PVOR | A A | Grid
| model |t E model " model E ®ee | model | model |i model
() . () '
. : T T
: i i : : ¥ :
() . : : i : . : . .
[ TS p-Tnv. | 02 p-lnv. | 8 v wlove |y penve |y
' | average | !} | average | |4 | average | | \ | average | + ! | average | ! Local
E model s E model EE model E P E model E i model E load
'.---.l_----:l---.l_----:l--..l_----: L---_l_----: ‘.--..l.--..: model
Figure 12. Simulation structure for aggregated microinverters.
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Figure 13. Electrical characteristics of the simulated PV modules under different irradiance conditions.
(a) V-I curve; (b) V-P curve.

Partial shading is applied to some panels in order to demonstrate the simulation flexibility.
Figure 14a,b show the current waveforms of the second and third microinverters among the 20 inverters
where these panels have irradiance values of 900 W/ m? and 800 W/m?, respectively, and the irradiance
of the 18 other microinverters is 1000 W/m?2. Another waveform shown in Figure 14a,b is that of #1
which is at 1000 W/m?2. Figure 14c shows the total grid current from the 20 microinverters. Resulting
waveforms from using the dynamic switching model under the same conditions are shown in Figure 15.
As expected, taking the average of waveforms generated using the dynamic model eliminates switching
effects and the results match those in Figure 15 from the proposed average model.
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Figure 14. Simulation waveforms using the state-space average model. (a) PV currents; (b) the output
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DC inductor current

AC inductor current

Grid voltage and current

85 3 200
150
T s B MILENAL O (B
) RRARRRN IR AT 1NN
t g, : L0 N
) U RN
; 2 ol M NN
A ‘ AN A i
5523 024 025 026 027 0‘28 0'29 0.3 023 0‘24 0‘25 0.26 0‘27 O,‘ZS 0‘29 03 720(‘))23 024 025 026 027 028 029 03
time(s) time(s) time(s)
(a) (b) (0

Figure 15. Simulation waveforms using the dynamic switching model. (a) PV currents; (b) the output

currents; (c) grid voltage and current.

Generally, the simulation runtime is highly dependent on the computer’s performance and
specifications, where the simulation tool is run, and solver options. In this paper, a computer (Thinkpad
T420S, Lenovo) with an Intel core i5 processor, 16 GB memory, and MATLAB 2010(a) with fixed-time
step and Ode4 (Runge-Kutta) are utilized as a computational medium for simulations. Simulation
runtime is compared for both average and dynamic models as shown in Figure 16.
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Figure 16. Comparison of the simulation runtime
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The proposed method allows the use of a smaller step size compared to the dynamic model, thus
reducing the total simulation runtime. Note that time steps > 5.0 us resulted in erratic results in the
dynamic model while the average model still performed well and all signals in the simulation model
were as expected.

6. Conclusions

As photovoltaic microinverter systems are typically comprised of multiple power electronic
converters, a suitable modeling and simulation strategy for rapid prototyping is required. The paper
has presented a time-efficient modeling and simulation strategy in multiple converter systems which
can be extended to various topologies and applications, especially in the area of modeling and control
of microgrids to capture finer dynamics with faster simulations. The simulation model represented by
a single-matrix-form using a common or intermediate source between two average models of cascaded
converters to find the overall average model was derived by employing a basic microinverter composed
of a boost stage and an H-bridge. Results show that the proposed state-space average model matches
experiments and dynamic simulations. The proposed model also provides significant reduction in
simulation runtime and simulation set-up time with aggregated microinverters compared to the
dynamic model. Larger step sizes were shown to be possible when using the average model to achieve
both accurate and fast simulation convergence. Finally, the advantages of the proposed modeling
and approach can be summarized as follows: (1) achieving a faster simulation time in research on
aggregated multiple microinverter systems compared to dynamic switching models of converters;
(2) providing better flexibility with easily interchangeable converter models; (3) understanding the
relationship of state variables between multi-stage converters; and (4) simple extension to other power
electronics conversion systems with multiple-stage configurations. It is expected that the proposed
model will have valuable use in very large-scale PV farm simulations and can be extended for other
cascaded power electronic topologies.
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Abbreviations

PV photovoltaic

PCs power conditioning system
MIC module-integrated converter
MPPT maximum power point tracking
PWM pulse width modulation

CCM continuous conduction mode
DCM discontinuous conduction mode
SMF single-matrix-form

Appendix A

In the dc-dc boost converter shown in Figure 6, when the switch turns on, the dc inductor current and
capacitor voltage as state variables can be obtained as:

dipg 1 1 1
=~ (R +R oy — Al
it de( Lde + Ryae) + I Upo i U (A1)
dedC 1 .
- A2
dt Cac lde (A2)
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When the switch turns off, the inductor current and capacitor voltage as natural state variables can also be

obtained as: .
dipo 1 1 1 1 Rege

=——(R R;+ R iy — — - — — i A
it de( Lde T Ra + Rege)ipo . OCde I vy + L. + L, (A3)
dvcge 1. 1.
= ——ipp— =1 A4)
At Cpe 7" Cae (
Thus, the matrix Ag1, Ag2, Bg1 and B for the de-dc converter is given by:
A _ (Rl.ch'RMdf) 0 A5
i = - 0 (A5)
1 1
— —-7— 0 0
B = Lac Lac
n { &0 2 } (46)
dc
_ (RpgetReaetRy) 1
A = Iz L (A7)
Cic
koo -k
B, = dc dc dc A8
d2 0 0 0 _ % (A8)

From (4) and (A5)—(AS8), the state-space averaging model for the dc-dc boost converter over a switching
period can be written as:

Upo

B _ Rpae+DigcRyae+(Reae+Ra)(1=Dac)  _ 1—Dye i 1 _Dg _1-Dg  (1-Dac)Reuc vp?'
Ipo = 1715n~ Lac [ ro :| + | La Lic Lic Lml m (A9)

Vcdc T“" 0 UCdc 0 0 0 o l?d

de

Similarly, as for the H-bridge converter shown in Figure 7, when the switches S1, S4 of the H-bridge converter
turn on, the ac inductor current and capacitor voltage in the LC filter as state variables can be obtained as:

. —2Rptae—Riao— SRl Ry, ) ;
L‘I’;}b _ T2Ruec—Re L”(Rmﬁ»l((_ iy — L%{ (RLEIRCM ) UCac + L%r (Rli‘fﬁz;[ ) ig — L%rvy, + L%,(dec (A10)
dvcge 1 ( Ry > . 1 Rp .
= — gy — UCac — i All
dt Cac Ry + Reae ab (RL + RCac)Cac coc (RL + RCaf)Cac 8 ( )
di 1 RrR . R RiRcue + RiRe + RegeRy . 1
g 1 ( L2Cac >lab + L Ocqe — ——Cae T LTS T TCHeTR o, (A12)
dat L¢ \ RL + Reae (Rp + Reae)Lg (RL+ Reac)Lg Lg

When the switches S2, S3 of the H-bridge converter turn on, the ac inductor current and capacitor voltage in
the LC filter as natural state variables can be obtained as:

i ~2Rpjae—Rpac— g S5k —Reye Y-
f = I (e (i R e (A9
dUCac 1 < RL > . 1 RL .
= — iy — UCac — i Al4
dt Cac Ry + Reae ab (RL + RCuc)Cac Cac (RL + RCac)Cuc g ( )
di 1 RiR R RiRcae + RER¢ + RepeRy | 1
== *( Lot >1ab + L e (A15)
dat L¢ \ RL + Reace (Rp + Reae)Lg (RL+ Reac)Lg ¢ Lg
Thus, the matrix Az1, Ag2, Ba1 and Bga for the dc-ac converter is given by:
7( 2RHuc + RLac )
+RcacY + Reae Y Reae
Yy ¥ "
Aa = (o TR e (A16)
LCW‘Y z X RcalgchRg
g Le L, + RLL 8
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10.

11.

1 _2
Io “Lc O
Ba=| 0 0" o0 (A17)
o o -£
LX
7( 2Rl—luc + RLac )
+RcacY + Reae Y Reac¥
Lac Lac Lac
Ap = ¥ __ ¥ _¥ (A18
! Ce CacRL Cue )
Ro, ¥ R
L L L cacRg
4 4 4 + R.
1 2
Ie L.
Bp = 0 0 0 (A19)
0 0 -4+
LX
From (7) and (A16)-(A19), the state-space averaging model for the dc-ac converter can be written as:
ReaeR
. 72RHHC7RLM*7R££'3,RLL —Rcae 1 R, 1 ( RiReu )
Lap Lac Lac \ Re+Rcac Lo \ R+Rcae [
(4 = 1 (R 1 (1 1 (R v
Cac o (R, Rew ) Coc \RiF R Co \ RirRew coe
g 1 ( _ReRcae 1 Ry 1 ( RiRcac+RiRg+ReacRy 8 A20
Ly \ Re+Rcac L \ RL+Rcac L, Rr+Rcae ( )
(ZDnrfl) _2 0
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Abstract: In an electrical power system, the coordination of the overcurrent relays plays an
important role in protecting the electrical system by providing primary as well as backup protection.
To reduce power outages, the coordination between these relays should be kept at the optimum
value to minimize the total operating time and ensure that the least damage occurs under fault
conditions. It is also imperative to ensure that the relay setting does not create an unintentional
operation and consecutive sympathy trips. In a power system protection coordination problem,
the objective function to be optimized is the sum of the total operating time of all main relays. In this
paper, the coordination of overcurrent relays in a ring fed distribution system is formulated as
an optimization problem. Coordination is performed using proposed continuous particle swarm
optimization. In order to enhance and improve the quality of this solution a local search algorithm
(LSA) is implanted into the original particle swarm algorithm (PSO) and, in addition to the constraints,
these are amalgamated into the fitness function via the penalty method. The results achieved from
the continuous particle swarm optimization algorithm (CPSO) are compared with other evolutionary
optimization algorithms (EA) and this comparison showed that the proposed scheme is competent in
dealing with the relevant problems. From further analyzing the obtained results, it was found that
the continuous particle swarm approach provides the most globally optimum solution.

Keywords: continuous particle swarm optimization (CPSO); overcurrent relay coordination (OCR);
time multiplier setting (TMS); power system protection

1. Introduction

In an electric power system, the overcurrent relays provide both primary and backup protection
to maintain the system reliable and healthy, and to ensure minimum exposure to the healthy portion
of the system. In a transmission system, sometimes this type of relay is used as backup protection
when deploying distance protection as the primary protection. The overcurrent relays are a useful
choice for telecommunication networks, industries, and consumers in terms of offering fast protection
and from an economic point of view. Once the overcurrent relays fulfil the requirements of reliability,
sensitivity, and selectivity they can operate quickly and without mal-operating issues by isolating the
faulty portion of the system with the help of circuit breakers [1]. The main aim for the coordination of
relays is to set the relays so that the whole system receives both the primary and backup protection
if the level of load and fault current are known. Therefore, accurate coordination of the overcurrent
relays is necessary. Coordination amongst these OCRs should be maintained at the optimum value to
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reduce the overall operating time and ensure that the minimum number of power outages occur during
fault conditions. Hence, the coordination of OCRs is formulated as a minimization problem [2,3].
In the research undertaken by [4], a technical survey was presented for the optimal coordination
of time overcurrent relays. In the past, different optimization algorithms have been investigated in
order to deal with the problem of optimum coordination of relays. A linear programming technique
was applied in the study by [5]. In experiments described in [6], a random search method was used.
In [7], an evolutionary algorithm was applied for the first time to deal with the relay coordination
problem. In various papers [8-13], different versions of a genetic algorithm have been applied to
improve the convergence characteristics of genetic algorithms overall. A different version of the
particle swarm optimization technique has also been suggested in order to achieve the optimum values
for relay coordination [14-19]. In the research of [20], five different versions of the Modified Differential
Evolution Algorithm (MDE) were proposed to solve the coordination problem in order to figure out
the best performance of the MDE with respect to other algorithms. The artificial bee colony technique
was utilized in research by [21]. In [22], a hybrid evolutionary algorithm based on tabu search was
used for optimum relay coordination. Reference [23] suggested that the coordination of the overcurrent
relay is formulated as a mixed integer nonlinear program by employing a population-based heuristic
search algorithm, which regards optimization process as a search of optimal solution by a seeker
population. In [24], to improve and enhance the quality of solution the chaos theory is incorporated to
the conventional firefly algorithm to figure out the coordination problem. The coordination problem is
solved using different metaheuristic method is [25]. Reference [26] suggests that the coordination of
the overcurrent relay is formulated as a nonlinear program by employing a group search optimization
algorithm. In the paper by [27], the hybridized symbiotic organism search method is used to deal
with the directional overcurrent relay problem. The authors found the optimal coordination of
directional overcurrent relays by using a firefly algorithm [28]. In the paper by [29], distributed
system protection coordination is investigated based on directional overcurrent protection with an
inverse time characteristic. Reference [30] designed a protection scheme for a distribution system
considering different modes of operation. In [31], a robust optimization strategy was proposed for the
protection of micro-grids using microprocessor-based relays. The major deficiency of the previously
proposed methods, including both the mathematical and evolutionary approaches, is the possibility of
convergence to values which may not be a global optimum but rather are stuck at a local optimum.
To solve this issue, a continuous particle swarm optimization (CPSO) is examined in this study for
the optimum coordination of overcurrent relays, and is compared with continuous genetic algorithms
(CGA), genetic algorithms (GA), the dual and two phase simplex methods (DSM, TPSM), fire fly
algorithms (FA), and chaotic firefly algorithms (CFA).

This paper proposes that a continuous particle swarm optimization (CPSO), using the penalty
method, can achieve the optimum coordination of overcurrent relays. To enhance and improve
the quality of the solutions the CPSO scheme is assimilated, thereby preventing the search from
becoming stuck in local minima. The proposed algorithm has a high search capability and convergence
speed as compared to other evolutionary techniques, and these characteristics make the population
member of the CPSO more discriminative in finding the optimal solution than other evolutionary
techniques. To the best of the authors” knowledge the CPSO has not previously been implemented for
the optimization of the overcurrent relay coordination problem, investigation into which is presented
in this paper. The main aim of this paper is to find the optimal values of the Time Multiplier Setting
(TMS) to minimize the operating time of overcurrent relays under several constraints, such as relay
setting and backup constraints.

210



Energies 2018, 11, 869

2. Formulation of the Overcurrent Relay Problem

In a multi- or single-source loop system the coordination of the directional overcurrent relays is
formulated as an optimization problem. However, the coordination problem has an objective function
and constraints that should satisfy the distinct constraints:

n
minf = ijTj,k (1)
i=1

where the parameters w; and T; are the weight and operation of the relays. For all the relays the value
w; = 1. Therefore, the characteristic curve for the operating relay R; can be selected from the IEC
standards and could be defined as follows:

Top = TMS;(— ) o)

where a and k are constant parameters which define the relay characteristic and are assumed as
a = 0.14 and k = 0.02 for a normal inverse type relay. The variables TMS; and Ip; are the Time
Multiplier Setting and pickup current of the ith relay, while If; is the fault current flowing through
relay R;:

I;:
psM =11 ©)
where Ip; is the primary pickup current and PSM stands for the Plug Setting Multiplier:
Tpp = TMS; | — % )
o’ “\ (Psm)F -1

The above problem, as represented in Equation (4), is a nonlinear problem in nature. By taking
the plug setting of the relay as fixed, and the operating time of the relays, and a linear function of the
TMS, the coordination can be expressed as linear programming. In linear programming only the TMS
is continuous while the rest of the parameters are constant, so Equation (4) becomes:

Top = aP(TMS,-) (5)
where: N
ay= —— 6)
T (psm)F -1

Hence the objective function can be formulated as:
n
minf =Y a,(TMS;) )
i=1
Constraints

The objective of minimizing the total operating times of the relays should be achieved under
two types of constraints; the constraints of the relay setting parameters and coordination constraints.

The first type consists of the boundaries of the TMS, whereas the second type is pertinent to the
coordination of the primary and backup relays. The boundary on the relay setting parameters imposes
constraints (8) on the choice of relay parameters:

TMS,;™" < TMS; < TMS;"* 8)
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The second type of constraint is pertinent to the adjustment of the operating time of the primary
and backup relays. Since the fault would be sensed by both the primary and the backup relays
simultaneously, in order to avoid mal-operation the coordination time interval (CTI) should be taken
into account in the tripping action. The CTI includes the sum of the operating time of the circuit breaker
(CB) associated with the primary relay, the overshoot time of the backup relay, and an appropriate
safety margin. Therefore, according to Figure 1, the backup relay R; should operate later than the
primary relay R; [32]. This is critical for satisfying the requirement for selectivity of the primary and
backup relays. The coordination constraint is defined as follows:

T; > T; + CTI ©

where T; and T are the operating times of the primary and backup relays, respectively, for a fault
occurring in front of the primary relay. The value of the CTI could vary from 0.2 to 0.5 s, depending
upon different circumstances and factors.

R, R,
O

Figure 1. A single end radial distribution system.

3. Continuous Particle Swarm Optimization

PSO is one of the EA techniques that is, in basic terms, inspired by the swarm behavior associated
with fish schooling and bird flocking [33-37]. The task of the PSO algorithm is to control the agents
or particle population, and these agents or particles are called a “swarm”. Each particle serves as
the possible result of the objective function under consideration. The particles in the population
can memorize the current position with respect to the objective function, and the best position and
velocity as visited during its fish flying tour or bird flocking tour in the group will be referred to as the
“personal best position” (py,s;). The tour will find the best position among all the possible solutions
and this is referred to as the “global best position” (gj,.st). Some features of the continuous particle
swarm optimization are found in the literature [38—40]. In the literature survey, PSO in its standard
form has been widely used for unconstrained optimization projects. In this paper two modifications
have been added to the authentic PSO algorithm; the penalty method and the initialization of PSO
with a local search. As CPSO basically solves the unconstrained optimization problem, to convert
the relay coordination problem into an unconstrained optimization problem a new objective function
is defined via the penalty method. It is probable that the PSO executes such a bearded exploration
that it generates immature results, which is an insufficient solution. To produce a more satisfactory
solution, it is necessary to insert a local search algorithm into the original PSO. In this paper, the author
inserted a local search alongside the global best position vector. The CPSO method proposed for
the coordination of the overcurrent relay problem deals with each particle position on three key
vectors; velocity (v;), position (x;) and open facility (y;), where v; expresses the ith velocity vector
in the swarm, x; represents the ith position vector in swarm, and y; expresses the opening facilities
determined based on the position vector (x;). For N number of facility problems, each particle
contains N number of dimensions so the position vector x; approaches the continuous value for
N facilities, x; = [xj1, Xj2, . .. , Xj,], although it does not describe a candidate solution to calculate the
total cost. To create a candidate solution, the position vector is reciprocated to a binary variable,
y;<—x;. Specifically, a discrete set is formed from the continuous set for generating a candidate solution.
The fitness of the ith particle is calculated with the help of the open facility vector (y;). The personal
best fitness value of the ith particle p; is expressed by fi’. At the beginning the personal best vector is
computerized with the position vector (p; = x;), where p; is the position vector and the fitness values
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of the personal bests are equal to the fitness of the positions, fi* = f(x). Then, the best particle in the
whole swarm with respect to the fitness value is selected with the named global best and expressed
as g;- The global best, fb* = f(yy+—g) can be achieved by finding the best of the personal bests over the
whole swarm, fi* = min{f (x;)}, with its corresponding position vector xg which is to be used for g = xg
and yg = y where yg express the y; vector of the global best. Then, the velocity of the individual particle
is updated based on its personal best and the global best in the following way (10):

o = el +en(pl — xh) + cana(sh ~ xh) (10)
where w, ¢ and ¢; are the inertia weight and learning factors, also known as the social and cognitive
parameters respectively, while r; and r, are random numbers with limits between [0, 1]. The job of w is
to control the influence of the preceding velocity on the present one. The next step is to update the
positions that are given as follows:

t+1
xi(k )= xf+of ! (11)

Algorithm 1 scale equations to the same size as the rest of the text

1. Set parameter wy;,,, Wpax, 1, ¢ and rq, rp of PSO

2. Initialize population of particles as having positions X and velocities V'

3. Setiterationk =1

4. Calculate fitness of particles Fik =f (xf‘ ) Vi and find the index of the best particle b
5. Select Phest! = x¥,Viand Gbest* = x¥

6. W= Wmax —k X (Wnax — Wyiyy)/Maxite

7. Update velocity and position of particles

v ) = (ol + e (pf — xh) + earash — i) T = x40l

8. Update Pbest population

9. If FF*1 < FF then Pbesti ™! = xf*1
Or else

Pbestf.<+1 = Pbestk

10. If Fb5 < Ff then

Gbestb"+1 = Phestf! and set b = b1

Or else

GbestbF+1 = Phestk

11. If K < Maxite then K = K + 1 and go to step 6
12. End while

13. End PSO-LS

Or go to step 14

14. Display optimum solution as Gbest*

After getting the updated position values of all the particles, if the prearranged meeting condition
is not fulfilled the corresponding open facility vectors are resolved with their fitness values to start a
new repetition, as the PSO produces a premature and unsatisfactory solution as a result of a rough
search. In this regard there is a need to implant a local search algorithm (LSA) into the PSO to produce
more satisfactory solutions. At the end of each iteration of the PSO the global best that is found is
adopted as the initial solution by the LSA. The Flow chart of CPSO is shown in Figure 2, and the
pseudocode of the proposed algorithm (CPSO) is also given above in algorithm 1 [39—-41].
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Initialization)
¥

Initial swarm:
o Position
* Velocity

Evaluate fitness Update particles position and
function Velocity

t=t+1

Update positions:
o Pbest
* Gbest

Local search Algorithm ‘

No

>tmax

Yes

Display the optimal fitness value and
optimal solution

Figure 2. Flow chart of continuous particle swarm optimization (CPSO).

4. Results and Discussion

To study the continuous particle swarm optimization algorithm, four case studies have been
considered. The system details of all case studies can be found in earlier works [9,24,42,43].

4.1. Case I

In this case a single end fed system with four overcurrent relay is used, as shown in Figure 3.
The relays R; and Ry are non-directional while relays R, and R3 have a directional feature. Two faults
are taken into consideration: A and B. At bus 2 the maximum load current, including overload,
is 600 A. The current transformer (CT) and plug setting ratio for each relay is 300:1 and 1, respectively.
The maximum fault current is 4000 A. For each relay the minimum operating time (MOP) is 0.1 s.
The primary and backup relation of the relays is shown in Table 1. Table 2 provides the detail of the
a, constant and current seen by the relays for different fault points. In this case the total number of
constraints is six; four constraints emerge as a result of the boundaries of the relay operation and
two constraints emerge as a result of the coordination condition. The TMS range is 0.025-1.2. The CTI
is 0.3 s. The TMSs of all four relays are x;—x4. The optimal operations of the relays obtained by the
proposed algorithm are given in Table 3, which also provides the comparative results of the proposed
algorithm with a previously published algorithm described in the literature. According to Table 3,
the proposed algorithm is a better solution for the current case.

Table 1. Primary and backup relationships of the relays for Case I.

Fault Point Primary Relay Backup Relay
A 2 4
B 3 1
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Busl| 1 2

Bus 2

e 3o

Figure 3. A single end system with parallel feeders.

Table 2. 4, Constants and relay currents for Case I.

Fault Point 1 2 3 4

A Lielay 10 3.33 - 3.33
ap 2.97 5.749 - 5.749

B Lrelay 3.33 - 3.33 10
ap 5.749 - 5.749 297

- Indicates the fault is not seen by the relay.

The objective function for minimization can be stated as:
z = 8.764x1 + 5.749x7 + 5.749x3 + 8.764x, (12)

The constraints that emerge because of the MOPs of the relays are:

2.97x; > 0.1 (13)
5.749x, > 0.1 (14)
5.749x3 > 0.1 (15)
2.97x, > 0.1 (16)

The constraints explained by Equations (14) and (15) violate the constraints of the minimum value
of the TMS. The minimum limit on the TMS is 0.025. Hence, these constraints are rewritten as:

xp > 0.025 (17)

x3 > 0.025 (18)

The constraints that emerge because of coordination are:
5.749x, — 5.749x; > 0.3 (19)

5.749x; — 5.749x3 > 0.3 (20)

The objective function was solved using a continuous particle swarm algorithm. In each case
study the number of iterations and population size are both taken to be 300, the minimum and
maximum inertia weights are 0.4 and 0.9, and the acceleration factor (¢, ) is 2. In addition, r; and rp
are between [0, 1]. As can be seen in Table 3, the proposed method works and it performs better as
compared to other evolutionary techniques. The proposed algorithm gives an optimal solution and
lower total operating time () T,p) and can solve the overcurrent relay problem faster and in a superior
way. The values of the TMSs obtained are found to satisfy all the constraints. They give the minimum
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operating time of the relays for any fault location and also ensure proper coordination. Figure 4 depicts
the graphical representation of the optimized Time Multiplier Setting in the literature.

Table 3. Comparison of the optimized TMS by the proposed method with the literature for Case L.

TMS GA1[42] GA 2[42] SM [42] DSM [43] CPSO
TMS 1 0.081 0.168 0.07718 0.15 0.078
TMS 2 0.025 0.0250 0.0250 0.041 0.0250
TMS 3 0.025 0.0250 0.0250 0.041 0.0250
TMS 4 0.081 0.168 0.07718 0.15 0.078
Top z (8) 1.70 3.23 1.64 3.09 1.65

GA 1: Solution 1 using GA; GA 2: Solution 2 using GA.

0.45
0.4
035
03

g
Z 025
0.2
0.15
0.1
0.05

1 2 3 4 Sum of TMS
Relay No " GA1®GA2"SM " DSM " CPSO

Figure 4. Graphical representation of the optimized TMS compared with the literature for Case I.

The convergence characteristic graph for the total operating time (TOP) obtained for Case 1 during
the simulation is shown in Figure 5, demonstrating that the convergence is faster and achieved a
better value for the objective function (z) in fewer iterations. The total net gain in time achieved by the
proposed algorithm is shown in Table 4, which demonstrates the superiority and advantages of CPSO
over the techniques mentioned in the literature.

2.8

2.6

2.4

2.2

Total operating time (z)

1.8

T T T T
50 100 150 200 250 300
Iteration

Figure 5. Convergence characteristic graph for Case I.

Table 4. Comparison of the total net gain in time achieved by the proposed algorithm with the literature

for Case I.

Net Gain CPSO/GA  CPSO/GA  CPSO/DSM
YA(H)s 0.05 1.58 1.44
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4.2. Case I1

In this case a parallel distribution system that is fed from a single end with five overcurrent relays
is shown in Figure 6. Five different fault points were considered with a negligible load current as
compared to the fault current. The primary and backup relation of the relays for five different fault
points are given in Table 5. The plug setting and CT ratios are illustrated in Table 6. The a, constants
and current seen by the relays for the different fault locations are given in Table 7. In this case there are
nine constraints in total; five of these constraints arise as a result of boundaries of the relay operation
and the other four constraints emerge as a result of the coordination condition. The MOP of each relay

is 0.1 s and the CTTis 0.2 s. The TMSs of all the relays is x1—xs.

R1

R3

A

B

R2

Ra

C

D

R

|

5 E

Figure 6. A single end fed parallel feeder distribution system.

Table 5. Primary and backup relationships of the relays for Case II.

Fault Point Primary Relay Backup Relay
A 1 -
B 3 -
C 1,2 -3
D 3,4 -1
E 5 1,3

7

- Indicates no back up relay.

Table 6. CT ratios and plug settings of the relays for Case IL.

Relay CT Ratio Plug Setting
1 300/1 1
2 300/1 1
3 300/1 1
4 300/1 1
5 100/1 1

Table 7. a, Constants and relay currents for Case IL.

Relay
Fault Point 1 ) 3 1 5
Lelay ~ 42.34 - - - -
A a 1799 - - - -
5 ey . 42.34 - - -
a, - 1.799 - - -
c  leay 4876 4876 4876 - -
ap 4.348 4.348 4.348 - -
Dy 4876 - 4876  4.876 -
ap 4.348 - 4348  4.348 -
g ey 4876 - 4.876 - 29.25
ap 4.348 - 4.348 - 2.004

- Indicates the fault is not seen by the relay.
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The optimization problem can be stated as:
z = 14.843x1 + 6.147x + 13.044x3 + 4.348x,4 + 2.004x5 (21)

The constraints that emerge because of the MOP of the relays are:

1.799x; > 0.1 (22)
4.348x5 > 0.1 (23)
1.799x3 > 0.1 (24)
4.348x, > 0.1 (25)
2.004x5 > 0.1 (26)

The constraints that emerge because of coordination are:

4.348x3 — 4.348x, > 0.2 (27)
4.348x; — 4.348x4 > 0.2 (28)
4.348x1 — 2.004x5 > 0.2 (29)
4.348x3 — 2.004x5 > 0.2 (30)

The objective function was solved using the proposed algorithm and keeping the same parameters.
Table 8 provides the results of the proposed method for this case and a comparison with previous
works, respectively. In this case no miscoordination or violations were found. All the relays will initiate
operation at a minimum operating time while maintaining coordination. The time required by the
relay R; to initiate its operation is lowest for a fault at point A (0.214 s) and will require extra time for
a fault at point D (0.43 s) and E (0.3 s). Hence, at fault point A the relay R; will operate first while
at fault points D and E, relays R4 and Rs should operate first. If the expected relay fails to activate,
then relay R; should take over the tripping action. The graphical representation of the optimized TMS
is shown in Figure 7, and demonstrates that the TMS is optimized up to the optimum value. Figure 8
shows the convergence characteristic graph obtained during the simulation. According to Tables 8
and 9, the proposed method finds a better solution for this case.

0.3

) T Il | |
1 2 3 4

5 Sum of TMS
Relay No " CGA® CPSO

Figure 7. Graphical representation of the optimized TMS compared with the literature for Case II.
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Figure 8. Convergence characteristic graph for Case II.

Table 8. Comparison of the proposed method with the literature for Case II.

TMS CGA [9] CPSO
T™S 1 0.08 0.0690
TMS 2 0.026 0.0230
TMS 3 0.08 0.0690
TMS 4 0.026 0.0230
TMS 5 0.052 0.0499
Top (2) 2.52 2.21

Table 9. Total net gain in time achieved by the proposed algorithm compared with the literature for Case II.

Net Gain YA@)s
CPSO/CGA 0.31

4.3. Case II1

A parallel distribution system that is fed from a single end with five overcurrent relays is shown
in Figure 9. The current transfer ratio and plug setting of the relays are assumed to be 300:1 and 1,
respectively. Two fault currents are imposed in the middle of the lines, i.e., A and B. For the fault at A
backup protection will be provided by relay R to relay R, while for the fault at B the backup will be
provided by relay R to Ry, and for the fault at C back up will be provided by Ry, R3 to Rs. In this case,
the total number of constraints is nine; five constraints arise as a result of the boundaries of the relay
operation and four constraints emerge as a result of the coordination condition. The MOP of each relay
is 0.1 s. The CTTis 0.2 s. The TMSs of all the relays is x;—xs. The currents seen by the relays and a,
constants for different fault locations are given in Table 10.

Table 10. a, Constants and relay currents for Case L.

Relay
Fault Point
1 2 3 4 5
A Lrelay 9.059 3.019 3.019 - -
ap 3106 6265  6.265 - -
B Lelay 3.019 - 9.059  3.019 -
ap 6.265 - 3106 6.265 -
C Irelay 4.875 - 4.875 - 29.25
ap 4.348 - 4.348 - 2,004

- Indicates no fault current seen by the relay.
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®_

r 4 B 3 j
Load

Load

Figure 9. A single end parallel feeder distribution system.

In this case two optimization problems are derived from Table 10 for comparison with the other
published techniques mentioned in the literature and can be stated as:

minz = 13.719x; + 6.265x, + 13.719x3 + 6.265x; + 2.004x5 31)

minz = 3.106x; + 6.265x5 + 3.106x3 + 6.265x4 -+ 2.004x5 (32)

The constraints that emerge because of the MOP of the relays are:

3.106x; > 0.1 (33)
6.265x5 > 0.1 (34)
3.106x3 > 0.1 (35)
6.265x5 > 0.1 (36)
2.004x5 > 0.1 (37)

The constraints that emerge because of coordination are:

6.265x3 — 6.265x, > 0.2 (38)
6.265x1 — 6.265x4 > 0.2 (39)
4.348x; — 2.004x5 > 0.2 (40)
4.348x5 — 2.004x5 > 0.2 (41)

The problem was solved using the CPSO algorithm. The optimized graphical representation
and convergence characteristic graph for this case is shown in Figures 10-12, which demonstrate that
the proposed method yields a faster convergence and a better solution for the objective function “z”.
Table 11 provides the comparative results of the proposed algorithm with a previous optimization
algorithm explained in the literature, which ensures that for the fault at point A, relay R; is first to
operate, whereas for the fault at point B relay R4 will operate, and for the fault at point C the relay R5
should get the first chance to operate. The total net gain in time achieved by the proposed algorithm is

tabulated in Table 12.
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Figure 10. Graphical representation of the optimized TMS compared with the literature for Case III.
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Figure 11. Convergence characteristic graph of the objective function z (31) for Case IIL.
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Figure 12. Convergence characteristic graph of the objective function z (32) for Case IIL.
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Table 11. Comparison of the optimized TMS with the literature for Case III.

TMS TPSM [44] CPSO! FA [24] CFA [24] CPSO 2
TMS 1 0.069 0.069 0.032 0.032 0.069
TMS 2 0.025 0.0160 0.0160 0.047 0.0160
TMS 3 0.069 0.069 0.121 0.091 0.069
TMS 4 0.025 0.0160 0.0160 0.0160 0.0160
TMS 5 0.0499 0.0499 0.104 0.094 0.0499

Top z (s) 2.27 217 1.73 1.63 0.7291

! For the objective function mentioned in Equation (31); 2 for the objective function mentioned in Equation (32).

Table 12. Comparison of the total net gain in time achieved by the proposed algorithm compared with
the literature for Case III.

Net Gain YA@®)s
CPSO ' /TPSM 0.10
CPSO 2/FA 1.01
CPSO 2/CFA 0.91

! For the objective function mentioned in Equation (31); 2 for the objective function mentioned in Equation (32).

4.4, Case IV

In this case, a multi-loop system with six overcurrent relays and with negligible line charging
admittances is considered, as shown in Figure 13. A set of various primary and backup relays are
designed which are subject to the locations of the various faults. These configurations are contingent
on the path of the fault current in the different feeders. The line data of the system are shown in
Table 13. Four different fault positions are considered. The primary and backup relationships of the
relays for the four fault points are given in Table 14. The CT ratios and plug setting are illustrated
in Table 15. The a, constants currents seen by the relays for the different fault locations are given in
Table 16. In this case study the total number of constraints is eleven; six constraints emerge as a result
of the boundaries of the relay operation and five constraints emerge as a result of the coordination
condition. The MOP of each relay is 0.1, while the range of the TMS is 0.025-1.2, except x; which
is 0.027. The CTI is 0.3 s. The TMSs of all six relays are x1—x¢. The optimal operation of the relays
as achieved by the proposed algorithm is given in Table 17, which also provides the comparative
results of the proposed algorithm with a previous optimization algorithm explained in the literature.
According to Table 18, the proposed algorithm achieves a better solution for this case.

D Bus 3
Load

Figure 13. A multi-loop distribution system.
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Table 13. Line data for Case IV.

Line Impedance ()
12 0.08j1

2:3 0.08 +1

1-3 0.16 + 2

Table 14. Primary and backup relationships of the relays for Case IV.

Fault Point Primary Relay Backup Relay
A 1,2 -4
B 3,4 1,5
C 5,6 -3
D 3,5 ’

- Indicates no back up relay.

Table 15. CT ratios and plug settings of the relays for Case IV.

Relay CT Ratio

1 1000/1 1
300/1
1000/1
600/1
600/1
600/1

Plug Setting

QN Ul = W N
e

Table 16. a, Constants and relay currents for Case IV.

Relay
Fault Point
1 2 3 4 5 6
A Irelay 6579 313 - 1.565 1.565 -
ap 3.646  6.065 - 1555 1555 -
B Irelay 2193 - 2193 2193 2193 -
ap 8.844 - 8.844 8.844 8.844 -
c Irelay  1.096 - 1.096 - 5482  1.827
ap 75.91 - 75.91 - 4.044 11.539
D Lrelay — 1.644 - 1.644 - 2.741 -
ap 13.99 - 13.99 - 6.872 -

Table 17. Comparison of the optimized TMS by the proposed method with the literature for Case IV.

- Indicates the fault is not seen by the relay.

TMS CGA 9] FA [24] CFA [24] CPSO
TMS 1 0.0765 0.027 0.027 0.0589
TMS 2 0.034 0.130 0.221 0.0250
TMS 3 0.0339 0.025 0.025 0.0250
TMS 4 0.036 0.025 0.025 0.0290
TMS 5 0.0711 0.489 0.363 0.0630
TMS 6 0.0294 0.0285 0.029 0.0250

Top z (s) 15.88 16.25 14.39 11.87
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Table 18. Comparison of the proposed method results with the literature for Case IV.

Method Objective Function

CGA [9] 15.88
FA [21] 16.25
CFA [21] 14.69
Proposed
CPSO 11.87

The objective function for minimization can be defined as:
z = 102.4x1 + 6.06x3 + 98.75x5 + 24.4x, + 35.31x5 + 11.53x4
The constraints that emerge because of the MOP of the relays are:
3.646x; > 0.1
6.055x, > 0.1
8.844x3 > 0.1
8.844x4 > 0.1

4.044x5 > 0.1
11.539x¢ > 0.1

(42)

(43)

(44)
(45)
(46)
(47)
(48)

The constraints explained by Equations (44)-(48) violate the constraints of the minimum value of
the Time Multiplier Setting (TMS). All the TMSs should be greater than 0.025. Hence, these constraints

are rewritten as:
xp > 0.025

x3 > 0.025
x4 > 0.025
x5 > 0.025
x > 0.025

The constraints that emerge as a result of coordination are:
15.55x4 — 6.065x, > 0.3
8.844x1 — 8.844x3 > 0.3
8.844x5 — 8.844x4 > 0.3

75.91x3 — 11.53x¢ > 0.3
13.998x; — 13.998x3 > 0.3

(49)
(50)
()
(52)
(53)

(54)

(55)
(56)
(57)
(58)

The objective function was solved using a continuous particle swarm algorithm. As can be seen in
Tables 17 and 18, the proposed method achieves a satisfactory solution as compared to other methods.
The values shown in Table 17 prove that the relays will operate in the minimum possible time for a
fault at any point in the system, and will also maintain coordination. The time taken by relay 1 to
operate is the minimum possible time for the fault at point A, while it will take maximum time for
the fault at point C. This is desirable, because for the fault at point A, relay 1 is the first to operate,
whereas for the fault at point C, relay 6 should be the first to operate. If relay 6 fails to operate then
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relay 3 should take over the tripping action, and if relay 3 also fails to operate only then should relay 1
take over the tripping action. The proposed algorithm gives an optimal solution and optimized total
operating time up to the optimum value. Figure 14 depicts a graphical representation of the optimized
Time Multiplier Setting compared with the literature. The convergence characteristic for the total
operating time obtained for Case IV during the simulation is shown in Figure 15, which demonstrates
that the convergence is faster and achieved a better value for the objective function in fewer iterations.
The total net gain in time achieved by the proposed algorithm is shown in Table 19, demonstrating the
superiority and advantages of CPSO over the techniques mentioned in the literature.

0.8

0.7

0.6

0.5

T™MS

0.4

0.3

0.2

0.1

0
1 2 3 4 5 6 sum of TMS

Relay No " CGA™ FA ™ CFA® CPSO
Figure 14. Graphical representation of the optimized TMS compared with the literature for Case IV.
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Figure 15. Convergence characteristic graph for Case IV.
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Table 19. Comparison of the total net gain in time achieved by the proposed algorithm compared with
the literature for Case IV.

Net Gain YA(t)s
CPSO/CGA 3.242

CPSO/FA 4.348
CPSO/CFA 2.82

5. Discussion

The CPSO algorithm was used to evaluate the overcurrent relay coordination problem.
The proposed algorithm has a high search capability and convergence speed as compared to other
optimization techniques, and these characteristics make the population member of the CPSO more
discriminative in finding the optimal solution than that of other optimization techniques. The case
studies presented in this paper have also been evaluated by GA, CGA, FA, CFA, DSM, SM, and TPSM
optimization algorithms, with several different initial conditions and parameter values as shown in
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the literature, and an improved optimal solution was observed from the proposed CPSO algorithm
compared to these other algorithm options. The optimum relay coordination problem is basically
a highly constrained optimization problem. As CPSO can solve constrained and unconstrained
optimization problems, the relay coordination problem has been converted into an unconstrained
optimization problem by defining a new objective function (using the penalty method) and by using
the boundaries on the TMS (and boundaries on the relay operating time) as the limits of the variables.
A systematic procedure for converting a relay coordination problem into an optimization problem has
been developed in this paper. A program has been developed in MATLAB for finding the optimum
time coordination of relays using the CPSO method. The program can be used for setting the optimum
time coordination of relays in a system with any number of relays and any number of primary-backup
relationships. The TMS and total operating time of relays obtained for all case studies by the proposed
CPSO algorithm ensured that the relays will activate in the minimum possible amount of time for
a fault at any point in the system. However, if the number of relays is increased the nature of the
highly constrained problem becomes more distinct. Therefore, an accurate optimum relay coordination
minimizes the total operating time as well as reduces and limits the damage produced by the fault.
Unwanted tripping of the circuit breaker can also be bypassed by this method. The convergence
characteristic graphs obtained during simulations show that the convergence is faster and obtains a
superior solution for the fitness function “z” in fewer iterations. The CPSO algorithm is superior to
the GA, DSM, TPSM, FA, CFA, and CGA algorithms, as shown in Tables 4, 9, 12 and 19. The CPSO
algorithm gains 1.58 s and 1.44 s over the GA and DSM algorithms in Case I, and although this may
appear insufficient it should be noted that it is a very small system. In Case II the CPSO algorithm
gains 31 ms over the CGA algorithm. In Case III the CPSO gives an advantage of 1 ms over the
TPSM and 1.01 s and 0.91 s over the FA and CFA algorithms, respectively. In Case IV the CPSO
algorithm gives an advantage of 3.24 s, 4.34 s, and 2.82 s over the CGA, FA and CFA algorithms.
For Case IV this advantage is sufficient given that it is a very small system, as it can be clearly seen
from Tables 4, 9, 12 and 19, and from Figure 5, Figure 8, Figure 11, Figure 12, and Figure 14 that the
proposed method is superior to the recent published techniques mentioned in the literature in term of
the quality of the solution, convergence, and minimizing the objective function to the optimum value.
The proposed method additionally addressed the weaknesses of the previous methods.

6. Conclusions

This paper proposed a CPSO algorithm based on inspirited swarm behavior associated with fish
schooling and bird flocking. The overcurrent relay coordination problem was pursued using the CPSO
algorithm for the various test systems. The prolificacy of the CPSO algorithm has been determined and
tested on various single end multi-loop distribution systems, by analyzing its superiority compared
with GA, SM, DSM, TPSM, CGA, FA, and CFA published techniques. The simulation results of the
CPSO algorithm efficiently minimize all four models of the problem. The efficiency of the CPSO can be
observed from the minimum function evaluations required by the algorithm to reach the optimum as
compared to the CGA, FA, CFA, GA, and TPSM algorithms. The CPSO contributes a new approach for
clarification as one of its distinctions is the generous field of research considering the characterization
of fish schooling and bird flocking. The simulation results acknowledge the supremacy of the proposed
CPSO algorithm in solving the overcurrent relay coordination problem. In future work, this algorithm
can be extended to solve overcurrent relay problems of higher buses and complex power systems.
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Abstract: In the three-phase four-wire system, there are usually multiple grounding points in the
primary neutral line due to safety and economic considerations. The rising “neutral to earth voltage
(NEV)” caused by a broken primary neutral can threaten the safety of nearby facilities and humans;
therefore, the integrity of the primary neutral conductor is of vital importance for the multi-grounded
neutral (MGN) system. In this paper, a new passive method is proposed to monitor the integrity
of the primary neutral line in the MGN system. The method is based on the measured voltage
and current data at the service transformer, and there is no need to install any signal generators.
Therefore, it causes no disturbance to the utility and customer. In the paper, the equivalent analysis
circuit is established and a new parameter is proposed to reflect the neutral condition. The value
of the parameter is estimated based on the measured data, and then, the equivalent impedance of
the primary neutral groundings can be obtained. On the other hand, the impedance value for the
primary neutral under normal operating conditions can be estimated based on the derived analytical
formulas. By comparing the monitored primary neutral impedance with its normal value, the broken
neutral condition in the primary system can be detected. Different primary neutral broken cases are
analyzed in the paper based on the Monte Carlo simulation. The results indicate that the integrity
condition in the primary neutral can be accurately monitored by the proposed method.

Keywords: primary neutral integrity; multi-grounded neutral (MGN) system; neutral integrity
detection; passive method

1. Introduction

Nowadays, the three-phase four-wire multi-grounded neutral (MGN) system has been widely
adopted in many utilities due to its lower installation costs and higher sensitivity of fault protection
compared with the three-phase three-wire system [1,2]. Since the primary neutral line is grounded
through multiple points, the unbalanced current in the system will flow through the neutral into the
earth, which can produce neutral to earth voltage (NEV) at the customer side. Especially, when the
MGN network experiences a broken neutral or loose-connected neutral, more current will be forced
into the ground, resulting in a rising NEV [3,4]. The NEV is very harmful to the safety of nearby
facilities and humans [5,6]. Therefore, in order to guarantee that the MGN system works safely and
efficiently, it is necessary for the utility to routinely monitor the neutral integrity condition of the MGN
primary system.

Due to the complicated construction of the MGN system, the detection of the primary neutral
integrity is not a trivial task. There is not even an accurate model for the multiple neutral grounding
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systems, and the impact of the primary neutral is either merged into the phase wires or directly
neglected in order to simplify the simulation of an MGN system. From 2000, a full-scale model for the
MGN distribution system was introduced in [1]. However, in this method, the multiple grounding
electrodes were represented by only one node. Other research about the MGN system mainly focuses
on the power flow analysis or ground fault analysis [7-11], and the research on the broken neutral
integrity monitoring is relatively little. Some researchers have proposed the method of measuring the
primary neutral impedance, such as “fall of potential”-based methods [12] and “staged fault”-based
methods. However, for these methods, it is difficult to find a “true” ground to measure the voltage in
order to calculate the primary neutral impedance. Moreover, once the soil conditions and some other
conditions are changed, the potential electrode has to be relocated [13-15]. In [16], an active method
based on the disturbance generated by a signal generator is proposed to reflect the neutral condition.
This is generally a good detection method for the primary neutral condition, but usually, the customers
are reluctant to install signal generators at their homes, which is needed for the active method.

In this paper, a new passive method to monitor the primary neutral integrity is proposed. Rather
than directly measuring the primary neutral impedance, it is proposed to estimate the primary neutral
condition based on the measured primary and secondary neutral current at the monitored transformer.
There is no need for the method to install any devices or proxy loads to generate the disturbance signal;
therefore, the method causes no disturbance to the utility and customer. In the paper, a parameter is
first proposed to reflect the condition of the primary neutral. The actual value of the parameter can
be estimated based on the measured neutral current. Then, the equivalent impedance of the MGN
system in the primary side can be calculated. The theoretical value of the equivalent impedance can
be calculated based on the system parameters under normal operating conditions. By comparing the
monitored primary neutral impedance with its normal value, the condition of the multi-grounding
neutral in the primary system can be determined.

The remainder of the paper is organized as follows: Section 2 illustrates the proposed passive
method. Section 3 introduces the data selection criteria for calculating the proposed parameter and
further summarizes the flowchart of the proposed method. Section 4 verifies the validity of the
proposed method by using the Monte Carlo simulation. Finally, the conclusions of the paper are given
in Section 5.

2. The Proposed Primary Neutral Monitoring Method

2.1. Establishment of the Equivalent Analysis Circuit

The single-line diagram of a typical three-phase four-wire system with multiple primary neutral
groundings is shown in Figure 1. The neutral line in the primary system is grounded at multiple
electrodes along its route. For the North American power system, there are usually at least four
grounds per 1.6 km [17]. The primary neutral and secondary neutral are often tied at the service
transformer grounding, as shown in Figure 1. Here, for simplification, only one phase of the
distribution transformer is depicted. The loads in the transformer secondary side are represented by
customer houses. Generally, one service transformer supplies dozens or hundreds of individual houses
depending on the community size. At the transformer secondary side, the neutral is grounded via the
grounding resistance at the service panels of the customer. In Figure 1, Rt represents the transformer
grounding resistance, and R represents the customer grounding resistance. Under normal operating
conditions, the current flowing in the neutral line of the MGN system is mainly caused from the
unbalanced utility loads and customer loads, and the flow of current is shown in Figure 1. In Figure 1,
the green line represents the unbalanced current caused by the unbalanced customer loads, and the
red line represents the unbalanced current caused by the unbalanced utility loads.
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Figure 1. The single line diagram of the three-phase four-wire multi-grounded neutral system.

In order to analyze the neutral current at the transformer primary and secondary side,
an equivalent circuit is first established, as shown in Figure 2. The transformer primary system
is equivalent to be a Thévenin circuit represented by Vp and Zs, where Vp is the phase to neutral
voltage and Zg is the equivalent impedance for the primary system. Zy;gn represents the equivalent
impedance of the primary multiple groundings. The derivation process for the value of Zyicy will
be discussed in the next subsection. Z;, represents the equivalent customer loads between the hot
wire 2 and neutral; Z, represents the equivalent customer loads between the hot wire b and neutral;
Z,p, represents the equivalent customer loads between the hot wire a and b. Z;, is the impedance of the
neutral line in the transformer secondary side, and Zj), is the distribution line impedance. In Figure 2,
the current flowing in the primary neutral is labeled as Iy, and the current flows in the secondary
neutral are labeled as I;;s. I, V,; and I, V), represent the phase current and voltage of the secondary side.
Ip represents the current in the transformer primary side, and Iz, represents the grounding current
of the transformer. The unbalanced current in the transformer secondary side is labeled as I,;, g in
Figure 2.

e, Zg p loa Zop
2 o

4
gJa 7 [ubS an

n % .

VP Vv 4_'———1—4— Zab

4
N, bI Ip,b L | L

I”P-Ins J'+

Figure 2. The equivalent analysis circuit for the multi-grounded neutral (MGN) system.

Suppose that the neutral current is totally caused by the customer, and the utility has no
contribution. According to Figure 2, there are two circulation paths for this unbalanced current
caused by the customer loads. One part of it flows through the secondary neutral line and then back to
the customer loads. The other part flows into the ground through the customer grounding Rec and
then flows from the earth to the transformer grounding Rt and primary grounding Zyscn. This neutral
current further circulates back to the transformer secondary neutral.

231



Energies 2017, 10, 380

According to the above descriptions, the equivalent circuit for the neutral current circulation
can be simplified as shown in Figure 3. In the figure, the current source Ij; is determined by the
unbalanced voltage V; and the equivalent load impedance Z;, which is caused by the imbalance of
the two single-phase loads (Z;, and Zy,). The analytical formulas to calculate Z;; and I;; are given in
Equations (1) and (2).

Zan X Z n
ZU = Zan//an = ﬁ (l)
Iy =Vu/Zu (2
—— —
]nsiC I J [U
sn C
")
e (] al] @y
1R,7C RT
ij Zy
Z

Figure 3. The equivalent analysis circuit for the unbalanced current totally caused by the customer.

Vi is the equivalent unbalanced voltage source, which can be calculated based on the transformer

secondary rated voltage Vy.
Zyy — Zan

" Zan+ Zpn

In Figure 3, Iy, ¢ represents the current flowing through the secondary neutral line, and I,;s ¢
represents the current flowing into the ground through the customer grounding impedance Rqc.
The current I ;5 ¢ is split into two parts as Igr_c and Iy, _c. The subscript C in each variable represents
that the neutral currents are caused only by the customer. Based on Figure 3, it can be seen that the
current flowing in the neutral of the primary system I, ¢ can be calculated by Equation (4).

Vu X Vy (3)

R
T Ins C (4)

Lpc= -
"C T Rr+ Zmon "

Here, a parameter g is introduced, which is shown in Equation (5).

Rt

_ S 5
8 Ry + ZpmeN ©)

It can be seen that the value of parameter g is determined by the transformer grounding impedance
Ry and the primary neutral equivalent impedance Zycy. For an MGN system, the transformer
grounding resistance Rt is usually constant. Therefore, the value of g is mainly determined by the
equivalent neutral impedance Zycn of the primary system. If the primary system neutral is broken, the
equivalent impedance Zyjgn should increase, and the value of parameter g should decrease. Therefore,
the variation for the value of parameter g can be used to reflect the primary neutral condition.
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2.2. Impedance Determination under Normal Operating Conditions

Under normal operating conditions, the value of transformer grounding impedance Ry can be
estimated based on the substation database. The value of impedance Zcn can be determined based
on the following procedures.

The primary neutral line of an MGN system is naturally a ladder network, as shown in Figure 4,
where zp, is the primary neutral conductor impedance between two grounding poles. R¢y, represents
the pole grounding resistance. Zj() and Zjg(k,1) represent the equivalent impedance for the multiple
grounding system with k or (k + 1) grounding poles, respectively. The equivalent impedance of a
ladder network with (k + 1) grounding poles can be calculated according to Equation (6) [18].

Z1adk)Rgn
Zigd(ky1) = m + Zpn (6)

r— r—
| z | z z z

pn z
| Ry, | Ry, R Ry R

Zoair =Vt = = = =
I_Iad(k+1) I__()

Figure 4. The equivalent circuit of multi-grounding neutral ladder network.

For the ladder network shown in Figure 4, a ladder network has the property that after certain
more parallel networks are added, the change in the equivalent impedance becomes insignificant;
therefore, when the number k is sufficiently large, Zaa() ~ Ziad(k+1)-

Then, Equation (6) can be expressed as Equation (7).

~ Ziaak)Rgn

=02 4, @)
Zlud(k) + Rgn pn

Ziad(k)

After certain rearrangement of Equation (7), Equation (8) can be obtained:

2 _
Zlad - anZlad - anRgn =0 ®)
Zigg = %(an + \/me + 4anRgn)

The subscript (k) is omitted for simplicity in Equation (8). The positive root of Zj,; is the equivalent
impedance of the ladder network; thus, Equation (9) is derived.

1
Zigd = E(an + 4/ Z%” + 4anRgn) )

Since the neutral conductor impedance zp; is much smaller than Rg,, Equation (9) can be

simplified to Equation (10).
VAPES \/ anRgn (10

The impedance calculation result based on Equation (10) is compared with the results
from Equations (6) and (9) for an example system. The parameters for the MGN system are:
zpn = (0.0427 4-j0.0961)Q2 and Ry, = 15 Q. The estimation results for the equivalent impedance
of the ladder network are shown in Figure 5. It is apparent that the equivalent impedance of the ladder
network reaches a constant value when the length of the ladder network is larger than 1000 m.
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Figure 5. The system equivalent impedance versus the neutral line length.

The neutral system seen from the transformer primary node N (referring to Figure 2) can be
equivalent to the circuit shown in Figure 6. It can be seen that, from the transformer connection point N,
the multi-grounding primary system can be seen as two parallel ladder networks, labeled as Z;,4; and
Za42- The equivalent impedance of each network can be estimated by Equation (10). Additionally, the
equivalent primary system impedance seen from the transformer connection point can be calculated by
the parallel connection of Zj,y1 and Zj,4» according to the analytical formula shown in Equation (11).

1
ZMGN = Ziain/ / Ziado = \/anRgn//\/anRgn = E\/anRgn (11)
Ziadn Ziad2
ZF” z pn N z pn Zpn ZMGN
{1 {1 L 2 {1 ﬁ 4 »
Rgn Rgn Rgn R on Rgn Rk'"? : to
| 1 | 1 ! jtransformer
= = = to = = = = ad .

transformer

Figure 6. Estimation of Zy;gy under normal operating conditions.

2.3. Impedance Determination Based on the Measurement Data

Referring to the multi-grounding system shown in Figure 2, the neutral current in the primary
system is caused simultaneously by both the utility and customer; therefore, the primary neutral
current Iy, can be divided into two parts, as shown in Equation (12).

Lnp = Inp_u + Inpr (12)

Lip_u is the primary neutral current caused by the utility, and I, c is the primary neutral current
caused by the customer. Similarly, the neutral current in the secondary system I;;s is also composed of

two parts, Iy and ;s c.
Ins = Ins u + Ins ¢ (13)

Bring Equations (4) and (5) into Equations (12) and (13), the following relation can be derived.

Lip = Inp_u + g(Ins - Ins_U) (14)
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Based on the measurement data of two consecutive time instants t; and t,, Equation (14) can be
rewritten as Equations (15) and (16).

Inp,] = Inp_u/l + g(lns/] - Ins_U,l) (15)

Inp,Z = Inpfu,z + g(Ins,Z - Inst,Z) (16)

Subscripts 1 and 2 indicate that the data are for time instants ¢, and #,, respectively. Subtracting
Equation (15) from Equation (16), then Equation (17) can be obtained.

Alyp = Ay + §(Alus — Alys_ur) 17)

Here, A is used to indicate the difference between the values of each variable at different time
instants. From Equation (17), it can be seen that, if the utility causes no variation to the neutral current,
Alyp_u and Alys y will both equal zero. Equation (17) can be further simplified to Equation (18);
therefore, parameter g can be calculated by Equation (19).

ALy = gALg (18)
_ Alnp
§=p (19)

Therefore, the variation of I, and I;s can be used to estimate the value of parameter g.
Furthermore, based on the estimated parameter g, the primary neutral impedance Zyicn can be
estimated from Equation (20) according to Equation (5).

—8

1
ZMGN = X Rt (20)

2.4. Determination of the Primary Neutral Condition

Under normal operating conditions, the equivalent impedance Zycy of the primary neutral
system can be calculated according to Equation (11). The actual value of Zyicy can be estimated
based on the procedures shown in Section 2.3. When the primary neutral line is loosened or
broken, the equivalent impedance of the primary neutral conductor Zy;gn should increase. Therefore,
by monitoring the value of Zcy, the condition of the primary neutral integrity can be known.

In the actual application, data acquisition devices can be installed at the service transformer,
and the neutral currents I;;, and I;;s can be monitored continuously. Therefore, parameter g can be
estimated according to Equation (19) based on the variation of the neutral current. The transformer
grounding impedance can be known based on the substation data, and then Zyjcx can be estimated by
Equation (20).

A sensitivity coefficient SC is proposed to evaluate the discrepancy between the monitored Zygn
and theoretical ZygN-

sC = 1ZMoNm = ZuoN il | 4009, (1)
|Zmon 4

where Zygn ¢ is the theoretical value of Zy;gy obtained from Equation (11), which represents the
primary neutral impedance of a normal operating system; Zyicn , is the monitored value of Zygn
based on Equation (20), which can reflect the actual condition of the primary neutral groundings.
Under normal operating conditions, the monitored parameter Zygn ,, should equal its theoretical
value Zygn +, and SC should be of a value nearly of zero. If there is a neutral broken problem
happening at the primary side, the value of Zyign  will increase. Referring to Figure 1, it is known
that the nearer the neutral broken point to the monitored transformer, the larger Zscy and the larger
SC. Therefore, the value of SC not only reflects the primary neutral condition, but also reflects the
distance of the primary neutral broken point to the monitored service transformer.
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3. Data Selection Criteria

The derivation of Equation (19) is based on the assumption that the neutral current variation is
totally caused by the customer and the utility has no contribution. Actually, under most situations,
the variation of neutral current is caused by both the utility and customer. Therefore, in order to use
Equation (19) to estimate parameter g, the data corresponding to the variation of load should be first
selected out.

Under normal operating conditions, the neutral current caused by the utility is mainly due to the
unbalanced loads in the system. In order to guarantee that there is no contribution of the utility to the
neutral current variation, the load at the primary side should remain constant. On the other hand, in
order to select out the data that corresponds to the variation of customer load, there should be enough
variation in the phase 2 and phase b loads of the monitored transformer. In summary, in order to select
out the proper data, the following data selection criterion should be satisfied: (a) variations of the
sum power consumed by customer side loads have to be small enough; therefore, the neutral current
caused by the utility can be neglected; (b) the individual variations for the transformer secondary
single phase power P; and P, should be large enough in order to guarantee that enough neutral
current disturbances can be generated by the customer load. Moreover, the time interval between two
consecutive sampled data should be short enough in order to further assure that the current variation
caused by the primary side is small. The data that can satisfy the above criterion are selected out, and
then, the time instants corresponding to these data are determined. Since the estimation of parameter
g is based on the variation of neutral current in the primary and secondary neutral, the neutral current
data corresponding to the above time instants are further selected out and used for the parameter
estimation according to Equation (19).

In practice, many groups of neutral current Al,, and Alys can be selected out according to the
above data selection criterion. Assume that there are N groups of neutral current that can meet the
above requirements, such as (Alys1, Alup1), (Alus2, Alup2), -+ ) (Blusi, Alypi), o (Dlus N, Alup,N)-
According to the least square method, parameter g can be estimated based on the selected datasets as
shown in Equation (22).

(AInp,i - ATnp)(AIns,i - ATHS)
g=" N (22)

= \2
'Zl (Alns,i - AIns)
i=

Tt

where subscript i indicates the i-th selected data, and AI,W = Z Alypi/N, Al = Z Alsi/N.

After obtaining the value of parameter g, the equlvalent 1mpedance for the primary
multi-grounding Zygn »n can be estimated, and the sensitivity coefficient SC can be determined
according to Equation (21). Parameter Zy;cn » can be estimated at a certain time interval based on
the continuously monitored data, and thus, the value of SC can be updated for each time period.
The broken or loosened problems happening in the primary neutral line can be reflected by the
variation of SC. A threshold value (TV) to evaluate the variation of SC should be set beforehand based
on the parameters of the power system. If SC is less than TV, this indicates that the condition of the
primary neutral system is good. Otherwise, one should check the primary neutral condition near the
monitored transformer.

To summarize, the estimation flowchart of the proposed method for the monitoring of the primary
neutral integrity is presented in Figure 7.
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Figure 7. Flowchart of the proposed method for monitoring the primary neutral integrity.

4. Simulation Verification

In this section, the validity of the proposed method is verified based on the simulation studies.
There are three parts for the verification. Firstly, the validity of using the variation of neutral current to
calculate parameter g is verified based on the system shown in Figure 2. Secondly, Monte Carlo
simulation is set up to imitate a real distribution network that contains five residential houses.
The parameters g and Zygn are estimated, and SC is calculated based on the proposed method;
and the results are compared with their theoretical values. Finally, in the third part, the broken
primary neutral situations are simulated, and the proposed method is used to reflect the primary
neutral condition.

4.1. Validity Verification of Parameter g

The simulation system is constructed as the equivalent circuit shown in Figure 2. The system
is 60 Hz, and the capacity of the service transformer is 37.5 KVA. The rated voltage for the primary
and secondary of the step-down transformer is 14.4 kV and 120 V, respectively. Other parameters of
the system are listed in Table 1. The system is set up in MATLAB Simulink (The MathWorks, Natick,
MA, USA).

Table 1. Equivalent circuit parameters for the studied system.

# Parameters Values
Zs (Q)) 0.00249
Primary System ZnyiGN (Q) 0.4404
Rr (QY) 15
Rec (Q) 1.0000
Secondary System Zsn, Zsp Q) 0.0498, 0.0249
Zan, Zyn, Zap (Q) 20,12,10

237



Energies 2017, 10, 380

Based on the analysis in Section 2, it is known that the value of parameter g is influenced by
the primary system equivalent neutral impedance Zycy and the transformer grounding impedance
Rr. In order to verify the proposed method for systems under different neutral integrity conditions,
the following three scenarios are simulated.

Scenario 1: A normal operating condition of the system with Ry = 15 () and Zygn = 0.4404 Q.
Scenario 2: A broken primary neutral condition with Ry = 15 Q and Zygy = 7.5 Q.
Scenario 3: A transformer neutral broken condition with Ry = 150 Q) and Z,gn = 0.4404 Q).

The theoretical value of parameter ¢ can be calculated according to Equation (5). Additionally, for the
above three scenarios, the theoretical values of g are shown below.

iol: o — Ry — 15 —
Scenariol : § = /- = 570008 = 09715

Scenario2 : g = 151% = 0.6667
=0.9971

—r =
Rr+Zpen

N T _ 150
Scenario3 : g = Rr+ZmeN — 150+0.4404

Under normal operating conditions, parameter ¢ can be estimated based on the variations of
neutral current I;;; and Is. Additionally, the parameter calculation should be under the assumption
that the neutral current variation is caused only by the customer. Therefore, by adjusting the individual
load power in the two hot wires of the customer and at the same time maintaining the total load
power to be constant, many cases have been generated. Due to space limitation, the results for four
cases of each scenario are shown in Table 2. Based on the variation of the neutral current, parameter
g can be calculated based on Equation (19), and the estimation results of g are compared with their
theoretical value.

Table 2. Simulation data for the estimation of parameter g in three different scenarios.

# Parameters Case 1 Case 2 Case 3 Case 4
ival Zan (Q) 17 18 19 20
Equiva fntd Zin (Q) 13.4 12.9 124 12
customer loads Zay (Q) 10 10 10 10
S 01 Ins (A) 0.06277 0.08725 0.1113 0.1324
cenario Inp (A) 0.06098 0.08476 0.1081 0.1286
3 02 Ins (A) 0.01533 0.02131 0.02717 0.03233
cenario Ly (A) 0.01022 0.01420 0.01812 0.02156
s 03 Ins (A) 0.06230 0.08659 0.1104 0.1314
cenario Lup (A) 0.06212 0.08633 0.1101 0.1310

From Figure 8, it can be seen that the value of parameter g can correctly reflect the condition of
the neutral grounding system. For example, in Scenario 2, when the primary neutral is broken, Zy;cn
becomes larger, and the value of g should be less than its normal value. Correctly, the estimation
result of ¢ based on the variation of the neutral currents reflects this situation. In Scenario 3, when the
transformer grounding is broken, Rt becomes larger, and the value of ¢ should become larger than its
normal value. Again, the estimated result correctly reflects this situation. Moreover, the estimation
values of parameter g for all cases nearly overlap with their theoretical values. Therefore, analysis
in this section reveals that the proposed parameter g can correctly reflect the neutral condition in
the MGN system, and the method to estimate ¢ based on the variation of neutral current is valid
and accurate.
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Figure 8. Results comparison for parameter ¢ under three different scenarios.

4.2. Verification of the Proposed Method Based on a Typical MGN Network

A typical MGN network in North America is depicted in Figure 9. It contains a three-phase
25-kV MGN distribution system, a single-phase service transformer (14.4/0.12 kV) and five houses
connected in parallel in the secondary side of the transformer. The span of primary neutral between
two grounded points is 100 m [17]. The total length of the distribution line is 5 km. The distance
between two houses is 20 m. Since the residential loads of each house are time-varying during a day,
the Monte Carlo method is adopted to simulate this characteristic [19]. The Monte Carlo simulation is
performed to provide a realistic one-hour load behavior for the studied system. Then, the proposed
method can be verified based on the data provided by the Monte Carlo simulation.
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Figure 9. Single-line circuit for the typical MGN system.

Other parameters for the simulated system are listed in Table 3, where Rg; is the substation
grounding resistance (less than 1 )), Ry, is the pole grounding resistance, Zj;,1 is the primary phase
conductor impedance, zp, is the primary neutral conductor impedance, Rt is the transformer grounding
resistance, Rg. is the customer grounding resistance, Z;;;,2 is the secondary phase conductor impedance
and Z, is the secondary neutral conductor impedance.
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Table 3. System parameters of the Monte Carlo simulation.

Parameter Value
Rgs () 0.15
Rgn () 15
Ziine1 (Q/km) 0.2494 + 0.8782
Zpn (Q2) 0.04271 + j0.09609
Ry () 15
Rgc () 1
Zlinea (©2/km) 0.2028 + j0.0936
Zsu (Q/km) 0.5500 + j0.3650

Under normal operating conditions, the equivalent neutral impedance for the above MGN system
is estimated as follows.

1 .
ZMGN_+ = 51/ ZpnRen = 0.5265 +j0.3422 (23)
Therefore, the theoretical value of parameter ¢ can be calculated according to Equation (24).
=R _ 0.9656 — j0.0213 (24)
87 Rr+Zuons T

In the Monte Carlo simulation, the power flow of the system is calculated once every second,
so there are 3600 sets of data for the one-hour simulation time period. The datasets of the transformer
power are shown in Figure 10. P, and Pj, represent the phase 2 and phase b loads in the transformer
secondary side, respectively. (P, + Pp) is the total load in this phase of the transformer. S, represents
the total three-phase power for the whole transformer. The quantitative data selection criterion for this
system is summarized as shown in Equation (25).

A(Pa""Pb)/(Pu""Pb) <1%
ASy/Sp < 1%
AP,/ Py > 3%
AP,/ Py > 3%

(25)
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Figure 10. The powers and neutral currents of the transformer under normal operating conditions.
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Based on the proposed data selection criteria, the proper power data are selected out, and the
corresponding neutral current data are determined. The result of the estimated g is shown in Figure 11
according to Equation (22). Then, according to Equation (20), Zyicn i can be obtained, and the results
of ZpN_m and SC are shown in Table 4.

Figure 11. Results of the estimated g based on LSM.

Table 4. Estimation results of Zyicxn ,, and SC.

Parameter Value
ZpMGN_m () 0.5227 +j0.3616
ZpeN_t () 0.5265 + j0.3422

SC (%) 3.15%

From the results, it can be seen that, under normal operating conditions, the monitored ZyGn
matches the theoretical Zyign ¢ very well, and the value of SC is very small. This means that the
quantitative data selection criterion is proper and the proposed method is accurate to estimate the
equivalent primary neutral impedance Zy;gn under normal operating conditions.

4.3. Monitoring of the Primary Neutral Broken Condition

In order to verify the effectiveness of the proposed method to monitor the neutral condition in
the primary system, two different neutral broken cases are simulated. In the first case, the primary
neutrals at both sides of the transformer are broken. In the second case, only the primary neutral is
broken at one side of the transformer. Moreover, monitoring of the broken transformer grounding
neutral is also simulated. Furthermore, in this part, the sensitivity of parameter Zcy to reflect the
primary neutral condition is studied, and the threshold value of SC is proposed.

4.3.1. Broken Primary Neutral at Two Sides

Figure 12 shows the case that the primary neutrals are broken at both sides of the service
transformer. The distance between the broken Point A and the monitored transformer is greater
than 100 m and less than 200 m. The distance of broken Point B away from the service transformer is
less than 100 m. Under this condition, the primary neutral system changes from a ladder network to a
single point grounding system. Monte Carlo simulation is used to generate a realistic one-hour load
behavior for the system. The powers and neutral currents at the transformer primary and secondary
side are shown in Figure 13. The neutral current data that can meet the data selection criteria are
selected out, and parameter g is estimated shown in Figure 14 according to Equation (21). The estimated
value of parameter Zycn is shown in Table 5. The theoretical value Zicn ¢ under normal operating
conditions can be used as a reference to check the estimated Zygn , value. Then, the sensitivity
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coefficient SC can be calculated according to Equation (21), which is an indicator that can be used to
reflect the primary neutral integrity.
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Figure 12. Two broken neutral points at both sides of the monitored service transformer.
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Figure 13. The powers and neutral currents of the transformer for the two-side broken
neutral condition.
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Figure 14. Results of the estimated g based on LSM (two broken points).
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Table 5. Estimation results of Zyjgn ,, and SC.

Parameter Value
ZMGN_m (©) 13.0590 + j0.6512
ZpmcN_t () 0.5265 + j0.3422

SC (%) 2002.1%

From Table 5, it can be seen that the value of SC reaches a very high value of 2002.1%, which is a
good indicator that the primary neutral is broken near the monitored transformer.

4.3.2. Broken Primary Neutral at One Side
Figure 15 shows the condition that the primary neutral is broken at only one side of the service

transformer. The distance of broken Point A is greater than 100 m and less than 200 m from the
monitored transformer.

Figure 15. One broken neutral point near the monitored service transformer.

According to Equation (25), the proper neutral current data are selected out from Figure 16.
The parameter g can be estimated from the selected data, and the result is shown in Figure 17.
The theoretical values of Zyicn ¢ and SC are given in Table 6.

10 20 30 40 50 60

Time (min.)

Figure 16. The powers and neutral currents of the transformer for the single-point neutral-
broken condition.
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Figure 17. Results of the estimated g based on LSM (single broken point).

Table 6. Estimation results of Zyjgn ,, and SC.

Parameter Value
ZMGN_m (€2) 1.0216 + j0.5826
ZmaN_+ () 0.5265 + j0.3422

SC (%) 87.64%

Based on the results shown in Table 6, it can be seen that, when the primary neutral is broken
at only one side of the transformer, the estimated parameter Zy,gn ,, is larger than its normal value,
and the sensitivity parameter SC can reach a value of 87.64%, which can correctly reflect the broken
neutral condition in the primary system near this transformer. However, SC is smaller than the
two-broken-point case; this is reasonable since the neutral broken at two sides of the transformer is
more serious than the neutral broken at only one side of the transformer. By changing the distances
between the neutral broken point and the service transformer, the relationship between the broken
distance and parameter SC is analyzed, whose results are shown in Figure 18. Additionally, from the
results, it can be seen that, when the broken neutral is close to the transformer, SC is large. As the
distance between the broken neutral and the transformer increases, SC becomes smaller. This is
reasonable since the sensitivity of SC will get lower for the broken neutral happening far away from
the monitored transformer.

200 400 600 800 1000 1200 1400
Distance (m)

Figure 18. The relationship between the broken point distance and parameter SC.
Based on the analysis results, the threshold value of SC is suggested to be 10%, which also means
that the monitoring distance of one service transformer is about 1500 m. Additionally, if the distance

between two adjacent transformers is less than 3000 m, the primary neutral condition between these
two transformers can be under good monitoring.
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4.3.3. Broken Transformer Grounding

The proposed method can also be used to monitor the condition of the transformer grounding.
Theoretically, if the transformer grounding is broken, the transformer grounding resistance will
significantly increase compared with the normal situation. Therefore, based on Equation (5), it is
known that the value of parameter g should increase. Thus, by comparing the value of estimated g
and theoretical g, the neutral condition of the monitored transformer can be directly determined.

In this part, the situation of broken transformer grounding is simulated by setting the transformer
neutral resistance to 150 ohms. Figure 19 shows the variation of transformer secondary and primary
powers. Additionally, proper data can be selected out to calculate parameter ¢ from Figure 19.
The results of the estimated g based on the LSM method is g = 0.9880 — j0.0025.
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Figure 19. The secondary and primary side power for the transformer.

Therefore, the value of parameter g has increased compared with its normal value, as shown in
Equation (24) (g = 0.9656 — j0.0213). Therefore, the result indicates that there is a broken problem in
the transformer grounding.

5. Conclusions

A new method to monitor the integrity of the primary neutral in an MGN system is proposed in
this paper. The method is based on the measurement data at the service transformer. Therefore, it does
not need any signal generator and causes no disturbance to the utility and customer. The equivalent
impedance for the primary neutral can be estimated based on the monitored neutral currents at the
service transformer. By comparing the calculated value of the primary neutral impedance with its
theoretical value under normal conditions, the integrity of the multiple grounding neutral in the
primary side can be reflected. The method is verified based on an MGN distribution system using the
Monte Carlo simulation. From the simulation results, it can be concluded that the proposed parameter
can correctly detect the existence of a broken neutral in the primary system. Moreover, the method can
also be used to reflect the broken condition in the transformer grounding.
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Abstract: A Direct Current (DC) microgrid is a concept derived from a smart grid integrating DC
renewable sources. The DC microgrids have three particularities: (1) integration of different power
sources and local loads through a DC link; (2) on-site power source generation; and (3) alternating
loads (on-off state). This kind of arrangement achieves high efficiency, reliability and versatility
characteristics. The key device in the development of the DC microgrid is the power electronic
converter (PEC), since it allows an efficient energy conversion between power sources and loads.
However, alternating loads with strictly-controlled PECs can provide negative impedance behavior
to the microgrid, acting as constant power loads (CPLs), such that the overall closed-loop system
becomes unstable. Traditional CPL compensation techniques rely on a damping increment by the
adaptation of the source or load voltage level, adding external circuitry or by using some advanced
control technique. However, none of them provide a simple and general solution for the CPL problem
when abrupt changes in parameters and/or in alternating loads/sources occur. This paper proposes
a mathematical modeling and a robust control for the basic PECs dealing with CPLs in continuous
conduction mode. In particular, the case of the low voltage residential DC microgrid with CPLs is
taken as a benchmark. The proposed controller can be easily tuned for the desired response even by
the non-expert. Basic converters with voltage mode control are taken as a basis to show the feasibility
of this analysis, and experimental tests on a 100-W testbed include abrupt parameter changes such as
input voltage.

Keywords: robust control; DC-DC converter; constant power load; low voltage direct-current
residential microgrid

1. Introduction

A Distributed Generation System (DGS) can be understood as a flexible structure in the generation,
transmission, distribution and storage of electric energy [1]. Nowadays, it is a common practice to
use DGS in smart grids. A smart grid based on a DGS must have the following characteristics: (a) fast
response to load transients; (b) energy storage capability, which feeds electricity back to the grid from
the client. (c) self-control of power load demands; and (d) intensive use of small power generators
based on renewable energy sources [2].

A relatively novel and important kind of smart grid is the DC microgrid. The DC microgrid is
generally structured using DC renewable energy sources, for example fuel cells, photovoltaic panels,
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wind generators with a rectifier and energy storage systems (batteries) with an energy management
system, among others. A particularity of the DC microgrid with respect to the smart grids is
the integration of different power sources joined through a DC link and connected to local loads.
In addition, the energy source can be generated on-site in such a way that the microgrid achieves high
efficiency, reliability and versatility [3].

Today, there are numerous electronically-managed power loads that can be connected to the
DC-link of a smart grid, such as televisions, electric ovens, coffee makers, LED lamps, computing
equipment, among many others. However, it is necessary to mention that power electronics is the key
device in the development of a DC microgrid, mainly due to the use of PECs, which allow an efficient
power energy conversion between sources and loads. There are different kinds of PECs that can
be connected to a DC microgrid in order to reduce, invert or increase the desired /nominal DC-link
voltage, i.e., buck, boost, interleaved boost, positive buck/boost, forward, fly-back, half bridge and full
bridge converter, to name a few [4].

However, for this paper, a low voltage DC microgrid for building/residential applications similar
to the one proposed in [5] is considered as a benchmark. This arrangement is divided into three sections
as in the following description. The first one includes high power elements for common building
facilities (greater or equal to 538 V and 10 kW), including photovoltaic panels, wind generators,
fuel cells, among others. The second one relies on the medium power elements, which are usually
found in kitchen appliances and laundry rooms ([230,400] V, [0.4,10] kW). It is necessary to mention
that the current loading can remain similar to the 230-V AC system. However, the voltage can be
increased up to 400 V if a size reduction is needed. Finally are the low power loads, which include
devices located in bedrooms, living rooms and outdoor areas ([24,48] V, less than 0.4 kW).

It is well known that in a closed-loop scenario, the load can act as a constant power load (CPL)
for its source, producing a negative-rate varying resistance (known as negative impedance), which
destabilizes the system. Since the theoretical analysis complexity increases with this characteristic,
the development of different approaches to ensure the stability of the closed-loop system has been
encouraged. Traditional CPL compensation techniques rely on a damping increment by adapting
the voltage level of the source or the load, adding external circuits or by using advanced control
techniques. An interesting review of these approaches was reported in [6], which classifies the CPLs
into two groups, control approaches and auxiliary circuits/power buffer. In the first group, control
techniques such as feedback linearization, sliding mode, pulse adjustment and pole placement were
reviewed such that their main benefit is that they do not diminish the load performance. In the second
group, the instability problem seems solved; however, an auxiliary circuit is needed, increasing the
implementation cost and complexity; the overall system stability is omitted.

Another attractive survey can be found in [7] in which a review of the state of the art in the
performance and usual properties of DC microgrids connected to CPLs, stability approaches and
compensation methods were described. Recently, a novel discrete-time modeling and an active
stabilizer for PWM converters was proposed in [8]. This proposal allows performing the stability
analysis for the DC distribution systems with nonlinear characteristics. The authors reported that the
proposed discrete-time method could identify slow-scale and fast-scale instabilities and also a measure
of the sensitivity to some parameter change. The robustness of the proposal to filter the parameters’
variation was also studied. Finally, this proposal was numerically- and experimentally-verified.
Nevertheless, a formal analysis of the CPL case is not reported.

On the other hand, an active damping method was stated in [9]. In this paper, a variation of
the CPL in the system by attaching a supercapacitor-based energy storage system was proposed.
As a result, the CPL’s instability effects can be decreased by virtually increasing the resistive loads.
Numerical simulations and practical results were reported. The limitation of this proposal relies on
the extra components needed such as a supercapacitor and a bidirectional converter; besides, the
production of an energy consumption increase and a slow dynamics response are present.
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In contrast, [10] present a sufficient condition for the local stability of DC linear and time-invariant
(LTI) circuits with CPLs. A set of steps that should be met for the reported method was also proposed.
In order to validate their proposal, two cases were analyzed: a single-port DC RLC circuit with
a constant voltage input connected to an ideal CPL and a two-port DC circuit with a single constant
voltage input connected to two CPLs, both modeled as LTI systems. Likewise, in [11], a sum of
squares (SOS) technique for DC power networks with CPL was presented. In this paper, the region of
attraction of the system was estimated by using the SOS and a semidefinite programming algorithm.
Additionally, two methods were proposed and compared for the calculation of the region of attraction;
it was stated that a reduction of the estimation was achieved by increasing the degree of a Lyapunov
function. Furthermore, [12] reported a generalized method to algebraically analyze the stability of
DC distribution systems. The authors derive necessary and sufficient conditions for stability by
algebraically determining the system’s eigenvalues. Furthermore, an insight into the parameter’s
relationship with the DGS stability was presented. Numerical simulations were reported to validate
the proposed method, and unfortunately, practical results were not presented. Another interesting
approach was reported in [13]. In this paper, a load side compensation technique was proposed by
using a sliding mode (SM) approach. Additionally, a comparative study was performed with a PID
controller. Besides the good dynamic response achieved by SM, only numerical simulations were
reported. In [14], inner and outer control loops for higher order PECs, such as SEPIC, Cuk and Zeta,
connected to a CPL were proposed. For the inner loop, a virtual resistance, connected in series with
the input inductor, worked as an active damping stage. An integral controller was added in the
outer loop with the main aim to compensate the output voltage steady state error. In this paper,
the stability conditions for the equilibrium points and a validation given by numerical simulation
were reported. Practical experiments for a high order PEC were also reported. In [15], the DC
microgrid stability was analyzed for a known quantity of CPLs. In this paper, the problem was
formulated as a robust stability problem of a polytopic uncertain linear system and a set of sufficient
conditions to guarantee, at least locally, the robust stability. On the other hand, [16] investigated
the DC microgrid with a resistive-inductive load in a CPL scheme using a droop control. A stability
condition was discussed, and the corresponding stable region was obtained. Validation of the proposal
was reported by numerical simulations. Unfortunately, practical results on a test bed were not
reported. In [17], two controllers were proposed: the first an integer order and the second a fractional
order, for sliding mode controllers in a DC/DC boost converter feeding a CPL on a typical DC
microgrid scheme. Nonlinear sliding manifolds and stability were also researched, and numerical
simulations to compare their performance were reported. Nevertheless, practical results were not
reported. Further information can be found in [18]. Finally, in [19], the DC microgrid stability was
analyzed for a known quantity of CPLs. The problem was formulated as a robust stability one for
a polytopic uncertain linear system. A set of sufficient conditions to guarantee, at least locally, the
robust stability was obtained. Several numerical simulations were reported to show the effectiveness
and non-conservativeness of this proposal. Unfortunately, experiments were not performed.

From the previous paragraph, it can be noted that a large amount of research work has been done
to solve the instability problem imposed by the CPLs and that many methods have been proposed
to overcome the problem, but none of them provide a simple and more general solution for this
issue. In this paper, the mathematical modeling, the robust control and the stability analysis for the
basic PECs (buck, boost and buck-boost), even in a reconfigurable scheme dealing with CPLs and
parameter variation in continuous conduction mode (CCM), are presented to gain knowledge about
more complex configurations with CPLs. The reconfigurable converter presented in this paper is
a kind of PEC that can change its structure while the activity is going on (on-the-fly), providing a high
flexibility and increased operating range with few components; see, for example, [20-22].

The major contributions of the proposed approach are listed below:

e Robust stability against arbitrary (bounded) changes in source voltage, output power, inductance
and capacitance on the desired operating-point.
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e  Flexibility for use with the basic converters and even in a reconfigurable scheme.
e Low implementation time and cost.
e  FEasy tuning for a certain desired response.

This paper is structured as follows. In Section 2, a unified model for the buck, boost and
buck-boost PECs, in continuous conduction mode, voltage mode and current mode, is presented;
then, the instability with CPLs is analyzed. In Section 3, a feedback linearization is used to build
a linear parameter varying (LPV) system of the voltage-mode model. Robust stability against arbitrary
(bounded) changes in source voltage and output power are analyzed so that the nonlinear CPL
converter is stabilized on the desired operating point. In this section, a discussion is presented
regarding the advantages and limitations of this scheme. After that, a Taylor series linearization is
introduced for voltage and current mode; the latter in order to obtain the polytopic LPV representation
for both cases. The advantages of the polytopic LPV as a natural representation of the CPL converter
are highlighted. Subsequently, robust controllers are proposed in order to demonstrate analytically
the stability of the polytopic systems despite that the CPLs are alternated /switched. It is necessary to
mention that abrupt changes on CPL are a typical condition in renewable energy scenarios. In order
to illustrate the robust stability of the proposed controller, even under arbitrary (bounded) changes,
a 100-W testbed was implemented by using an inexpensive 100-W P-MOSFET and an 8-bit microchip
microcontroller. Representative experimental tests with CPL, while an output voltage stabilization is
reached, are presented in Section 4. Tests include parameter changes such as input voltage and CPL
alternating. In this section, a brief comparison with other proposals is given. In the last section of this
paper, final conclusions are given, which summarize the feasibility of the proposed model and control
strategy to be robust in CPL scenarios and to be implemented on a low-cost platform.

2. Modeling

In this section, the models of the unified PEC for voltage-mode control and for current-mode
control in continuous conduction mode are presented. That is, the mathematical models that are
presented are valid for buck, boost and buck-boost converters. As reported in [7,23], the PEC dynamics
for voltage and current control mode in discontinuous conduction mode with CPL are open-loop
stable, and they are not within the scope of this article.

2.1. Voltage-Mode Modeling

In a microgrid scenario, several CPLs are switched depending on client necessities; each load can
be modeled as a resistance with an additional current source parallel to its value of current, indirectly
proportional to the voltage and directly proportional to the value of the constant power dissipated.
A PEC provides adequate voltage/current levels to the CPL, but, since different voltage levels in the
DC-link are needed for different kinds of CPLs, a PEC is attached to each DC-link in such a way that
a cascaded configuration is structured. An example of such a configuration is shown in Figure 1.
For instance, a buck, a boost or a buck-boost converter stands for the PEC in the most common
scenarios. In order to consider any of the above PECs, even in an on-the-fly reconfiguration between
them, the reconfigurable PEC (RPEC) from [24] is used. This means that the following analysis is valid
for any of the mentioned configurations even if a reconfiguration is performed. Consider the RPEC in
Figure 2; each mode/reconfiguration can be modeled as follows.

The overall power demand is provided by one or more power supplies; however, this scenario
can be easily simplified from the point of view of each RPEC, considering that the power source is
a time-varying voltage/current source and that the load is a CPL (orange block in the figure) with
a piecewise constant level or even as a fast varying power level. In this study, the CPL is simplified
by a time-varying resistance with known bounds (known and bounded CPL levels); for instance,
with S1, S2 closed and S3 open, a buck converter is configured with a CPL in its output as shown
in Figure 3. In this figure, the schematics of a buck-type PEC with varying parameters are shown.
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The load resistance R(t) is indirectly proportional to a constant power value and directly proportional
to the square of the output voltage V,(t), and it can represent a set of CPLs. Since the objective is to
maintain V, (t) at a set-point level V, a voltage/duty cycle representation is obtained as follows.

Mazn[ —
DC-Linku‘@“l Rie) c:2
l =
' ~| j@) CPL 2

I
I
Source ! —

Hewe {0 Jen
|

[ :

|

I

Main CPL

Figure 2. Reconfigurable PEC of this paper.

Consider the nominal values for E(t) = ¢, L(t) = L and C(t) = C; note that later in this
paper, a design range for the variation of these parameters will be considered for the stability analysis.
Similar to [25], by comparing the particular dynamic systems’ descriptions with respect to the MOSFET
(M) state, with ideal components, a dynamic model is obtained:

di
LE:ude—Vo (1)
v, . P

=iy @)

where the time dependence is omitted for readability and u; € {0,1} is a discrete function that
represents the state of M with a 1 for closed and a 0 for open, in a high enough switching frequency
operation. Redefining the control variable 1, as a sufficiently smooth function taking values in the
compact interval [0,1], the averaged dynamic description that predicts the behavior of the PEC with
CPL is:

di
LE:L{E—VU 3)
v, . P

Ca Ty, )
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The C* differentiability property of the above system allows replacing Equations (3) in (4) to
obtain the voltage-mode PEC with the CPL mathematical description:

¥ =X 5)
. e 1 P
Y= 74— TeM + Cix%xz (6)

where x; = V, and x, = V.

M1 L®
Al Oy
b i

+
() e® DI/ O == Vo(®) lo(t)\L ng:%sz

Figure 3. Schematic of the buck converter with a constant power load (CPL).

From [24], the above mathematical representation is valid also for boost and for buck-boost
topologies depending on the u value, that is in a reconfigurable scheme. Three operation modes are
allowed, and each one of them is selected by a proper switching activation and by a pulse width
modulation (PWM) MOSFET activation:

1. 51,52 closed, S3, M2 open and PWM switching on M1, buck.
2. M1, 52 closed, S1, S3 open and PWM switching on M2, boost.
3. M2,53 closed, S1, S2 open and PWM switching on M1, buck-boost.

where the following is obtained:

e abuckPECif0<u<1
e aboostPECifu > 1
e abuck-boost PECifu < 0

and with the PWM duty cycle for buck (i), boost (if) and buck-boost (i7) calculated by:

e  buckduty-cyclefor0 <u <lisu =1
1
T-u

e buck-boost duty-cycle for u < 0is u = %

e  boost duty-cycle for u > lisu =

Note that a few extra components are needed for the reconfigurable on-the-fly topology.

On the other hand, it is known that the instability property of a nonlinear system can be inferred
from its linearization instability property (Theorem 4.15 of [26]). The linearization of (5) and (6) in
x1 = Vi, xp =0and u = uy is:

X=X (7)
2= feu—fen+ gt ®)
and it has the following transfer function:
x2(s) e

u@E) ~ LC2 -~ Phitd
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whose poles remain in the right-side complex semi-plane, even with no varying parameters, so that
the instability property can be extended to the nonlinear system. Therefore, technically there exists
the possibility of an output voltage drop for the open loop PEC with CPL even with time-invariant
parameters. In the following section, a nonlinear control law that stabilizes the (7) and (8) system, even
with varying parameters, is shown.

2.2. Current-Mode Modeling

From the dynamic system (1) and (2), it is easy to demonstrate that:

dl, I3 —il,
dt  CP (10)
di ue P
&AL LL b

with # defined as in the previous section. The C* differentiability property of the above system allows
replacing Equations (10) in (11) to obtain the unified mathematical description:

n=y (12)
R T 13)
Y2=7¢p Ty, T cpL " LC
where y; = I, and y» = I,. The linearization of (12) and (13) iny; = I, yo = 0 and u = uy is:
1=V (14)
. el euy 212 1 euyl
V2= ~epr" T ept T ep?* i T L 15
and it has the following transfer function:
I
Ya(s) y (16)

u(s) ~ CPLs? —2LIZs + uy

whose poles remain in the right-side complex semi-plane, in a way that the instability property can be
extended to the nonlinear system.

3. Controller Design and Stability

In the following, linearization is used in order to determine a linear parameter varying system for
a robust stability analysis. Firstly, a feedback linearization is performed in voltage mode, and after,
Taylor series linearizations are performed for voltage and current mode control. Once each linear
system is obtained, a simplice polytopic system is constructed that allows a stability analysis by means
of a common Lyapunov function, as well as appropriate values of the controllers” gains. Note that the
controllers are easy to implement for linearizations in Taylor series.

3.1. Feedback Linearization for Voltage-Mode Controller

Consider the system (5) and (6). A feedback linearization is performed in order to obtain a linear
polytopic system, with the main aim to demonstrate that it is robust against arbitrary parameter
changes. The feedback proposed is as follows:

u=—kyx; — (foz + k2> X 17)
1
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where k1, k; are controller gains; the system under the above controller action is obtained substituting
1 in the system (5) and (6):

X1 = X2 (18)
Fp = —apxp —apxp (19)
where:
k1€ +1
M =7 (20)
koe
e @1)

Selecting ki > 0 and k> > 0, one has that «y > 0 and a > 0.

Consider parametric variation within known ranges, denoted by an underline for the minimum
value and by an overline for the maximum value, as follows: e(t) € [ee], L(t) € [LL]
and C(t) € [g q. The linearized system (18) and (19) can be written as a polytopic, simplice
system [27]:

X = 01A1x 4+ 0Arx + 03A3x + 04 A4x (22)
where ® =01 +6,+03+65=1,0; > 0,0, > 0,63 > 0,04 > 0 (simplice) and:

0 1 0 1

& —

0 1
I Y]

o 1}. 23)

—ap —ap

, Az =

},andA;l—

That is, a1 is the minimum value of a; for the defined parametric variation ranges and similarly
for the other bound of a1 and the boundaries of a;. From [28], the quadratic stability of the system (22)
is ensured if it is quadratically stable with 6; = 1, with 6, = 1, with 63 = 1 and with 64 = 1:

Proposition 1. [28] The quadratic stability of the system (22) is equivalent to the existence of a P € R?*?
symmetric, positive definite matrix satisfying:

PA;+ ATP <0, Vi=1,..,4 (24)
where A; denotes the i-th vertex and - < 0 denotes a definite negative matrix.

That is, it is enough to demonstrate quadratic stability for all vertices; in fact, in such a case,
a common Lyapunov function (CLF) can be constructed from one of the vertices. With that objective,
from [26], every eigenvalue of the A;-th matrix must take a negative real value in order to determine the
quadratic stability of the vertex; it can be resolved that the second vertex conditions are the supreme,
and it is enough to accomplish (see Appendix A for a proof):

LC koe 2
6o (i) &
ko >0 (26)
to ensure the robust quadratic stability; so, it can be concluded that the proposed feedback

linearization (17) stabilizes the nonlinear system (5) and (6) if the gains k, k» are selected so that (25)
and (26) are met.
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3.2. Taylor Series Linearization for Voltage-Mode Controller

Although a direct feedback linearization can be carried out in order to nullify the nonlinear
term in (6), as described in the previous section, possibly time-varying and hardly-estimable terms
are involved, for example L(t). Instead of a direct feedback linearization, consider the Taylor-series
linearization (7) and (8) and consider once again known ranges for parameter variation, additionally
with Vi () € [KX,VX} as the output voltage operating point range, P(t) € [B, ﬁ] as the output power
range and the linear feedback u = —kzx; — ksxp. A polytopic, simplice system can be constructed as
in Section 3.1, [27]:

X = 91&%13( + Or 2t x + O3.9% + 0497 x (27)

where:

m—{ o1 },ﬂz—[ o }yfg—{ o ! },and%—{ ° } (28)
-0 —0 -0 —02 —01 —0 —01 —02

Following the same technique used in Section 3.1, it is easy to demonstrate that:

ek +1
= 2
o1 C (29)
k4€ P
0 = ic 7CVXZ (30)

where the ¢ boundaries are constructed with the boundaries of the parameter variation ranges as in
the previous section. The stability of all of the vertices is ensured if:

k3 >0 (31)
k46 F
_= — <2,/ 32
IC CV,? a (52)

It is worth mentioning that in this analysis, there is no restriction on the rate of change in the
parameters including the value of the constant power transferred to the load. Therefore, it can be
concluded that the proposed feedback, stabilizes the polytopic system (27) if the gains k3, k4 are selected
so that (31) and (32) are met. In order to accomplish these conditions, first select a k3 and calculate oy
to determine the maximum value of k4.

Note that several linearizations in different operating points can be performed to obtain a switched
polytopic system, and the global stability can be demonstrated by a CLF; however, it is not the objective
of this paper. Refer to [29] for a switched polytopic stability approach.

3.3. Taylor Series Linearization for Current-Mode Controller

In current-mode, a feedback linearization as in the case of voltage-mode is not possible due to the
squared current change (y3). In this case, a direct linearization of (12) and (13) in the operating point
y1 = I, y2 = 0, u = uy and variable changes z1 = y; — I, z» = y are performed:

Z1=12 (33)
euy 212 el

2= cpr T ep®2 T oL

u (34)
Consider u = ksz; + kezo where k3, ks > 0 are controller gains; the system (33) and (34) is now:

Zl =2 (35)
i3 = —71Z1 — 1222 (36)
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where:
_ ksel,  euy
T CpL T crL 67
 keel, 217
727 ¢cpL cp ©48)
Again, a polytopic system can be built as follows:
z= 191./412 + 192./422 + 193.A3Z + 194./442 (39)

where:

0 1 0 1 0 1 0 1
A = , Ay = _ |, A= _ ,and Ay = _ . o0
1 {—vl —72} ’ {—% —72] ’ [—% —vz}a“ ' {—% —72} “

For the quadratic stability of the system (39), every eigenvalue of the 4;-th matrix must take
a negative real value in order to determine the quadratic stability of the vertex. Calculating such
conditions for 1, y2 > 0, for all A; and for all the eigenvalues results in the controller gains conditions:

_ — o\ 2 o
PLC |1 (keel, 21 ey
ks > el, 4(PLC PCc PLC @D
2I°PLC
r
ke > er (42)

It is worth mentioning that, in this analysis, there is no restriction about the rate of change in
the parameters including the value of the constant power transferred to the load. Once again, it can
be concluded that the proposed feedback stabilizes the polytopic system (39) if the gains ks, k¢ are
selected in a way that (41) and (42) are met.

4. Experimental Behavior

In order to illustrate the robust stability of the proposed controller even under arbitrary (bounded)
changes, a 100-W testbed was implemented (Figure 4) for a buck topology (although simulations were
performed for a wide variety of tests including at high power ranges, such data are not presented
here; the interested reader can refer to the Data Availability Section at the end of the paper for PSIM
11 schematics and data). At the top is a low voltage power source that feeds the low control board
voltage at the bottom. In the middle are the power source and the electronic load from top to bottom.

Figure 4. Experimental testbed.
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The buck topology was selected due to lowering of the voltage, which is the most required
case for the LVDCdistribution system for building/residential applications. Indeed, it is required to
decrease the voltage from the main 375-V DC bus in the following cases: (a) loads with input rectifier
(325 V DC); (b) loads with pure resistive loads (230 V DC); (c) loads without protection against indirect
contacts (120 V DC); (d) light electronic appliance loads, based on the standard telecommunication
industry (48 V DC); (e) EMerge Alliance Occupied Space Standard loads (24 V DC); and (f) automotive
loads (12 V DQ).

4.1. Equipment

In Figure 5, the configuration of the testbed used to perform the demonstrative experiments is
shown. The PEC and PWM were built in a single PCB. The PCB that was built is shown in Figure 6.
The low cost of the PEC, the 8-bit Microchip microcontroller running at 20 MHz, sampling at 625 kHz
and the common 120-W P-MOSEET that were used, is worth highlighting. A programmable medium
power DC power source (1200 W), Model 9116 from BK PRECISION, was used for the input; this source
allows obtaining abrupt changes in output voltage and current. Additionally, a 600-W programmable
DC electronic load, Model 8510 from BK PRECISION, was used as the output; this device allows
setting a constant power (CPL) for some desired voltage or current and performs abrupt changes in
the power level on-the-fly. Two mechanical switches SL and SC were laid to perform abrupt changes
of the passive components of the PEC; that is, to connect/disconnect a parallel capacitor/inductor
(CP/LP) with C and L. The output current is measured with a Tektronix A622 current probe with
100 mV/A (1 A) connected to a four-channel oscilloscope; the input and output voltages are measured
by a direct connection to the oscilloscope.

Oscilloscope

Figure 6. PCB of the DC-DC converter and robust CPL controller.
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The parameter boundaries for this testbed were as follows: L € [22mH,24mH], C €
(0.9 uF,1.1 uF|, P € [45 W, 100 W], e € [80 V,100 V]. The voltage-mode robust controller (Section 3.2)
was selected for the experiments due to its implementational simplicity (no current measure is
performed to calculate the control output), such that controller gains that fulfill (31) and (32) were
tuned with V, = 48 V. That is, first, k3 = 3.5 > 0 was tuned to obtain a desired behavior, and with this
value, oq was calculated to determine the value of k4 that fulfills (32); in such a case, k4 results in a very
low positive value.

4.2. Procedure

In order to show the validity of the analysis of this paper, several tests were performed in the
testbed described in the previous section. The overall tests were performed at normal temperature
conditions (22 degrees for the room temperature and 40 degrees at the heat sink).

The first representative test consists of performing abrupt input voltage changes emulating a real
microgrid scenario. For a 100-W CPL the following sequence of input voltage changes was used: 90 V,
80V,70V,80V,90V and 100 V. The output voltage response is shown in Figure 7 in purple at the
bottom, while the input voltage is shown in blue at the top and the output current in yellow in the
middle. The CPL is maintained at 50 W at 48 V.

The second representative test consisted of CPL changes, that is the constant power load value
was modified in the following sequence: 50 W, 1 W, 80 W and 1 W, in order to recreate a scenario with
several CPLs in a changing ON-OFF condition with e = 80 V. No adverse effects were detected in
this test, as shown in Figure 8; again, the output voltage response is shown in purple at the bottom,
while the input voltage is shown in blue at the top and the output current in yellow in the middle.

The third representative test consisted of performing a capacitance abrupt change by connecting
a series capacitor of 3.9 uF with C through a switch (mechanical). The first 5 s (approximately) shown
in Figure 9 correspond to a 1 uF capacitance; then, the switch is turned on up to 10 sto increase the
capacitance to 4.9 uF, which is out of the design bounds. Note that the current ripple in the CPL
increases slightly since more current is needed to charge the capacitor; however, the CPL voltage
remains stable without transients. This procedure is repeated one time, as shown in the figure.

The fourth test consisted of performing an inductor abrupt change by a switch (mechanical).
A parallel inductor of the same nominal value (2.3 mH) is connected to L from zero to 5 s
(approximately) till the total inductance is 1.15 mH, which is out of the design bounds. Then, the switch
is turned off, and the inductance turns to 2.3 mH up to 10 s. Note that in spite of a CPL current ripple
increase (with a small inductance), the CPL voltage remains stable without transients. This procedure
is repeated as shown in the Figure 10.
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Figure 7. Output voltage (purple, bottom) and current responses (yellow, middle) for e (blue, top)
abrupt changes.
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Figure 8. Output voltage (purple, bottom) and current responses (yellow, middle) for constant e
(blue, top) and P abrupt changes.

Tek . [ Scan CH1

Coupling
L I

B Limit
o 2000Hz

Walts/Div

Coarse,

s
1 Probe
1%
“oltage
Inwvert
Off
3y
CH1 200mY  CH2 S0.0% 1 2,508 CHT & =1.07mY
CH3 20.0% 21-Mar-18 04:35 =10Hz

Figure 9. Output voltage (purple, bottom) and current responses (yellow, middle) for constant e
(blue, top) and a capacitor change from 1 to 4.9 uF alternating every 5 s.
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Figure 10. Output voltage (purple, bottom) and current responses (yellow, middle) for constant e
(blue, top) and an inductor change from 1.15 to 2.3 mH alternating every 5 s.

The last representative test presented in this paper was performed demanding a power load
wattage from 50 W to 110 W, which is out of the design boundary [45,100] W; Figure 11 shows the
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obtained results; note that the controller was able to maintain the output voltage without signals of
instability, and only a small voltage transient of a 15% was perceived during the CPL change.
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Figure 11. Output voltage (purple, bottom) and current responses (yellow, middle) for constant e
(blue, top) and a large P change (out of the design bound P(t) = 110 ¢ [45,100] W).

4.3. Discussion of the Results

For the first test, Figure 7 shows the results obtained for both the input and CPL voltage, as well
as the CPL current, during abrupt input voltage changes. This is a normal situation in an LVDC
microgrid since the voltage is provided from a non-regulated source. In spite of the abrupt changes in
input voltage, it is easily seen that the CPL holds with a constant output voltage as expected from the
analysis. Note that a small output transient is presented at the beginning of the test; this is reasonable
since a derivative controller was used, and initially, the absolute value of the error is high. This can be
diminished (if desired) by an ad hoc tuning.

One difficulty encountered during the experiment was that an abrupt increment in the CPL value
can easily damage the MOSFET if the voltage is low because the current increases rapidly. The solution
was to use a MOSFET, with an adequate working voltage (Vps = 200 V).

For the second test, Figure 8 shows the results obtained for abrupt CPL changes. In this
test, another LVDC microgrid real scenario is emulated since some loads in the microgrid can
connect/disconnect from the bus unexpectedly. In spite of abrupt changes in CPL, it is easily seen that
the CPL holds with a stable output voltage as expected from the analysis. Note that the CPL voltage
ripple increases slightly when the CPL level is low (this is external to the boundaries of the design
(45,100] W).

For the third test, Figure 9 shows the results obtained for abrupt capacitance (C) changes. In this
test, another real LVDC microgrid scenario is emulated since some loads in the microgrid can provide
a parasitic impedance and/or the temperature or another variable can change the total capacitance
of the PEC/RPEC. In spite of abrupt changes in capacitance, it is easily seen that the CPL holds with
a stable output voltage as expected from the analysis. Note that the CPL voltage ripple increases
slightly when the capacitance is high (as in the previous test; this is external to the boundaries of the
design [0.9,1.1] pF).

For the fourth test, Figure 10 shows the results obtained for abrupt inductance (L) changes. As in
the previous test, another real LVDC microgrid scenario is emulated for parasitic impedances. In spite
of the abrupt changes, it is easily seen that the CPL holds with a stable output voltage as expected
from the analysis. Note that the CPL current ripple increases when the inductance is low (again, this is
external to the boundaries of the design [2.2,2.4] mH).
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Finally, the fifth test emulates a CPL that is external to the boundaries of the design with
a maximum of 110 W. Note in Figure 11 that a small output transient is present at every change
due to the derivative action, but in spite of those, the CPL voltage remains stable.

4.4. Brief Comparison with Other Proposals

Though this proposed controller has an easy operation and dynamic response, its advantages
have to be corroborated by comparing it with other proposals. In this paper, not only its complexity,
theory and implementation, but also, the dynamic response is evaluated in order to fulfill this purpose.
Because no experimental setup was built for additional proposals, the evaluation is performed based
on data from existing literature on the subject. A brief comparison for the proposed controller
with other schemes is given in Table 1. These are found to be classified in terms of the theory and
implementational difficulty.

Table 1. Comparison with other proposals.

Theory Implementation =~ Dynamic
Type of Controller Difficulty Complexity Response Remarks
Good performance and a digital
Active stabilizer [8] High High Good platform is used, in this case,
a dSPACE.
Good performance and a digital
Active damping [9] Medium Medium Good platform is used, in this case a pair
of DSPs.
Linear [10] High High Good Good.performance and only
numerical results are reported.
Sum of squares [11] High High Medium Medlur.n performance and only
numerical results are reported.
Algebraic [12] Medium Medium Medium Med1um performance and only
numerical results are reported.
Sliding mode [13] ~ Medium High Good Good performance and only
numerical results are reported.
. . . . Good performance and a digital
Linear damping [14] Medium High Good platform is used, in this case a DSP.
Robust stability [15] High High Medium Medium performance and only
numerical results are reported.
. . Good performance and only
Drop control [16] High High Good numerical results are reported.
Fractional order . . . Medium performance and only
controller [17] High High Medium numerical results are reported.
Robust stability [19] High High Medium Medium performance and only

numerical results are reported.

Good performance and a low cost
Proposed approach Medium Low High digital platform is used, in this case,
a microcontroller.

It may be observed that the proposed approach presents a good compromise between theory
implementation and dynamic response. Although most of the controllers that are based on non-linear
models propose comparable characteristics, the active damping presents a good dynamic response [8].
However, it requires a more sophisticated digital platform for its implementation. Additionally, as
seen in Table 1, several controllers are validated with only numerical simulations [10-13,15-17,19].
In contrast, this proposed controller offers a good dynamic response in comparison with the previous
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work. Additionally, as reported in Table 1, this proposal has a similar response to active damping;
however, it does not require much time to cope with CPL, since no sophisticated digital platform
is required.

Without a doubt, this proposal requires a natural digital implementation, however not necessarily
a sophisticated one (an 8-bit microcontroller is used for the experimental tests). Besides, there are
mathematical and experimental conditions where the controller may be operated properly, which
do not occur with other proposals. For instance, abrupt changes in passive parameters. Although
an in-depth practical comparison may be performed between references [8,9,14] and this proposal, this
is beyond the purposes of this publication.

5. Conclusions

In the present work, the CPL stabilization problem was analyzed from a robust-polytopic point
of view, for three basic converters even in a reconfigurable scheme while the activity is going on
(on-the-fly).

It was also demonstrated that the design of a polytopic, robust controller is natural for the CPL
problem since the ranges of power demand and other parameters are normally known. This controller
is robust against reasonable (design) changes in the power source voltage/current level and in the
values of the components.

It was analytically demonstrated and experimentally shown that a simple controller is enough
to stabilize a CPL voltage/current even when all of the parameters are time-varying values if some
conditions are met. Various scenarios of LVDC were emulated, and the validity of the analysis
presented can be easily extended to other topologies of PEC, even for those reconfigurable ones while
the activity is going on (on-the-fly).

The presented controller can be used in various real microgrid scenarios in which a stabilization
of the output voltage with parameters that change with time and a piecewise constant power demand
are present. The proposed controller and DC-DC converter can be extended for use in electric vehicles.
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Appendix A
Calculating conditions for A; (eigenvalues), one has:

—A 1

:H—/\(D(z"r)\)—"ﬂl—/\z"rt’(z)\-i'ﬂ(l (Al)

solving for A:

- —&y + 1/06% — 4&1 (Az)

M= 5
—ay — (/03 — 4y

N o
2 2

(A3)
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It is enough for stability to get the negative real part of every eigenvalue, that is:

2
o > 72 (Ad)
>0 (AD)

Calculating the values of ay and a; results in:

kie+1
G = (A6)
koe
6= (A7)

Substituting (A6) and (A7) in (A4) and (A5), the controller gains conditions for quadratic stability
can be determined:

k2e 1
k> =22 _ - A8
V7 4IC e (A8)
ko >0 (A9)

k1€ +1
N = —— A10
a e (A10)

_ koe
w = Ic (A11)

is used; and the controller gains are:
k1 > E @ ’ 21 (A12)
' 4 \LC e
ky >0 (A13)
For the third vertex, the same analysis can be performed, but now:

_ kie+1
n = Ic (A14)

kze
Ny = =— Al5
8 =35 (A15)

is used; and the controller gains are:
ky > LC (kxe ’ 21 (Al6)
' \Ic z
ky >0 (A17)
For the fourth vertex, the same analysis can be performed, but now:

_ ke+1
n = Ic (A18)

_ koe
W) = Ic (A19)
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is used; and the controller gains are:

ke 1
> 53 (A20)
ka >0 (A21)

In order to obtain a single condition valid for the four vertices, it can be seen that selecting the
greater of them will be enough, and quadratic stability will be achieved. The k, conditions are the
same. For ky, it is demonstrated that the right side of (A20) is greater than the right side of (A8):

KBe 1 ke 1
4C e 4C @ (A22)
Since:
Léﬁ—l Lgﬁ—l (A23)
4LC e 4ALC e
Therefore:
KBe 1 ke 1
dc eSac e (A2
ke ke
2= 27 A2
4LC  4LC (425)
e e
Ic < Ic (A26)
EL;C <1 (A27)
eL.C

Sincee <e,C < Cand L < L, the right side of (A20) is greater than the right side of (A8). Now, it
is demonstrated that the right side of (A12) is greater than the right side of (A16):

LC (ke\> 1 IC [kpe\? 1
E(ﬁ) ‘%<4?<E e (A28)
Since:
2 2
LC (hae)" 1 L€ (laey" 1 (A29)
4e \LC e 4e \LC e
it can be written out as:
LC (ke)* |1 _IC (ke\* 1 (A30)
4e \LC e 4de \LC e
LC (ke\?> IC [kye\?
() < (A3b
LC
1< ELC§3 ez (A32)
LC) e

Sincee <¢,C < Cand L < L, the right side of (A12) is greater than the right side of (A16). Now,
it is demonstrated that the right side of (A12) is greater than the right side of (A20):

KBe 1 _IC (ke\* 1
R ) I A
IC ¢ 4 <7> ¢ (433)
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Since:
—\ 2 = =\ 2
LC (kze> 1 - LC (kge) 7% (A34)

it can be written out as:

KBe 1 _IC (ke\* 1
iC " <LC> T (A35)
kg ko2 \ 2
e < % (12) (439
i€ 4 (A37)
eLC

Sincee <¢,C < Cand L < L, the right side of (A12) is greater than the right side of (A20). It can
be resolved that the second vertex conditions are the supreme, and it is enough to accomplish:

kze 2 1
k> <£> % (A38)
kp >0 (A39)
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Abstract: This paper proposes a new robustly adaptive hysteresis current digital control algorithm
for half-bridge inverters, which plays an important role in electric power, and in various applications
in electronic systems. The proposed control algorithm is assumed to be implemented on a high-speed
Field Programmable Gate Array (FPGA) circuit, using measured data with high sampling frequency.
The hysteresis current band is computed in each switching modulation period based on both
the current error and the negative half switching period during the previous modulation period,
in addition to the conventionally used voltages measured at computation instants. The proposed
control algorithm is derived by solving the optimization problem—where the switching frequency
is always constrained at below the desired constant frequency—which is not guaranteed by the
conventional method. The optimization problem also keeps the output current stable around the
reference, and minimizes power loss. Simulation results show good performances of the proposed
algorithm compared with the conventional one.

Keywords: half-bridge inverters; digital control; hysteresis current control; switching frequency;
optimization

1. Introduction

Nowadays, inverters and their controllers play an important role in the enabling of a wider
proliferation of renewable energy generation [1,2], the realization of new grid concepts with high
efficiency [3,4], and various applications in electronic systems [5,6]. Among various current control
techniques developed over last few decades, there are three major classes of control scheme:
sine-triangle Pulse Width Modulation (PWM), predictive dead-beat, and hysteresis current control.
While the asynchronous sine-triangle PWM is a popular technique to modulate current error, it requires
a PI (Proportional-Integral) regulator and often results in unavoidable delays. The predictive dead-beat
control technique tends to give good performance in terms of response and accuracy. However,
this technique is highly dependent on the accuracy of the predictive model and is complicated to
implement [7]. Hysteresis current control, on the other hand, is simpler to implement and does not
have such drawbacks. It has a fast dynamic response, and does not require any information about the
system parameters, which enhances its robustness [5,8]. For this reason, it finds applications in a large
variety of switching inverters.

The basic implementation of hysteresis current control is based on the switching signal that is
derived by comparing the actual current and the reference current so that the current error is kept
within the tolerance current band. In classical hysteresis current controllers, the hysteresis current band
is normally fixed to a certain value, which makes the switching frequency vary in order to contain
the current ripple within the band. This leads to unwanted heavy interference among the phases in
the three-phase system [9]. In order to overcome this problem, an adaptive hysteresis current control
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technique has been developed and used in many applications [10-12]. In this technique, the hysteresis
current band is not fixed, but controlled adaptively in each switching modulation period, and based
on the measured output voltage values and the desired constant switching frequency [13].

Digital hysteresis current control usually requires a sufficiently high sampling frequency to
control the switch devices with accurate switching time [14,15]. The ripple current varies during each
switching modulation at a very fast rate, which is inversely proportional to the output inductance
and proportional to the difference between the dc and output voltages. Because, during the sampling
interval, the hysteresis current band could not be observed until the arrival of the next data sample,
the low sampling frequency may lead to a large ripple current overshoot from the hysteresis current
band. A high sampling frequency at the MHz level seems to be quite high for conventional
Digital Signal Processors (DSP) and microcontrollers, which are employed in most power electronic
applications at present. Additionally, such a high sampling frequency is beyond the scope of the Field
Programmable Gate Array (FPGA) circuit, which has a high-speed clock and is becoming more and
more popular in inverter control [16-18].

In many applications, the high switching frequency has several advantages including lower
current ripple, faster transient response, and effective size reduction for the inverter circuit [19-21].
In some cases, the switching devices are operated near the highest possible switching frequency,
for example when the controller is redesigned for an existing device, or in order to reduce the price of
the inverters. For instance, when a motor is accelerated from a standstill to rated speed, an inverter
is usually designed to operate near its highest possible switching frequency in order to achieve
a low current distortion [22]. In these cases, if the switching devices are forced to change their
on-off states at a frequency beyond their limit, especially under the influence of noise, short-circuit
fault can occur and may lead to breakage of the switching device [23]. Therefore, it is important
to properly control the hysteresis current band so that the frequency of the switching device does
not exceed its highest possible switching frequency. However, the switching frequency fluctuation
controlled by the conventional method is not guaranteed to never exceed this limit, especially with
noise. The conventional method of computing a hysteresis current band uses only the measured
voltage values at the instant when the switches start a new modulation period [13,24]. The present
study proposes a new digital hysteresis current control algorithm that takes the feedback information
from the preceding modulation period into account, keeping the switching frequency constant and
always below the highest possible switching frequency of the switching device, even when noise is
present. The controller is assumed to be using an FPGA while the sampling interval is at the MHz level.

This paper is organized as follows. Section 2 presents a conventional method of using the fixed
band hysteresis current. In Section 3, a conventional adaptive hysteresis current control is described and
its disadvantages are explained. Then, a new robustly-adaptive hysteresis current control algorithm is
proposed in Section 4. In Section 5, the simulation results are shown to demonstrate that the proposed
method has better performance than the conventional method. Conclusions are given in Section 6.

2. Classical Fixed Band Hysteresis Current Control

Consider a single-phase half-bridge inverter circuit, where the output is connected to a grid ac
voltage vg as in Figure 1. The dc voltage is supplied by two constant and balanced dc sources, each of
which has a value of V.. Parameters L, C, and R present the output inductance, current ripple filter,
and load respectively. The inverter output current i, is controlled by the switching devices S; and S,
to track a given reference current i .. The ripple component of the output current iy is filtered by the
current ripple filter, and the grid current i, is derived without a ripple component.
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Figure 1. Single-phase half-bridge inverter circuit.

Figure 2 shows the structure of the digital control system. The measured output voltages,
and currents are sampled by analog/digital converters, and used for computing on/off pulses of
switches S1 and S. The states of the switches and the corresponding inputs and outputs of the inverter
are shown in Table 1.

- S, v
S Controller Inverter
(CPU) Circuit
S, 1
A/D
Converter

Figure 2. Structure of the digital control system.

Table 1. States of switches and corresponding outputs.

Half Period S1 S> Input Voltage v5.  Output Current iy,
Positive On Off Vie Increase
Negative Off On —Vie Decrease

In the classical fixed band hysteresis current control, the tolerance current band is fixed to
a certain value Aij, [25]. While the measured output current i, is between the upper and lower limits,
no switching occurs. When the measured output current crosses above the upper limit of the hysteresis
band (ire f+ Aib), the switch S; is turned off, the switch S, is turned on and the current starts to
decay. In contrast, when the measured current crosses below the lower limit of the hysteresis band
(ire = Aib) , the switch Sy is turned on, the switch S is turned off and the current starts to increase
(Figure 3).

Figure 3. Fixed band hysteresis current control.
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The hysteresis current band value is directly proportional to the current ripple and inversely
proportional to the switching frequency. Thus, increasing the value of the hysteresis current band will
increase the current ripple while a decrease in the band will increase the switching losses. In analog
controllers, the current ripple is always kept exactly within the hysteresis band. However, in digital
controllers, the hysteresis control is shown to be effective only if the current band is chosen to satisfy

the following condition [5]:
. diy, f > 1
Aip > max —_—, 1
b < it ) 1

where f; pis the sampling frequency. The maximum switching frequency fsi_max should be smaller

than half the sampling frequency fsp, i.e.,:

1
fswfmax < Efsp- (2)
3. Conventional Adaptive Hysteresis Current Control

3.1. Algorithm of the Convention Adaptive Hysteresis Current Control

The above mentioned fixed band hysteresis control has many advantages: its simplicity, its fast
and stable response, and its independence from system parameters. However, a disadvantage is that
the switching frequency needs to vary in order to keep the peak-to-peak current ripple controlled at all
points on the fundamental frequency wave [10]. In order to solve this problem, the adaptive hysteresis
current control technique has been presented in the literature [7,26]. In this technique, the hysteresis
current band is not fixed, but controlled adaptively in each switching modulation period, based on the
measured output voltage values and the desired constant switching frequency. The adaptive hysteresis
current control is employed as shown below.

Define the current error Ai(t) as:

8i(E) = i1 () — e (), )

where iy (), and i,,¢(t) are the inverter output and the reference currents, respectively, at instant ¢.
Consider the instant ty, when the output current i} tends to cross the lower hysteresis band, and the
switch Sy is switched on. The current error at ¢ is Ai(ty) (Figure 4). Assume that the switch Sy is
switched on during [to, t1), and is switched off during [t;, t,) intervals. These intervals are called
positive and negative half switching periods respectively.

lref

2 ()

Ai(t, ; |
i l
I 1
e Ly o
I~ I )
v, -
[/ t
0 4
- Vdc —_— ! 2

Figure 4. Conventional adaptive hysteresis current control.
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The output current dynamic equation can be written as:

dip(t) _ vac(t) = vg(t)
slt o L : @

for tg < t < t5, where v, is the instantaneous grid voltage, L is the output inductance, and v, (t) is the
inverter dc voltage, and can be elaborated as:

o Vdc ifSlisOn
vac(t) { Vi ifS1isOff ©

Define the output current slopes in the on and off periods by I, and I, ff Tespectively. Assuming
that the output voltage is slowly varying during the switching modulation period [fy, t5], the output
current slopes (4) can be expressed as:

dip(t)  Vac —vg(to)

on — dt = L (6)
fort € [to, t1), and:
. 2 dlL(f) o —Vie *'(}g(to)
Logp = =37 = I @)
fort € [tl, tz).
The current errors in the positive and negative half switching periods are given as:
Ai(ty)  =ip(t) —iref(t) ' ®
= dref(to) + Bilto) + lonTon — iref(t1) ,
Ni(ty) =ip(t) —irf(t2) )
=ipf(to) + Ai(to) + (IanTan+ IoffToff) —iref(t2)-
where T,, and T, ff are the on and off periods of switch Sy, given as:
Ton =11 — 1o (10)
Toff =tr—h (11)

The reference current i, ¢(t) is slowly varying during the modulation period, such that it can be
approximated as:

iref(tl) = Z.ref(tO) + Iref(tO)T07lr (12)
iref(tZ) = iref(tO) + Iref(to) (Tan + Taff)r (13)
where: )
dlref(t)

(14)

jref(tO) = dt

t=tq

By substituting Equations (12) and (13) into Equations (8) and (9), one can write the current errors
Ai(ty), and Ai(ty) as:
-/
Ai(ty) = Ai(ty) + Iy, Ton (15)

-/ -/ !
Di(ta) = Aito) + LonTon + LoprTops = Di(tr) + Lo Tosy (16)

-1 -/
where I, and I, ¢ are the current error slopes in positive and negative half switching periods, given as:
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-/ . . V. — vol(t .

Lon = Ion — Iref(tO) = dcig(o) - Iref(tO)r (17)
. . . — Ve — vg(t .
Logr = Togr = Iref(to) = %g(()) — Lref (o) (18)

Let fs be the desired constant switching frequency. In the conventional adaptive hysteresis
current control method, the hysteresis current band Ai,(t) is derived by using the following
conditions:

Ai(ty) — Ai(ty) = 2Aiy(to) (19)
Ai(ty) — Ni(ty) = —2Aiy(to), (20)
Tnn + Toff = TSZl)r (21)

where Tsy = 1/ fsw is the desired constant switching period. Substituting Equations (19)—(21) into
Equations (15) and (16), we can derive the hysteresis current band as:

. _ 1 1an10ff
Aiy(to) = Em

TSZU (22)

By substituting Equations (17) and (18) into Equation (22), the hysteresis band in Equation (22)
can also be written in the form of [26] :

Vie Tsw
Aiy(tg) = dziT (1 - mz(fo)), (23)
where:
1 .
m(to) = 5 (0g(0) + Lins (1) (24)

3.2. Disadvantages of Conventional Adaptive Hysteresis Current Control

Consider the case where the inverter needs to be controlled so that the operating switching
frequency is always strictly equal to or lower than a constant frequency, which may be the highest
possible switching frequency of the switching devices.

The conventional adaptive hysteresis current control described in Section 3.1 has been shown to
be able to improve on the disadvantage of the fixed band hysteresis current control of the varying
switching frequency [8]. However, when the inverter is operated under the effect of noise or
disturbances, this conventional method does not guarantee a stable response and constant switching
frequency as, for example, in the following problems.

Problem 1. If the negative half switching period of switch Sy in the previous modulation period is Tyrf_pre,
as shown in Figure 5, then:

Tofffpre =tfg—tq (25)

While the operating switching frequency can be defined from both the time periods To, + Ty sf
and Tyfs_pre + Ton, the calculation of the conventional hysteresis current band only guarantees that
modulation period T, + Ty is equal to the desired constant switching period Tsw, as in Equation (21).
If the noise or disturbances to voltage and current make the negative half switching period T, ff_pre i
the previous modulation shorter than the calculated value, then the operating switching frequency of
the conventional method may exceed the highest possible switching frequency of the switching devices.
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Figure 5. Conventional adaptive hysteresis current control does not guarantee that the operating
switching frequency will be lower than the desired constant frequency.

Problem 2. In order to keep the average value of the output current equal to the reference current in each
switching modulation, the hysteresis current band should be computed so that:

— Ai(h) = Ai(ty) = —Ai (26)

However, the hysteresis current band computed by the conventional method, as in Equations (19)
and (20), in general, does not satisfy the Condition (26), except in the case of the ideal condition
shown by the dashed line in Figure 6, where the current error at instant £ is identical to the computed
hysteresis current band Ajj, i.e.,:

Aitg) = —Ai, 7)

When the Condition (27) is not satisfied, the average value of the output current during a switching
modulation period deviates from the reference current, which may lead to an unstable response as
shown in Figure 6 by the solid line.

— Vd

Ic

t, 3 4 5

Figure 6. Conventional adaptive hysteresis current control does not guarantee the stability of the
response current.
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4. Proposed Robustly Adaptive Hysteresis Current Control

Consider the instant fy, when the output current crosses to pass the lower limit of the hysteresis
band i, + Ai(ty) and the switch Sy starts to be switched on as shown in Figure 7. The negative half
switching period of switch S; in the previous modulation period T, ff_pre 1St

Taff_pre =ty —t_1. (28)

Ai(L)

-V

de

1, f 1, 5

Figure 7. Proposed adaptive hysteresis current control.

In order to solve the problem of unstable switching frequency of the conventional adaptive
hysteresis current control mentioned in Section 3, this study proposes a new hysteresis current band
computation method by setting an optimization problem as:

(i) Toff—pre + Ton > Tsw,
(ii) Ton + Toff > Tswr

(ZZZ) Aib = Ai(tl) = *Ai(tz), (29)
(iv) Aiy > Aigono,

miniAllnize] = (8i(h))* + (Bi(ty))?,

where Ai¢oy, is the hysteresis current band computed by the conventional method as in Equation (22),
and | is the objective function.

Constraint conditions (i) and (ii) in Equation (29) maintain the operating switching frequency to
always be equal to or smaller than the desired instant switching frequency. Condition (iii) keeps
the average value of the output current identical to the reference current during the switching
modulation period. Condition (iv) keeps the output current from deviating from the reference current.
The objective function | represents the power loss from the inverter in each switching modulation
period. The hysteresis current band is computed such that the power loss ] is minimized.

Equations (15) and (16) can be written as:

Ton = ——(Bi(t1) - Bi(to)), 0
Tofs = L (aithy) - i) Gh
Logs

Substituting Equations (30) and (31) into Equation (29), the optimization problem (29) can be
written as:

274



Energies 2017, 10, 1610

i) Ai(t) > Ion (Tsw off—pre) + Ai(ty),

(
(”) ( I, >Al(t1) + 7 Lo Al(tz) > IDnTs.u + Al(fo)

( off Loff @)
(

iii) Ai(ty) = —Ai(t) = Ai,

iv) Ai > ANicono,

mmlAmlze] = (Ni(t))? + (Ai(t))2
1

The constraints in the optimization problem given in Equation (32) are linear. They can be
solved by using the graphical method for minimization problems [27], as below. The feasible region
representing constraint conditions (i—iv) can be represented by the dark area on the phase-plane
(Ai(ty), Ai(ty)) as in Figure 8. The objective function | is represented by the distance from the original
phase-plane to the point (Ai(t1), Ai(tz)). Thus, the optimal solution for Problem (32) is the point
(Ai(t1),, Ai(t2),) on the feasible region, which is closest to the original point. The solution can be
derived as:

Aiopt = max(Aicono, Aig, Aip), (33)

respectively, and are given by:

AiA = Lm (Tsw - Tafffpre> + Ai(to)r (34)
nig = Ton T TAIh) (35)
1-— 210;1/Ioff
. 1 Ionl
Nicony = ELWT%U (36)
Ioff — Ion

When the optimal solution is at Aig, it means that, for example under the effect of noise,
the negative half switching period Tyfs . in the previous switching modulation was smaller than the
regular value (Problem 1 in Section 3) and the hysteresis current band needs to be broadened to satisfy
condition (i) in Equation (29). When the optimal solution is at Aip, it means that the average output
current deviated from the reference current (Problem 2 in Section 3) and the hysteresis current band
needs to be broadened to satisfy condition (i7) in Equation (29). When the optimal solution is at Aicono,
it means that the conditions (i) and (ii) are satisfied and the hysteresis current band should be brought
to the steady state as in the conventional method.

Ai(t,)

8i(s)

(iii)

Figure 8. Domain and optimal solution for the hysteresis current band.

Remark 1. In an ideal state, where the effect of noise is sufficiently small, the proposed method gives the same
hysteresis current band as the conventional adaptive hysteresis current control method.
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5. Simulation Results

Simulations have been carried out to assess the performance of the proposed method as compared
with the conventional method [13] using the Matlab-Simscape Power System. A single-phase half-
bridge inverter was employed with the following parameters: an output inductance of L = 1 mH
and a filter capacitor of C = 10 uE. The switching transistors in the inverter circuit were modeled
by the Insulated Gate Bipolar Transistor (IGBT) block in the Matlab-Simscape(R2016a, MathWorks,
Natick, MA, USA) Power System. The IGBTs have internal and snubber resistances of 1 mQ) and 1 k),
respectively. The inverter was connected to the dc voltage source V;. = 175V, and the ac voltage
of the grid was v, = 100+/2sin(1007tt) V. The sampling frequency of the analog/digital converters
was fsp = 2 MHz. The reference current was set at i,,y = 10sin(1007t¢) A. The noise in the measured
current, which may have come from the current sensor or the analog/digital converter, was assumed
to be white noise with a variance of 0.01 A. Figures 9-11 show the operating switching frequencies and
the output currents of the proposed and conventional methods compared with the reference current
for the desired constant switching frequency fs, at 40 kHz, 20 kHz, and 10 kHz respectively. The upper
sub-figures show a part of the current hysteresis response. Regarding the desired constant switching
frequencies, both methods yielded hysteresis output currents that were similar to the reference current.
However, the operating switching frequency of the conventional method oscillated and went over the
desired constant switching frequency. On the other hand, the proposed method yielded a switching
frequency that was more stable than that of the conventional method and was always maintained at
equal to or lower than the desired constant switching frequency. All the Figures also show that the
hysteresis current band increased when the desired constant switching frequency was increased.

The power efficiency of the inverter has been calculated, taking into account hysteresis current
loss. Table 2 shows the power efficiencies of the proposed and conventional methods with the tested
switching frequencies. The efficiencies of both methods decreased when the switching frequency was

decreased. It can be seen that the proposed method performed better than the conventional method in
terms of power efficiency in all cases.

Current (A)

time (sec)
0t ‘ ]
2 /\]S\/\
~ 0
=
g-10t ]
5 —Reference current
& -20 ——Proposed method
-30 . —— Conventional method
0.025 0.05
N time (sec)
T a0t
24_2 desired constant switching frequency :g"uﬂnif;i?wmjtr::hgd
z 4
@
=
o0 3.8
£
=
3 36 ¢ ) J
= 0 0.025 0.05
w .
time (sec)

Figure 9. Current and switching period of the proposed method and conventional method for the
desired switching frequency at 40 kHz.
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Figure 10. Current and switching period of the proposed method and conventional method for the
desired switching frequency at 20 kHz.
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Figure 11. Current and switching period of the proposed method and conventional method for the
desired switching frequency at 10 kHz.
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Table 2. Power efficiency with various switching frequencies (%).

Switching frequency fsw = 10 kHz fsw =20 kHz fsw = 40kHz

Proposed method 97.1 98.4 99.3
Conventional method 95.2 97.2 98.5

6. Conclusions

A new digital hysteresis current control algorithm for single-phase half-bridge inverters has
been proposed. By taking advantage of digital controls, the hysteresis current band is computed
in each switching modulation period based on both the negative half switching period and the
current error during the previous switching modulation period, in addition to the usual measured
voltage value at the instant of computing. The hysteresis current control, with its simplicity and its
fast and stable response, may be implemented on high-speed FPGA boards with a high sampling
frequency. The proposed algorithm for computing the hysteresis current band is derived by solving the
optimization problem where (i) the switching frequency is stable and always maintained at equal to or
lower than the desired constant frequency; (ii) the output current is kept stable around the reference
current; and (iii) the power loss is minimized. Although the proposed control method has not been
evaluated in experiments, the theoretical numerical and simulation results show good performance of
the proposed algorithm compared with those of the conventional method. The proposed method is
expected to contribute to the control theory of high-speed FPGA-based hysteresis current control.

Author Contributions: Triet Nguyen-Van, Rikiya Abe, Kenji Tanaka performed and discussed the research;
Triet Nguyen-Van carried out the simulations, analyzed the data, and wrote the paper.
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Abstract: This paper presents a new three-phase four-leg voltage source inverter (VSI), which achieves
a high cost effectiveness for mega-watt level system applications. The proposed four-leg inverter
adopts the integrated topology with thyristors and insulated-gate bipolar transistors (IGBTs), which
aims to reduce the number of IGBTs. In order to handle the zero sequence current, a neutral leg via
incorporating IGBTs is artfully integrated with the regular phase legs. Furthermore, the modelling
principles are elaborated and analyzed, which emphasizes switching states and voltage vectors in six
segments based on the states of thyristors. Finally, by using the carrier-based pulse width modulation
(PWM) method, the closed-loop current control of the proposed inverter is verified by both simulation
and experimentation.

Keywords: power inverter; voltage source inverter; four-leg inverter; cost-effectiveness; current
control; pulse width modulation

1. Introduction

Three-phase voltage source inverters (VSI) are widely used in industrial applications such
as uninterruptable power supply (UPS) [1,2], motor drives [3-5], wireless power transfer [6] and
distributed power generation system [7,8]. Unfortunately, this conventional topology is hard to
keep the neutral point potential in a constant level under unbalanced load conditions, which leads
to asymmetric output voltage [9]. To solve this problem, a split capacitor three-phase inverter is
investigated in [10], but such a topology poses a problem of low DC voltage utilization. Alternatively,
the three-phase four-leg VSI that connects the neutral point to the fourth leg is investigated by [11-18].
In fact, three-phase four-leg VSI is widely used in various industrial applications, such as distributed
power generation, three phase UPS systems and series active filters, where the balanced three-phase
voltage output is required during unbalanced load conditions [19-21]. However, the topology and
control algorithm of the four-leg VSI are inherently more complex than the traditional three-phase type.

There has been a substantial increasing trend in control strategy investigations on three-phase
four-leg inverters, including the carrier-based pulse width modulation (PWM) [22,23], space vector
modulation algorithm [24,25], and digital predictive control [26,27]. Firstly, a minimally switched
control algorithm is studied, which can minimize switching operations and monitor the current polarity
for three-phase four-leg inverter [28]. Then, a selective harmonic elimination (SHE) control strategy on

Energies 2017, 10, 530; doi:10.3390/en10040530 281 www.mdpi.com/journal/energies
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a three-phase four-leg inverter is reported in [29], where the lower order nontriplen harmonics are
eliminated by using Fourier-based equations on line-to-line basis as conventional SHE technology to
express the control signals of three legs. In addition, two methods that mitigate the load neutral point
voltage (LNPV) for three-phase four-leg inverters are analyzed, which are based on the PWM strategy
and the common mode filter, respectively [30]. Moreover, a decoupled sequence control strategy,
employing positive sequence, negative sequence, and zero sequence controllers is studied in [31].

However, the available publications on three-phase four-leg inverters are limited to eight-
insulated-gate bipolar transistors (IGBTs) topologies, as illustrated in Figure 1a. In mega-watt level
applications, the IGBT with a rated current of thousands of ampere is not cost-effective and is not
suitable for some cost-sensitive situations.

WK ACK K
s, Ss Ss S7 VD1
Vae/2-L a
1 7
T= S2 S4 Se Ss _
Va2 T
A& I &N
VD14
Lf Ly Ls
C G
R R !

g
.
&
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Figure 1. Configurations of a three-phase four-leg inverter, (a) Conventional topology with eight IGBTs;
(b) Proposed topology with five IGBTs.

The purpose of this paper is to propose and evaluate an IGBT-reduced three-phase four-leg VSI
that possesses the attractive feature of four-leg inverters. The proposed topology can reduce cost
significantly, especially for mega-watt level applications such as electric ship propulsion systems,
microgrid converters, motor drives, and so on. In Section 2, the configuration of the proposed
inverter and the operation principle will be introduced. Section 3 will be devoted to deducing the
representation of inverter output voltages as a three-dimensional space vector in a stator oriented
a7y rectangular coordinate. In Section 4, closed-loop current control strategy of the proposed inverter
will be presented. Then, simulation and experiment results will be given to verify the validity of the
proposed inverter in Section 5. Consequently, a quantitative comparison between the proposed inverter
and the conventional three-phase four-leg inverter will be made in Section 6. Finally, conclusions will
be drawn in Section 7.

2. Topology and Operation Principle of the Proposed Inverter

The proposed cost-effective three-phase four-leg VSI is shown in Figure 1b. In particular,
the proposed inverter has the definite benefit of the reduction of three IGBTs. In addition, according to
the current market price, with a rated current of one thousand ampere, the thyristor is much cheaper
than the IGBT. Though the number of gating signals and control complexity increase inherently due
to the existence of the fourth leg, it possesses the advantage of handling unbalanced loads over the
three-leg inverter.

From Figure 1b, it also can be found that the thyristors are employed in phase legs, while the
IGBTs and diodes are in the fourth leg. Upon the commutation of the phase current alone, the thyristors
turn off naturally. Thus, the zero-crossing point of phase currents is the major factor which determines
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the switching time of thyristors. Also, it is worth mentioning that the directions of injected currents
for the analysis of the converter operation modes are shown in Figure 1b. Normally, the thyristors
in the same leg are not allowed to be switched on or off simultaneously. In particular, the upper
one is switched on during the positive cycle, while the lower one is on during the negative cycle.
Consequently, there are six combinations for upper thyristor switching states and each combination
corresponds to a specific time interval, as shown in Figure 2.

A
Thyristors
state

[ OIIv vV
ON

OFF

ON

OFF

OFF

Figure 2. Six divided segments based on the thyristor states.

In Segment I, Ty is switched on, T3 is off and T5 is on. For phase a, when S, is turned on, current
flows through Ty, Sa, and VD3. When S, is turned off, the freewheeling current flows through VDy,
as shown in Figure 3a. It should be noted the current direction in phase b is negative in Segment I.
Thus, the current flows through VDg, S, and T4 when S, is on, and the current passes through the
freewheeling diode VD5 when Sy, is off. Meanwhile, phase c is in the same condition as phase a, while
the fourth leg can be analyzed as a typical inverter leg. According to these situations, the thyristor-IGBT
combined leg can be regarded as the same flowing path as a typical inverter leg. Therefore, based on
the proposed topology, one IGBT can provide the flowing path for both positive and negative currents,
whereas the current needs to pass through two different IGBTs in the conventional inverter leg.

The current flow paths for the other five segments can be analyzed in the same manner, while all
individual paths are illustrated in Figure 3b—f.
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Figure 3. Cont.
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Segment [V Segment V Segment VI

(d) (e) €3}

Figure 3. Current flow path in six segments: (a) Segment I; (b) Segment II; (c) Segment III; (d)
Segment IV; (e) Segment V; (f) Segment VL.

3. Mathematical Modelling

It should be noted that when the thyristors are involved, the voltage equations would differ
from those produced by the conventional three-phase four-leg inverter. Referring to the middle point
of the direct current (DC) link, the voltages in each leg are defined separately for the positive and
negative cycles of the alternating current (AC) which is based on consideration of the thyristor states.
The relationship can be described as,

VaN (25, — 1]
UpN | 251, -1 @ .
oo | = |25, -1 X 3 (Ty, T3, Ts is on) 1)
_UHN_ _251 — 1_
(van] [1—28,]
UpN 1-— ZSb Vdc .

= —= (T, T3, T: ff 2
. 1-2s.| X2 (Th, T3, Ts is off) 2
_vnN_ _251 - 1_

where v,y, vpN, UcN, and v,y are the voltage potentials between points a, b, ¢, n and N, respectively.

5 = { 1, when S; is on (i=abc1) 3)

0, when S; is off

Referring to Figure 1b, the phase voltage that is represented in the matrix can be governed by

Uan 1 0 0 -1 UaN
Opn 010 -1 UpN

= 4
Uen 001 -1 UeN @
Up 000 O UuN

where v,;,, vy, and v, are the voltage potentials between points 4, b, ¢, and n, respectively.

Normally, a four-leg inverter consists of 2¢ = 16 possible switching states, while for the new
topology, the states of thyristors have to be considered beside the states of IGBTs. The relationship
between phase voltage and switching states of phase a are summarized in Table 1, where the UT stands
for “Upper Thyristor”. Based on the same rationale, the phase voltages of phase b and phase c can be
analyzed in the same manner.
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Table 1. Switching States and Phase Voltage of Phase a.

Switching States Phase a
Sy 1 0
uT 1 0 1 0
Sa 1 0 0 1 0 1 0
Van 0 Ve Ve 0 Ve 0 0 Ve

It can be seen that there are, in total, eight switching-state combinations in accordance to three
voltages for each phase. When the states of UT are opposite, the corresponding phase voltage is inverse.
This feature can be utilized to simplify the control algorithm of the proposed inverter. The typical
converter’s modes of voltage vectors are analyzed in the aforementioned six segments, also known as
intervals, individually.

Since the state of the thyristor does not change within one segment, the voltage vectors can
only be defined according to the IGBT state in each segment. Therefore, the basic voltage vectors of
16-switching states are expressed in a binary system as 0000, 0001, ... , 1111, respectively, where the
switching states are described in the order of S;, Sy, S¢, and S1. The distributions of the voltage vectors
in all six segments can be obtained via Equations (1)-(4). The corresponding results are summarized in

Table 2.
Table 2. Switching Combinations and Voltage Vectors.
Vectors  States Van, Vs Ven
I 1I 111 v \% VI
Vo 0000 0,10 0,1,1 0,0,1 1,0,1 1,0,0 1,1,0
Vi 0001 -1,0, -1 -1,0,0 -1,-1,0 0,-1,0 0,-1,-1 0,0, -1
Vv, 0010 0,1,1 0,1,0 0,0,0 1,0,0 1,0,1 1,1,1
Vs 0011 -1,0,0 -1,0, -1 -1,-1,-1 0,-1,-1 0,-1,0 0,0,0
Vy 0100 0,0,0 0,0,1 0,1,1 1,1,1 1,1,0 1,0,0
Vs 0101 -1,-1,-1 -1,-1,0 -1,0,0 0,0,0 0,0, —1 0,-1,-1
Ve 0110 0,0,1 0,0,0 0,1,0 1,1,0 1,1,1 1,0,1
vy 0111 -1,-1,0 -1,-1,-1 -1,0, -1 0,0, -1 0,0,0 0,-1,0
Vg 1000 1,1,0 1,1,1 1,0,1 0,0,1 0,0,0 0,1,0
Vg 1001 0,0, -1 0,0,0 0,-1,0 -1,-1,0 -1,-1,-1 -1,0, -1
Vio 1010 1,1,1 1,1,0 1,0,0 0,0,0 0,0,1 0,1,1
Vit 1011 0,0,0 0,0, —1 0,-1,-1 -1,-1,-1 -1,-1,0 -1,0,0
Vi 1100 1,0,0 1,0,1 1,1,1 0,1,1 0,1,0 0,0,0
Vis 1101 0,-1,-1 0,-1,0 0,0,0 -1,0,0 -1,0, -1 -1,-1,-1
Vi 1110 1,0,1 1,0,0 1,1,0 0,1,0 0,1,1 0,0,1
Vis 1111 0,-1,0 0,-1,-1 0,0, -1 -1,0, -1 -1,0,0 -1,-1,0

Note: The unit of the output voltage is V.

The phase voltages can also be expressed regarding the load and current as
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where )
Usg La% Ryig
ugy | = |Lp% | + | Rydp (6)
Usc Lc% Reic

Moreover, (5) in a7y coordinate can be further formulated as

diy APy
[ ;iTt dgtz Usy
o i Ugp
vg| = Lf d'Tf + Cf I + |usp (7)
0. aly d4ug u
v T T s
where i
i ,
Usy Luﬁ Ryiy
1g .
usp | = Lbe + Rbl/g 8)
sy Lc%’ Reiy

In particular, the quantities vau, vy, ven and ig, 7, ic in Equation (5) can be transformed to
a7y coordinate.

Through (1)~(8), the voltage vectors vy, vg and v, in a7y coordinate can be obtained from Segment
I'to Segment VI, respectively. v, and vg form a hexagon in the a plane as shown in Figure 4, where
each vector corresponds to a combination of different switching states in different segments. Moreover,
it should be noted that v,, is determined by the state of the fourth leg. The graphical representation
of all voltage vectors in the six segments in a7 coordinate is shown in Figure 5. It can be seen that
there are fourteen nonzero voltage vectors and two zero vectors in each segment. However, the same
voltage vector in different segments is formed by different corresponding switching state combinations.
For instance, 0110 in Segment I forms the same voltage vector as 0100 in Segment II. Moreover, there
are seven «f3 planes in each coordinate. The distance between each of them is 1/3.

XXX- - ﬁ XXX-

XXX- XXX~

Figure 4. Switching projection of inverter vectors in a8 plane.
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Figure 5. Switching projection of inverter vectors in aBy plane: (a) Segment I; (b) Segment II;
(c) Segment III; (d) Segment IV; (e) Segment V; (f) Segment V1.
4. Current Control Algorithm for Proposed Inverter

Carrier-based pulse width modulation (PWM) with proportional resonant (PR) controllers and
a pulse computational module (PCM) are employed to regulate the output currents of the proposed
inverter. The control algorithm is depicted in Figure 6.
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Figure 6. Current control diagram of the proposed inverter.

The PR regulator is used due to its capability of tracking the AC current with zero steady-state
error. The practical PR controller is described by the transfer function [32]:

S

G(s) =kyl+ ——
(®) =kl +E(52+w,s+w§)

] ©)
where kj, is the proportional gain, T; is the integral gain, w, is the resonant cut off frequency, and wy is
equal to the inverter frequency.

The error between the measured current and the reference are sent to the PR controller to produce
commands v, Uy and v,. It is worth mentioning that the neutral leg is commanded by the average of
the other three phase voltages,

1
oM = g(var + vpr + vcr) (10)

Each modulator generates a signal for one inverter leg when keeping with the principle of PWM.
However, except for the neutral leg, the signals produced by PWM modulator have to be processed
through a PCM before sending them to IGBTs. According to Table 1, it indicates that the opposite state
thyristor corresponds to the inverse phase voltage. Therefore, the switching signal values generated
from the PWM modulator for phase legs in the negative cycle should be flipped using a “NOT”
function. This computation process can be expressed through the piecewise functions where, the pulse
computation function for the positive cycle of phase a is shown as:

LnT+At<t<nT+%+At, n=0,1,23--
fi(t) = T _ (11)
0, nT+5+AM<t<(n+1)T+At, n=0,1,2,3---
the pulse computation function for the negative cycle of phase a is shown as:
0, nT+At<t<nT+5+At,n=0123--
fa(t) = T - _ 12)
1, nT+5+At<t<(n+1)T+At, n=0,1,2,3---
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the pulse computation function for the positive cycle of phase b is shown as:

A = LnT+ L +AMt<t<nT+3 +At n=0,1,23- 1)

TV o T+ L 4w A<t < (n+ )T+ T+ AL n=0,1,2,3-

the pulse computation function for the negative cycle of phase b is shown as:
flt) = 0, nT+ 5 +At<t<nT+3L+At,n=0123"-- 14)
TN LT+ L rar<t<(n+ )T+ L+ ALR=0,1,23--

the pulse computation function for the positive cycle of phase c is shown as:
) = LnT+Z +M<t<(n+1)T+L+ALn=0123 15)
VTV 0 A )T+ I A<t <4+ 1)T+ZE +ALR=0,1,23---

the pulse computation function for the negative cycle of phase ¢ is shown as:
Folh) = 0, nT+E +At<t<(n+1)T+L+At,n=0123 - (16)
UYL A DT+ E A<t <+ DT+ + AL 1 =0,1,23--

here, T is the period of the phase current.

Using the PCM, all IGBTs are controlled. Phase shift factor At is defined in piecewise functions.
The optimum value of At is tuned to reduce the total harmonics distortion (THD) of the output current.
To control the thyristors, a triggering pulse is sent to the upper thyristor at the start of each positive
cycle and to the lower thyristor at the start of each negative cycle. When the current crosses zero, the
thyristor is switched off accordingly.

5. Verification Results of Proposed Topology

In order to verify the proposed topology, simulations and experiments are conducted and analyzed.
The system parameters for the simulation are listed in Table 3. The closed-loop current feedback
control was implemented.

Table 3. Key Parameters of Simulation System.

Parameters Values
DC link voltage 100 V
AC filter inductor for each phase 5mH
Ac filter capacitor for each phase 1.5 uF
Switching frequency 5kHz
Load inductor 1.5 mH
Load resistor 3-phase variable resistors

5.1. Simulation Results

Using the current feedback PWM scheme, the proposed inverter is operated with a balanced load,
as shown in Figure 7. With the support of the PR controller loop, the static performance of the current
is satisfactory. Moreover, the output current and phase voltage are well-balanced. Subsequently, the
unbalanced load condition is investigated with the load resistors of 2 (2, 1 Q) and 0.5 ), respectively.
As shown in Figure 8a, the output currents stay balanced regardless of the unbalanced loads. In the
meantime, the line to line voltages in balanced and unbalanced load conditions are shown in Figures
7c and 8¢, respectively. It can be observed that under the unbalanced loads, the current THD is slightly
increased, from 1.45% to 1.55%. Furthermore, when the inverter is operated as the controlled current
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source, the appropriate adjustments of the output voltages are shown in Figure 8b. In this way, the
amplitudes of the output currents are kept constant under unbalanced loads.
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Figure 7. Simulated results of the closed-loop current control scheme in a balanced load condition: (a)
Output currents; (b) Output phase voltages; (c) Output line to line voltages; (d) THD of phase a current.
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Figure 8. Simulated results of the closed-loop current control scheme in an unbalanced load condition:

(a) Output currents; (b) Output phase voltages; (¢) Output line to line voltages; (d) THD of phase
a current.

5.2. Experimental Results

To further verify the performance of the proposed converter, a prototype of the new converter is
built as shown in Figure 9. The experimental setup mainly includes the inverter prototype, drive circuit
for IGBTs, drive circuit for thyristors, current sensors, R-L load, DC power supply and a dSPACE 1104
controller. The load parameters are: R=50), 4,3 QO and L =5 mH.

SEeNnsor

%

Figure 9. Experimental prototype.

The validity of the improved PWM-PR controller current control algorithm for the proposed
three-phase four-leg converter is investigated. It can be observed from Figure 10a that the triggering
pulse for the upper thyristor is generated when the current crosses zero from negative to positive,
while the triggering pulse for the lower thyristor is generated when the current crosses zero from
positive to negative. Figure 10b,c shows the phase current waveforms and THD of the proposed
converter at a steady 2 A reference current with an unbalanced load. By importing the data from
oscilloscope into Matlab, the THD of phase a current is obtained as 5.42%.
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Figure 10. Experiment results of the proposed converter: (a) Triggering pulses for phase a thyristors;
(b) Output three-phase currents; (¢) THD analysis of phase a current.

Therefore, the characteristics of the proposed three-phase four-leg converter are verified by
simulation and experimentation. It proves that the proposed cost-effective converter possesses a
distinct merit for potential implementation in high power applications, such as electric ship propulsion
systems, microgrid converters, motor drives, and so on.

6. Comparison

To further demonstrate the merit of the proposed three-phase four-leg inverter, a quantitative
comparison with the conventional eight-IGBTs VSI is conducted and discussed. For a fair comparison,
the converter ratings are unified as the power level of 2.88 MW, whereas the DC voltage and current are
set to 1600 V and 1800 A. The specifications of IGBT, thyristor, and diode can be tabulated in Table 4.

Table 4. Specifications of Switches.

IGBT Module IGBT Module . .
Item (Single Switch) (Dual Switch) Thyristor Diode
Model FZ1800R16KF4 FF1800R17IP5 Y60KPE ZP2000A
Cost (USD) 550 965 50 30
Size (H x W x D, cm) 3.81 x 19.0 x 14.0 3.8 x 234 x89 6.0 x 15 x 5.0 32x99 x99

Weight (kg) 231 1.4 0.85 0.52
I (Amps) 1800 1800 1800 2000

V; (Volts) 1600 1700 1800 5000

First, the number of switches for the proposed converter and the conventional three-phase four-leg
inverter can be determined according to Figure 1. The numbers of single switch IGBT module, dual
switch IGBT module, thyristor and diode for the proposed converter and conventional converter are 0,
4,0,0and 1, 1, 6, 12, respectively. Subsequently, size and cost comparison can be calculated. The size
and weight are first compared with the specific data. Then, their cost is quantitatively compared
and discussed.

The estimated data of the proposed and conventional inverters, namely, the size, weight and cost
are summarized in Table 5. It can be observed that the proposed inverter has a definite advantage
in terms of lower cost, although it suffers from its relatively complicated structure and larger size.
Approximately USD 1094 can be saved by one three-phase four-leg inverter for the power level of a
2.88 MW system, which is appreciated for the demand side. Therefore, the proposed inverter has great
potential for mega-watt level cost-sensitive applications.
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Table 5. Comparison between Proposed and Conventional Inverter.

Item Proposed Inverter Conventional Inverter
Overall size (cm®) 8268.4 3165.56
Overall weight (kg) 15.05 5.6
Cost (USD) 2766 3860

7. Conclusions

In this paper, a new integrated IGBT-thyristor three-phase four-leg VSI is proposed, analyzed
and evaluated, specifically for mega-watt level applications. As compared with traditional four-leg
inverters, the proposed inverter achieves a distinct advantage of higher cost-effectiveness. The
operation principle of the proposed inverter is investigated and discussed. The inverter output voltage
in a7y coordinate of each segment is also presented. Moreover, the current control strategy based
on carrier-based PWM with PR controllers and the PCM is developed and analyzed. Demonstration
results of simulation and experimentation for closed-loop current control are accomplished, which
verifies the functionality of the proposed inverter under balanced and unbalanced load conditions.
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Abstract: Due to our limited knowledge about silicon carbide metal-oxide-semiconductor field-effect
transistors (SiC MOSFETs), the theoretical analysis and change regularity in terms of the effects of
temperature on their switching characteristics have not been fully characterized and understood.
An analysis of variation in voltage (dVpg/dt) for SiC MOSFET during turn-on and turn-off has been
performed theoretically and experimentally in this paper. Turn-off variation in voltage is not a strong
function of temperature, whereas the turn-on variation in voltage has a monotonic relationship with
temperature. The temperature dependence is a result of the competing effects between the positive
temperature coefficient of the intrinsic carrier concentration and the negative temperature coefficient
of the effective mobility of the electrons in SiC MOSFETs. The relationship between variation in
voltage and supply voltage, load current, and gate resistance are also discussed. A temperature-based
analytical model of dVpg/dt for SiC MOSFETs was derived in terms of internal parasitic capacitances
during the charging and discharging processes at the voltage fall period during turn-on, and the
rise period during turn-off. The calculation results were close to the experimental measurements.
These results provide a potential junction temperature estimation approach for SiC MOSFETs. In SiC
MOSFET-based practical applications, if the turn on dVpg/dt is sensed, the device temperature can
be estimated from the relationship curve of turn on dVpg/df versus temperature drawn in advance.

Keywords: power semiconductor device; temperature; switching transients; variation in voltage

1. Introduction

Although silicon power devices have developed rapidly in the past few decades, many of
them are reaching their physical limits. In recent years, silicon carbide (SiC) power devices have
offered a probable solution to this problem due to their wide bandgap and electrical and physical
characteristics [1]. In comparison with Si devices, the superiority of SiC metal-oxide-semiconductor
field-effect transistors (MOSFETs) has been demonstrated [2]. Since Si insulated-gate bipolar transistors
(IGBTs) are widely used to construct power electronics converters in many industrial products, such as
photovoltaic generation, motor drives, and uninterruptable power supplies, many efforts have been
devoted to the promotion and expansion of the applications of SiC MOSFETs [3]. In the future,
SiC MOSFETs may replace Si IGBTs in the voltage range of 1200 V and above, due to the fact they offer
considerable performance and smaller switching time.

Due to our limited knowledge about SiC MOSFETs, the theoretical analysis and change
regularity in terms of the effects of temperature on its switching characteristics have not been fully
characterized and understood. Previous work by Zhu et al. [4] analyzed the temperature dependence
of on-resistance. In [5,6], the threshold voltage has been investigated, which is not stable under
different temperatures because of electron tunneling into and out of the oxide traps. The switching
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characteristics of SiC MOSFETs were investigated in [7,8], but the impact of temperature was not
considered. The relationship between dVpg/dt and temperature for SiC MOSFET can be observed in
some published reports [9-14]. In [9] and [14], the characterization and comparison of three types of
1.2 kV SiC MOSFETs produced by different manufacturers is presented at 25 °C and 175 °C. Similar
measurements have also been performed in [10,11]. In [12], a SiC Implantation and Epitaxial MOSFET
(SiC-IEMOSFET) has been evaluated at the temperatures of 25 °C and 125 °C. In reference [13],
a behavioral model of SiC MOSFET in Pspice over a wide temperature range is provided. The static
and dynamic behavior is simulated using the presented model and compared to the measured
waveforms. However, the effects of temperature on switching characteristics were only examined at
two temperature conditions. From the aforementioned literature, we don’t know if the dVpg/dt varies
linearly with temperature due to the absence of measurement data. Furthermore, many issues still
remain unclear, such as the effects of supply voltage, load current and gate resistance on dVpg/dt and
the modeling of dVpg/dt. However, these are important for SiC MOSFET-based practical applications.
It is necessary to investigate the effects of temperature on the switching characteristics, which is useful
for understanding how the variation of voltage varies with temperature. Alternatively, in future
SiC MOSFET-based practical applications, the junction temperature measurement will become an
important topic. However, for SiC MOSFETSs there is less temperature sensitivity for the same electrical
parameters as in Si IGBTs owing to their unipolar nature. Because of the wider bandgap, the lower
intrinsic carrier concentration and the faster switching speed, some conventional indicators of junction
temperature estimation for Si devices would fail for SiC MOSFETs [15,16]. Hence, it is also important
to find a temperature-sensitive electrical parameter to evaluate device temperature in SiC MOSFETs.

In this paper, a thorough analysis was completed of the variation in voltage for SiC MOSFETs
during turn-on and turn-off. The temperature dependency of turn-off variation in voltage and turn-on
variation in voltage were found to be different. The turn-off variation in voltage was not strongly
correlated with temperature, while the turn-on variation in voltage was a function of temperature.
The relationship is nearly linear. From the relationship curve, the junction temperature of SiC MOSFET
can be derived. Hence, turn-on variation in voltage is suitable as a temperature-sensitive electrical
parameter for junction temperature measurement. In addition, a temperature-based analytical model
of variation in voltage is presented and the effects of supply voltage, load current, and gate resistance
on the temperature dependency of variation in voltage are analyzed. Finally, the implementations of
the temperature dependence of variation in voltage are discussed.

2. Model

2.1. Overview of the Turn-On and Turn-Off Process

Figure 1 shows the typical structure of a SiC MOSFET consisting of three electrodes, namely drain,
gate, and source, gate oxide, JFET region, and N-drift. It is a vertical device with a planar gate.
Apart from that, the equivalent circuit of SiC MOSFET is also shown, including three internal parasitic
capacitances: gate—drain (Cgp), gate—source (Cgs), and drain-source (Cpg).

Based on an inductive load circuit, the switching characteristic of a power MOSFET is illustrated
in Figure 2, showing the four phases during turn-on and turn-off. Due the existence of switching loop
stray inductances, the induced voltage across stray inductances will reshape the waveforms of a drain
source voltage Vpg, causing a drop in turn-on and a peak in turn-off, as a result of the induced positive
voltages and negative voltages, respectively [17].

The current distribution in the device is changed due to the effect of the drain—-source capacitance
Cps of the SiC MOSFET, which usually cannot be observed outside the SiC MOSFET. During the turn-on
process, the energy stored in Cpg discharges through MOS channel, which causes the channel current
Ichannel to be larger than the drain current Ip measured outside. While at turn-off, the capacitance Cpg
is charged as the drain-source voltage Vpg rises. In this process, a part of the load current flows to Cpg,
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which causes I hannel to be smaller than Ip. As a result, the gate-source plateau voltage Vgp in turn-on
is higher than that in turn-off.

Source Gate

N-Drift

Drain

Figure 1. Cross structure of a silicon carbide (SiC) metal-oxide-semiconductor field-effect transistor (MOSFET).
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Figure 2. Swtiching characteristic of a power MOSFET with an inductive load.

2.2. Temperature-Based dVpg/dt Model

The dynamic behavior of SiC MOSFETs is strongly dependent on their terminal capacitances: Cgp,
Cgs and Cpg. The capacitances Cgp and Cgg govern the switching transient since they are charged
and discharged during the turn-on and turn-off processes. The effect of capacitance Cpg can’t also be
neglected since it also charges and discharges. In Figure 2, the MOSFET is in the saturation region
and Vg remains almost unchanged at the voltage fall period during turn-on. Consequently, the gate
current deviates from the gate source capacitance Cgg and the Miller capacitance Cgp to mainly charge
the Cgp. In addition, the drain source capacitance Cpg is discharged in this phase and the discharging
currents will inject into the channel of the MOSFET. Similarly, the Cpg is charged during the voltage rise
period during turn-off, and a part of the load current will be shunt. Owing to the discharging/charging
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of terminal capacitances, the current flowing through MOSFET, named the channel current, is not
equal to the current measured through the drain terminal, namely Ip which is larger or smaller than
Ip. Figure 3a shows the discharging of capacitances Cgp during turn-on, whereas the charging of
capacitances Cgp is shown in Figure 3b. The discharging/charging process of Miller capacitance is
also exhibited in this figure.

@) (b)

Figure 3. Terminal capacitances charging and discharging at: (a) the voltage fall phase and (b) the rise phase.

In the voltage rise phase during turn-off, the voltage across the inversion channel is higher
than the saturation voltage, Vpgsat, defined as Vgs — Vp, and the SiC MOSFET is in the saturation
region [18,19]. The channel current is a function of saturation voltage Vpg st and can be given as :

WioC
M(VGS — Vi) (1 + AVis) 1)

Ithannel = gvljz)s‘sat(l + /\VDS) =
where B = WppCox/L is the transconductance parameter, W is the channel width, L is the channel
length, Vi and Vg are the threshold voltage and gate-source voltage, respectively, A is the channel
length modulation parameter, 1 is the effective mobility of the electrons in the channel, and Cox is
the gate—oxide capacitor.

Since the drive voltage Vg has become the low level Vg 1 in this phase, and the gate source
voltage Vg reaches its Miller plateau voltage that is equal to Vy+I1./gm, the gate drive current Ig can
be calculated as shown in Equation (2), where R is the gate drive resistance, Iy is the load current,
and gy, is the device’s transconductance:

] T1oad L

1.— Ves—VecL _ Vin+ gt —Voar Vit wtor — VoG L 2
c= Re = Re = Re (@)

The capacitance Cpg is a drain—source voltage Vpg —sensitive parameter due to the variation in
depletion region width of the drain-body junction with Vpg, which is given by [20,21]:

gNaésic
Cps = A —_— 3
DS = DS\ 2(Vps + Vi) @
where: T NAN
Vi = — In( AZD) 4
q n;

while g is the fundamental electronic charge, €sic is the dielectric constant in SiC, N4 is the p-well
region doping, Apg is the drain—source overlap area, V},; is the junction potential in drain-body junction,
Np is the doping in drift region, and ; is the intrinsic carrier concentration of SiC.
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The capacitance Cgp is consisted of the gate oxide capacitance Cox = eoxAgp/fox in series with
the bias-dependent depletion capacitance under gate oxide Cgpy = Agp(qNagsic / 2Vps)'/2, which is
given by:

CoxCcpy
Ccp= ——F7" 5)
D7 Cox + Ccpy (

According to the charging and discharging processes of Cgs, Cgp, and Cpg as seen in Figure 3,

the variation in voltage can be calculated for the voltage rise period during turn-off:

C
dVps - Ip = Ichannel + CGSEEGD Ig ©)
- CcosCq
T G

where Cgg is gate-source capacitance and I is drain current of the SiC MOSFET, which is equal to
load current I;,. According to different operating conditions, Mc Nutt et al. [22] found that capacitance
Ccp can be further simplified. Figure 4 shows how the capacitance Cgp varies under different
operating conditions. When gate-source voltage Vg is greater than threshold voltage, and drain-source
voltage Vpg is greater than zero, capacitance Cgp is approximately equal to the gate oxide capacitance
Cox because depletion capacitance Cgpy is far in excess of the Cox. Hence, Equation (6) can be
further simplified by using Cox instead of Cgp. Additionally, during turn-on, the expression of the
variation in voltage can also be derived is similar to Equation (6), where gate current is defined as
Ig =(Vegn — (IL/gm + Vrn))/Re.

Gate
.
Oxide — COX TCOX — COX
Depletion CGDJ CGDJ ?é
€
GDJ
C.<C Cox << CGDJ
N-Drift ox = an! C. =C Cox >>Cop,
CGD = COX GD — ~OX C.. =

C
- [ I
Drain

VGSZO,VDSZO VGS>VTH’VDS>0 VGS<VTH’VDS>O
(a) (b (€]

Figure 4. The gate—drain capacitance (Cgp) varies under different operating conditions. (a) Vs =0,
Vps =0; (b) Vs > Vi, Vs > 0; (¢) Vigs < Vi, Vps > 0.

2.3. Dependency Analysis

Equation (6) shows that the variation in voltage is dependent on temperature, since the channel
current and gate current are correlated with temperature. The load current, voltage, and gate drive
resistance also have some influence on variation in voltage. The relationship between channel current
and temperature depends on the temperature dependency of the threshold voltage and the effective
mobility in SiC MOSFET. When the surface potential of the channel in the MOSFET is exactly twice the
bulk potential, the value of the gate voltage is called the threshold voltage. This means that the gate
potential has induced sufficient band bending for the intrinsic Fermi level in the p-type body of the
device to be below the Fermi level. The electron concentration in the channel is exactly equal to the
p-body doping and the channel is properly inverted, which is the minimum gate voltage to make the
device work. Hence, the threshold voltage can be calculated as shown below in Equation (7), where 1
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is Fermi-potential, Qf is the fixed oxide charges, and ¢ms is the work function difference between metal
and semiconductor [23]:

Q degic-g- Ny -
Vit = s — =L 4 2y 4 Y2051 0" Na 98 7
Cox Cox
with: VT N
= In(—2 8
PB p ( ; ) (8

Due to the work-function difference pms and fixed oxide charges Qy being essentially independent
of temperature, the threshold voltage temperature dependency can be given through differentiating
Equation (7) with respect to temperature:

dVry _ dyp 1 Jesic-q-Na
_4¥Bp 1 [ESIC YA
daT dr 2+ Cox VB )

)

From Equation (3), assuming a constant drain-source voltage Vpg, it is known that Cpg
varying with temperature is dominated by the temperature dependency of V. In the expression
of Vy; in Equation (4), as temperature T increases, kT/q rises and In(N4Np/ nlz) decreases.
Hence, the more dominant parameter will determine how Cpg changes with temperature. Theoretically,
the In(N4Np/n?) term dominates the temperature dependency of Cps since V},; decreases with
temperature shown in Figure 5, where the drift region doping Np is 3.8 x 10'® cm~3. From Figure 5,
Cps increases with temperature owing to its inverse proportional relationship with Vi, according to
Equation (4). As reported by Chen et al. [7], experimentally, the C-V characteristics of SiC MOSFET
almost overlap under different temperatures. Hence, the temperature dependency of Cpg is neglected
in the following analysis. Additionally, the Cgs and Cox are generally considered to be constant.

3.1

3.0

= 29

2.8

27

300 350 400 450 500
Temperature(K)

Figure 5. The junction potential in drain-body junction versus temperature.

From Equation (2), gate current is also correlated with threshold voltage and effective mobility,
since the Miller plateau voltage is determined by the two parameters, resulting in the gate current
varying under different temperatures. Hence, according to the temperature derivative of Equation (6),
the temperature dependence of dVpg/dt can be obtained, as shown in Equation (10):

szDS _ -1 (dlchannel _ COX dﬁ (10)
dedT Cps + % dT Cgs + Cox dT
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According to Equations (1) and (2), the temperature dependence of the channel and gate currents
can be given by:

dlf 1 dB dv-
—chamnel - — (14 AVps) (Vas — Vin) [(Vas — Vin) 5 — 2B—1]
dr 2 aT aT (1)
_ WCox d]/lo dVTH
=51 (14 AVbs) (Vs — Vin) [(Vas — Vin) o7 — 240
dﬁ — dVry _ IiLdgim — dVry _ L hoad L @ (12)
dr dr g2, dT AT 2po \| WuoCox dT
The equation of mobility can be adopted from Mudholkar et al. [22]:
947 T —2.15
o= ——— s (350 (13)
1+ (1.94I\i[)1017) 200

Substituting Equations (9), (11) and (12) into Equation (10), the temperature sensitivity of
dVpg/dt can be derived via the temperature dependency of threshold voltage and effective mobility.
From Equation (13), mobility yo possesses a negative temperature coefficient and decreases with
temperature. However, for SiC MOSFET, dy/dT is very low and can be neglected due to its wide
band-gap characteristics as reported in Hasanuzzaman et al. [24]. Hence, the temperature sensitivity
of dVpg/dt is dominated by dVrp/dT and is negative because the temperature coefficient of threshold
voltage is negative. Hence, turn-off dVps/dt decreases as temperature increases. Similarly, the variation
tendency of dVpg/dt under different temperatures during the turn-on process can also be predicted.

From Equation (6), the variation in voltage is also affected by load current, supply voltage,
and gate drive resistance. Since the derivative of dVpg/dt with respect to the load current is positive,
as shown in Equation (14), it has a positive impact on the variation in voltage, which means the
variation in voltage increases with increasing load current:

d2 Vbs B 1 Cox

= 1+
didlp,  Cpg + C%;ngéx ( Rggm(Cas + Cox) )

(14)

For the voltage, the impact on the variation in voltage is similar to that of the load current
because the capacitance Cpg varies under different voltages, as described in Equation (3). As seen
from Equation (2), the higher the gate resistance, the lower the gate current. Hence, the variation in
voltage decreases with increasing gate resistance. Likewise, for the voltage fall period during turn-on,
the variation in voltage also depends on the gate resistance, load current, voltage, and temperature,
and their impacts on variation in voltage can be obtained through a similar analysis process as for
turn-off. A flow diagram for the proposed temperature-based analytical model, described in function
blocks, is given in Figure 6. The temperature dependency of variation in voltage is a result of the
variation of the intrinsic carrier concentration #; and the effective mobility of the electrons o with
temperature. Owing to the positive temperature effect of the intrinsic carrier concentration #; and
the negative temperature effect of effective mobility of the electrons yp, dVpg/dt decreases with
temperature for turn-off and increases for turn-on. Since SiC MOSFET has wider band-gap energy,
the temperature sensitivity of the effective mobility of the electrons iy can be neglected and can be
considered approximately constant in the model.
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Figure 6. Summary of dependency of dVpg/dt on operation condition.

3. Experiment Details

The static characteristics of SIC MOSFET were measured using a B1505A curve tracer (Agilent,
Santa Clara, CA, USA) with the device placed in an environment chamber to control the temperature.
The switching characteristics were obtained by the clamped inductive double-pulse test circuit shown
in Figure 7.

Free
Wheeli
. eeling |c,
Diode o~ R,
Cab
Drain —_ +
1, Vos + T Ve
Vaa R
g v,
AV thjc o S
Source ™ R,
= L ¢
- P Pearson

Figure 7. Schematics of the transient characteristics test.

The switching waveforms were captured using a 610Zi digital oscilloscope (Lecroy, New York,
NY, USA) which has a bandwidth of 1 GHz and a sample rate of 20 GS/s. During the experiment,
different ambient temperatures were simulated using a heater, and the SiC MOSFET was mounted at
the bottom of the test circuit board, connected to the heater through an aluminum plate with some
thermal paste for reliable heat transfer, shown in Figure 8. The heater can vary the temperature from
room temperature to 450 °C. Theoretically, the SiC MOSFET chip can be normal operation above 300 °C
due to its wider band gap and higher thermal conductivity. However, the maximum recommended
operation temperature per the device manufacturer is 175 °C, owing to the considerations listed on
the packaging and reliability issues. Hence, the maximum of 175 °C was selected for experimental
measurements. A fan was used for the heat dissipation of the test circuit board to reduce the effects
of temperature on the other components. In the test, the SIC MOSFET and diode were SCT2080KE
(Rohm, Kyoto, Japan) and SCS220AM (Rohm, Kyoto, Japan) devices, respectively.
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Figure 8. Schematic of the simulation of different ambient temperatures.

4. Experimental Results

4.1. Static Characteristics under Different Temperatures

Figures 9 and 10 show SiC MOSFET transfer and output characteristics at varying temperatures,
respectively. The temperature dependence of the threshold voltage was obtained, as shown in Figure 11.
The square represents the tested values under different temperatures, the solid line represents the
fitted values, and the dashed line is representative of the calculation based on Equation (7). As seen,
the threshold voltage significantly decreases with temperature increase, which is typical for 4H-SiC
MOSEFETs and has been observed in previous studies [13,14]. The effect is caused by the increase of
intrinsic carrier concentration at higher temperature, seen in Equation (7), due to increased thermal
generation of carriers across the band gap, which forms the channel easier.
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Figure 9. Temperature-dependent transfer characteristics.
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Figure 10. Temperature-dependent output characteristics at gate-source voltages of 8 V and 16 V.
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Figure 11. Threshold voltage of SiC MOSFET under different temperatures.

From Figure 11, the temperature dependency of threshold voltage is approximately linear.
The temperature sensitivity coefficient kyr is about —6.37 mV/°C. If nominal threshold voltage
VTHo at room temperature is known, a simple expression can be used to describe threshold voltage at
any measured temperature T:

Vru(T) = Vrao — kvt (T — To) (15)

Figure 11 also shows the calculated values of threshold voltage according to Equation (7). Reasonably
good agreement exists between calculations and measurements. Nevertheless, the analytical model of
threshold voltage, given by Equation (7), is often used for theoretical analysis since its parameters relate
to the physics of the device. These parameters are usually hard to obtain. The linear fitting expression
of the threshold voltage, given by Equation (15), is usually adopted in practical applications. In order
to simplify the calculation, Equation (15) is used for the following calculations. The temperature
dependency of transconductance gm is dominated by the effective mobility yy. As aforementioned
analysis, the dyg/dT of SiC MOSFET is very low and can be neglected due to its wide band-gap
characteristics. Hence, the temperature dependency of transconductance grm is also not considered.

4.2. Temperature Dependency of dVpg/dt

From Equation (6), dVpg/dt depends on device temperature, load current, gate resistors,
and voltage. Here, the effects of these factors are investigated and the results are shown in Figures 12-19,
where the turn-off waveforms of drain voltage are shown in Figures 12-15, and the turn-on waveforms
are shown in Figures 16-19. The test conditions were set to voltages of 200, 400 and 600 V, and load
currents of 10, 15 and 20 A. The gate resistor varied from 10 Q) to 150 () and the temperature ranged
from 25 °C to 175 °C. An external drive system with 24/-5 voltage was used in the test and a double
pulse signal was generated by a pulse generator. The current was measured using a Pearson current
sensor. As seen, load current, voltage, temperature, and gate resistor have different impacts on dVpg/dt
during turn-off and turn-on. During turn-off, the relationship between dVpg/dt and temperature
is strongly dependent on the gate resistor. With larger values for the gate resistor, the curves nearly
overlap under different temperatures. With smaller values for the gate resistor, the variation in voltage
barely changed as temperature increased. However, the time at which the voltage rose obviously
increased with temperature, which means the delay time varied as temperature increased.

In the voltage fall period during turn-on, at larger gate resistor values, the impact of temperature
on the variation in voltage is obvious and its magnitudes increased as temperature increased. The time
at which the voltage falls is different, and decreased with temperature. For smaller gate resistor
values, the variation in voltage was nearly the same under different temperatures, since the waveforms
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overlapped. Moreover, load current and voltage were also important factors for the variation in voltage
with temperature.

200
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Figure 12. Turn-off waveforms for drain-source voltage (Vpg) at a voltage of 200 V, a load current 15 A,
and at different temperatures with a gate drive resistance (Rg) = 10 Q.
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Figure 13. Turn-off waveforms for Vpg at a voltage of 400 V, a load current 15 A, and at different
temperatures with Rg = 10 Q0.
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Figure 14. Turn-off waveforms for Vpg at a voltage of 400 V, a load current 20 A, and at different
temperatures with Rg = 10 Q).
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Figure 15. Turn-off waveforms for Vpg at a voltage of 400 V, a load current 20 A, and at different
temperatures with Rg = 150 Q).
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Figure 16. Turn-on waveforms for Vpg at a voltage of 200 V, a load current 15 A, and at different
temperatures with Rg = 10 Q).
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Figure 17. Turn-on waveforms for Vpg at a voltage of 400 V, a load current 15 A, and at different
temperatures with Rg = 10 Q).
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Figure 18. Turn-on waveforms for Vpg at a voltage of 400 V, a load current 20 A, and at different
temperatures with Rg = 10 Q).
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Figure 19. Turn-on waveforms for Vpg at a voltage of 400 V, a load current 20 A, and at different
temperatures with Rg = 150 Q).

From the above curves, the measured values of dVps/dt, which varies with temperature
under different measurement conditions, were obtained. The results are shown from Figures 20-25,
where Figures 20-22 are the results for turn-off, and Figures 23-25 are for turn-on. The calculated
values are also shown in these figures. In the calculations, the values of Cgs and Cox are 2.192 nF
and 3.387 nF, respectively, extracted by a constant gate current circuit during turn-on. Indeed, for a
SiC MOSFET the relative change in channel length is very small comparing with the long channel,
A can be treated as zero. According to some points in the device output characteristic saturation
region, the values of W and L were obtained. The drain-source overlap area Apg was 5.3676 mm?.
Equation (15) was adopted as the expression of threshold voltage under different temperatures.

For a fixed voltage of 400 V and gate resistance of 10 (), the relationship between dVpg/dt and
temperature under different load currents is presented in Figure 20. Figure 21 shows the temperature
dependence of dVpg/dt under different voltages at 15 A load current of and 10 () gate resistance.
Note that dVpg/df has little fluctuation as the temperature increases, meaning that turn-off dVpg/dt is
not a strong function of temperature. The dVpg/dt also increases with load current and supply voltage.
The positive voltage coefficient of dVpg/dt is due to the fact that drain-source capacitance and Miller
capacitance reduce with increasing supply voltage. The Miller capacitance is consisted of a fixed oxide
capacitance and a depletion capacitance that varies with voltage. The depletion width increases as
voltage increases resulting in a small depletion capacitance and hence the Miller capacitance declines
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at a large voltage. While, drain-source capacitance is comprised of the depletion region capacitance of
drain-body junction and the region width also increases with voltage. Hence drain-source capacitance
decreases. The calculated results show dVpg/dt is minimally temperature sensitive and decreases
with temperature. Some discrepancies can be found between the measurements and calculations.
The reason for this may be the temperature dependence of the effective mobility compensating for the
temperature dependence of the threshold voltage in realistic experimental conditions. Furthermore,
the impact of the gate resistors on the temperature dependence of dVpg/dt was also measured at 400 V
and 15 A. The results are exhibited in Figure 22. The dVpg/df varied with different resistors, and was
large with smaller resistor values and was small with larger resistor values. The reason results from
the variation of gate current at different resistors observed in aforementioned analysis.
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Figure 20. Measured and calculated dVpg/dt as a function of temperature at a voltage of 400 V and a
gate resistor of 10 Q) during turn-off, shown for different load currents.
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Figure 21. Measured and calculated dVpg/dt as a function of temperature at a load current of 15 A
and a gate resistor of 10 ) during turn-off, shown for different voltages.
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Figure 22. Measured dVpg/dt as a function of temperature at a voltage of 400 V and a load current
15 A during turn-off, shown for different gate resistances.
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Figure 23. Measured and calculated dVpg/dt as a function of temperature at a voltage of 400 V and a
gate resistor of 10 Q) during turn-on, shown for different load currents.
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Figure 24. Measured and calculated dVpg/dt as a function of temperature at a voltage of 15 A and a
gate resistor of 10 () during turn-on, shown for different voltages.
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Figure 25. Measured and calculated dVpg/dt as a function of temperature at a voltage of 400 V and a
load current 15 A during turn-on, shown for different gate resistances.

During the period of voltage fall during turn-on, the relationship between dVpg/dt and
temperature, under different load currents, at 400 V and 10 (), is presented in Figure 23. For different
voltages, the relationship at 15 A and 10 ) is shown in Figure 24. Notably, dVpg/dt is less than zero
and its magnitude increases with temperature, as expected. Moreover, the temperature dependency
of dVpg/dt exhibits near-linear characteristics. The results are interesting since the monotonic
relationship may be a potential indictor for junction potential measurement for SiC MOSFET. At the
same temperature, a larger load current results in a smaller dVpg/dt. For voltage, the magnitude of
dVpg/dt is larger for a larger voltage. To evaluate the effects of gate resistors on the temperature
dependency of turn-on dVpg/dt, the temperature dependency of turn-on dVpg/dt was measured at
400 V and 15 A under different gate resistor values. The results are shown in Figure 25. A variation in
dVps/dt can be observed in Figure 25 for different gate resistors at the same temperature. A smaller
gate resistor results in a larger magnitude of dVpg/dt. Moreover, in the above figures, the calculated
and measured values show good agreement at the evaluated temperature range.

5. Discussion

The variation trend between dVpg/dt and temperature for SiC MOSFET can be also seen in
previous studies. In Chen et al. [9] and DiMarino et al. [14], the measurements were performed
at a supply voltage of 600 V and load current of 10 A with 10 () gate resistance. The impact of
temperature is clear and the magnitude of dVpg/dt decreases as temperature increases for turn-off,
but increases with increasing temperature for turn-on. Othman et al. [11] experimentally showed the
temperature-sensitivity of turn-off dVpg/dt is very low and approximately constant under 400 V, 15 A,
and 28 () gate resistance test conditions. When temperature ranges from 25 °C up to 175 °C, the value
of dVpg/dt is approximately 10.44 V /ns. However, for turn-on dVpg/dt, the magnitude increases from
4.6 V/ns at 25 °C to 6.62 V/ns at 175 °C. As reported by Takao et al. [12], the same conclusions were
drawn from the switching waveforms of SiC MOSFETs at 25 °C and 175 °C at 600 V, 10 A, with 11.36 Q)
gate resistance. The magnitude of turn-on dVpg/dt is approximately 12 V/ns at 25 °C and 15 V/ns for
175 °C, whereas the values of turn-off dVpg/dt are all approximately 29.11 V /ns for both 25 °C and
175 °C. These provide a potential solution for SiC MOSFET junction temperature estimation.

In the case of Si IGBTs, the turn-off dVcg/dt under different temperatures has been reported
by Bryant et al. [25]. The dVcg/df possesses a negative temperature coefficient and decreases with
temperature decreases. For different load currents, the slope is the same and its value is 6.75 V/(us°C).
Because of this fixed sensitivity and linearity, turn-off dVcg/dt can be used as an effective indicator for
junction temperature measurement of an IGBT. However, for a SiC MOSFET, turn-off dVpg/dt is not
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strongly correlated with temperature. Hence, monitoring turn-off dVpg/dt seems to be infeasible for
junction temperature measurement of a SiC MOSFET.

Equation (10) shows the two temperature-sensitive parameters that dominate the temperature
dependency of dVpg/dt are the threshold voltage and the effective mobility. For Si MOSFET,
the effective mobility decreases with temperature and its temperature dependency is negative. But for
SiC MOSFETSs, as reported in [24], the temperature dependency of effective mobility can be neglected
and be considered approximately constant due to its wide band-gap characteristics. Hence, it can be
concluded theoretically that the temperature dependency of dVpg/dt in Si MOSFETs is less than that
in SiC MOSFETs owing to the compensating effects of the temperature characteristic of the effective
mobility to the temperature characteristic of the threshold voltage in St MOSFETs. However, it is hard
to find the experimental measurements on the temperature dependency of dVpg/dt for Si MOSFETs in
previous literature. A comprehensive comparison between Si MOSFETs and SiC MOSFETSs, regarding
the dependency of the dVpg/df on temperature, load current and gate resistor, will be performed
experimentally in the next step.

From the measurements, the turn-on dVpg/dt is shown to have good temperature sensitivity
and is approximately linear. The results are interesting and significant because it may be a potential
indicator for junction temperature measurement of a SiC MOSFET. Others factors can also effect
turn-on dVpg/dt, as shown in Figures 23-25, but this is not an issue. Because the type of device
and system parameters, such as voltage, load current, and gate resistance, are usually fixed in
practical SiC MOSFET-based applications, and turn-on dVpg/dt is only dominated by temperature.
Before the turn-on dVpg/dt-based method is used for temperature assessment, the calibration curves
between dVpg/dt and temperature should be drawn experimentally and used as a lookup table.
Indeed, the lookup table is easily implemented by digital signal processing (DSP). The dVpg/dt can
also be easily measured by a RC high-pass connected to the drain and source terminals of device from
the switching waveforms. After the dVpg/dt is measured, the corresponding junction temperature
can be estimated from the lookup table.

6. Conclusions

A thorough analysis of variation in voltage for SiC MOSFETs during turn-on and turn-off was
completed. It can be concluded that turn on variation of voltage is a function of temperature and has
near-linear dependency with temperature. The relationship between turn-off variations in voltage
and temperature was also investigated. Turn-off variation in voltage was approximately invariant
with temperature with fixed supply voltage, load current, and gate resistance test conditions. Using a
temperature-based analytical model for variations in voltage, we demonstrated that the temperature
dependency of variation in voltage results from the positive temperature dependency of the intrinsic
carrier concentration and negative temperature dependency of the effective mobility of the electrons in
SiC MOSFETs. The analytical model also demonstrated the ability to correctly predict how variation in
voltage varies with temperature. Additionally, the effects of supply voltage, load current, and gate
resistance on the temperature dependency of variations in voltage were discussed. Due to good
linearity, turn on variation in voltage may be considered as a practical temperature-sensitive electrical
parameter for junction temperature estimation in SiC MOSFETs. With a database of turn-on variations
in voltage with temperature, supply voltage, load current, and gate resistance, the junction temperature
of SiC MOSFETs can be derived from the calibration curve. Future work includes a thorough
comparison with other models, a verification of whether the turn-on variation in the voltage-based
temperature measurement method represents correctly the junction temperature at realistic operation
conditions, and a comprehensive assessment in terms of selectivity, linearity, generality, and possibility
for online measurement.
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Abstract: In the case of a long-stator linear drive, unlike rotative drives for which speed or position
sensors are a single unit attached to the shaft, these sensors extend along the guideway. The position
signals transmitted from a maglev vehicle cannot meet the need of the real-time propulsion control
in the on-ground inverter power substations. In this paper the design of the propulsion inverter
control system with a position estimator for driving a long-stator synchronous motor in a high-speed
maglev train is proposed. The experiments have been carried out at the 150 m long guideway at the
O-song test track. To investigate the performance of the position estimator, the propulsion control
system with, and without, the position estimator are compared. The result confirms that the proposed
strategy can meet the dynamic property needs of the propulsion inverter control system for driving
long-stator linear synchronous motors.

Keywords: high speed maglev; long-stator synchronous motor; propulsion inverter control system
position estimator

1. Introduction

A maglev train system is a new transportation system technology that replaces the mechanical
components by electronic devices and, thus, can help to overcome the technical limitations that
wheels have in railway technology. In comparison with the existing wheel-on-rail systems, the maglev
train system ensures high-speed operation, high safety, low pollution, and low energy loss for mass
transport [1]. A long stator linear synchronous motor (LS-LSM) has the following special features
as compared to a rotary-type synchronous motor: Since the LS-LSM is made through a combination
of levitation magnets and the stator of propulsion motor, the magnetic flux density of the motor is
determined by the weight of the vehicle, and the thrust force is affected by the phase angle and the
magnitude of the stator current. Therefore, the position information of the mover is essential for the
LS-LSM drive inverter [2-5].

In the case of the Transrapid maglev system, as the position signal detection system PRW (coming
from the German word: polradwinkelverfahren) is mounted on the head portion and rear portion of the
train and the position information flag is installed in the guideway, with the absolute position signals
of the vehicle being transmitted to the propulsion system on the ground. The position information
transmission method is to transmit the position signals using radio frequency at intervals of 20 ms
with the use of the RS-485 communication protocol, and the transmission rate is 512 kbps. However,
the vehicle position information obtained through this method does not meet the requirements of the
propulsion inverter control system [6].

Energies 2017, 10, 170; doi:10.3390/en10020170 315 www.mdpi.com/journal/energies
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This paper seeks to develop a propulsion inverter control system technology for the SUMAS550-1,
a high-speed maglev train system based on an LS-LSM. The test vehicle driven by an LS-LSM was
fabricated with one-half the length of the final target model for this project and a LS-LSM guideway
of 150 m in length was constructed to test and evaluate the developed vehicle. The differences of
propulsion control between a rotating motor and a linear motor are analyzed and the propulsion
system with the vehicle magnetic flux position estimator is proposed in order to solve the problem
of linear motors. A difference in thrust force control between the rotative motor and linear unit was
analyzed, and the propulsion control system that has the vehicle flux position observer to solve the
problem which may occur in the linear unit is presented.

For performance verification of the propulsion inverter control system of the SUMA550-1,
the response characteristics of the current controller and speed controller, and the stability on the
control system were analyzed through a simulation model to which the system parameters and
propulsion controller gain parameters are applied. The control performance by the maximum torque,
the characteristic of position estimator, and the speed profile was confirmed through a propulsion
control experiment at the test track with 150 m in length.

2. Development of Propulsion Inverter Control System Based on Long Stator Linear
Synchronous Motor

2.1. The Thrust Force Characteristics of Propulsion System for a High-Speed Maglev Train

The final model to be developed through the research and development of high-speed maglev train
system is the SUMA550, whose configuration consists of three cars/one organization. The specifications
of the SUMAS550-1, which is the first prototype model of the high-speed maglev train system developed
in this research project, are summarized in Table 1.

Table 1. High-speed maglev train specifications. LS-LSM: long stator linear synchronous motor.

Parameter Description SUMAS550 SUMAS550-1
Train configuration 3 cars Y5 cars
Seats 156 25
. Gross mass (ton) 150 27
Vehicles Pri . . .
rimary suspension Magnetic Suspension
Secondary suspension Passive Suspension
Air gap (mm) 10 (landing gap: 20)
Motor type LS-LSM
Propulsion System Maximum speed 550 km/h 8 m/s@150 m
Maximum acceleration 11m/s?
Gauge 2600
Guideway Static deflection L (=15)/5600 At-grade

Dynamic deflection L (=15)/4000

The entire vehicle running resistance F of the SUMAS550 is expressed by the sum of all resistances
to vehicle movement. Equation (1) represents the entire vehicle running resistances of high speed
maglev system:

F=F +Fy+Fs 6

where F; is aerodynamic train running resistance; Fy, is eddy current running resistance; and Fp is
running resistance caused by linear generator.
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Each of equations for running resistance are described in Equation (2):

F, = 2.8 x v* x (0.265 x N + 0.3)[N]
Fn = N x (0.1 x 95 4 0.02 x v°7) x 1073|N]
0N] (for0 < v < 20km/h) )
Fgp=<{ Nx73x10°[N] (for20 < v < 70km/h)
N x (146 /v — 0.2) x 10> [N] (for 70 < v < 500 km/h)

where N is the number of vehicles and v is the velocity of the vehicle.

Figure 1 shows the required thrust force curve and electromagnet arrangement of the SUMAS550,
and the electromagnet arrangement of the SUMAS550-1.

SUMAS550 (3 vehicles) —TFa

—Fat+Fm
160 Transrapid —Total
140 (3-vehicles)

——Thrust Force
- Hl A Magnet Module

Force [kN]

0 36 72 108 144 180 216 252 288 324 360 396 432 468 504 540
Speed [km/h]
(a) (9

Il A Magnet Module

[ [N (N N (N (N N N N (N (N (N N N (N (N N N N N N S .
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

(b)

Figure 1. Required thrust force curve and electromagnet arrangement of the SUMAS550, and the
electromagnet arrangement of the SUMAS550-1. (a) Running resistance curve according to the gradient
slope of the maglev train; (b) arrangement of electromagnets in the final design model of the SUMA550;
and (c) the arrangement of electromagnets for the developed SUMA550-1 model.

2.2. Linear Synchronous Motor Propulsion Control System Configuration
2.2.1. Positioning System Configuration

For a propulsion system based on an LS-LSM, the phase angle error with respect to the magnetic
flux angle of the vehicle levitation electromagnet (secondary side of the motor) should be maintained
at less than 15° in order to maintain a high thrust force, and if it exceeds this range, the thrust force is
sharply reduced to less than 80%. Since the pole pitch of LS-LSM is 240 mm, the position error between
the levitation magnet on the vehicle and the LS-LSM on the guideway should be maintained within
10 mm.

The positioning system of the SUMAS550-1 uses a combination of the absolute positioning system
and relative positioning system to detect the absolute information of the vehicle through the absolute
positioning system and the relative positioning system installed on both sides along the guideway.
The absolute position information of the vehicle is detected by the position reader of the vehicle.
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The absolute position information detected from vehicle is transmitted to the propulsion control
system on the ground via a radio communication system.

2.2.2. Design of the Propulsion Control System

The rotator flux orientated vector control has widely been used for the thrust force of propulsion
systems in trains. The synchronous rotating axis in the rotator flux orientated vector control should
be aligned to the flux angle of the rotator. Therefore, detecting precise position signals of the mover
flux is important to the thrust force control of the synchronous motor. To this end, a resolver or an
encoder is mainly utilized as a train speed and rotor position detection device, and the rotor position
information with high resolution is provided to the propulsion control system [7]. However, in the
propulsion system on the ground, such as high speed maglev train systems, the current position is
measured in the moving vehicle, and the absolute position information of the vehicle is transmitted to
the inverter on the ground in real-time. This method has three problems, as follows: First, it cannot
provide the absolute position information of the 50 us cycle required by the propulsion inverter due to
the limits of the radio communication speed. Second, a failure in the radio communication makes the
absolute position information update cycle variable. Third, a delay in the communication time for the
absolute position information occurs when the vehicle runs at high speed.

In this paper, rotor flux oriented vector control was performed as a basic algorithm to control
the thrust force of the vehicle and the flux position observer of the vehicle was utilized to align the
flux of the vehicle with the moving magnetic flux of the LS-LSM. Since the propulsion inverter of the
SUMADS550-1 has the current control loop of a 500 ps cycle, it needs the precise magnetic flux position
information of the 500 us cycle to perform accurate phase current control in real-time. This system
receives the position signal delayed by approximately 5 ms from the vehicle in a 2 ms cycle and,
therefore, it requires the magnetic flux position observer that compensates the delay of the position
signal [8-11]. In this paper, the closed loop full-order position observer based on the DC motor
numerical model that has the position information from the vehicle as an input is proposed in order
to serve the high-resolution position information required in the propulsion inverter in real-time.
The detail on the design of the position observer are shown in reference [12].

Bcomp = 0 +271{ 55t |
4 = b+ wn(2C + 1) (Ocomp — 0) 3)
& = —mrta + 1B+ Wi (20+ 1) (Bcomp — 0)
dth,, = w%(ecnmp - é)

where v represents the vehicle speed, 9 represents a state estimate of V, T; represents the
communication delay time constant, 6 represents the phase angle measured in the vehicle,
Ocomp represents the communication delay compensation phase angle, 6 represents an state estimate
of 6, M represents vehicle mass, F; represents the propulsion torque of the vehicle, T; represents the
disturbance torque, 1, represents a state estimate of 14, w, represents the observer natural frequency,
and ( represents the observer damping ratio.

2.3. Experiments and Results Analysis

For the propulsion controller experiment of the SUMAS550-1, a 150 m long guideway was
constructed. An LS-LSM was installed under the both sides of the guideway, and barcodes and
markers were also installed in combination with the LS-LSM. The vehicle is levitated up to 10 mm by
the mover of the LS-LSM and propulsion force is generated in accordance with the phase angle and
coil current of the ground LS-LSM.

The outward appearance of the SUMAS50-1 is shown in Figure 2. The empty vehicle weight
is 24 tons, the gross weight is 27 tons, the maximum acceleration is 1.1 m/ s2, the maximum jerk is
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0.5 m/s?, the maximum speed at a short-distance test line is 8 m/s, and there is no gradient of the
150 m-long guideway. The key parameters of the LS-LSM are summarized in Table 2.

Figure 2. High-speed maglev based on the LSM.

Table 2. The key parameters of LS-LSM.

Symbol Value Parameters
M 27,000 kg Gross mass
Ry 0.36 ohm Phase resistance
Ly 441 mH d-axis stator self-inductance
Ly 1.85 mH g-axis stator self-inductance
T 0.24 m Magnet pole pitch

2.4. Experiment Results and Analysis

For the performance verification of the propulsion control system of SUMAS550-1, the maximum
thrust force experiment, performance test of the position estimator, and automatic operation test by
the speed profile were conducted in the test track. As described in Section 2.1, since the maximum
thrust force of the SUMAS550 generated by 46 magnet modules is 180 kN, the maximum design thrust
force of the SUMAS550-1 equipped with six magnet modules is 23.49 kN.

Figure 3 shows the maximum thrust force by applying the rated current Is = 500[A] to the
LS-LSM, and it is 24.88 kN, which is slightly more than the design value. This is because as the mover
magnetic flux of the LS-LSM increases, the thrust force slightly exceeds the maximum design value
under the full weight condition of the vehicle.

X 4158
Y2488

Torque [kN]

5 10 15 20 25 30 35 10
time [sec]

(b)

Figure 3. The thrust force experiment and the result waveforms of the SUMAS550-1. (a) Complete
view of the maximum thrust force experiment; and (b) the thrust force experiment result waveforms
(the maximum thrust force of 24.88 kN).
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Figures 4 and 5 show the experimental result waveforms when the vehicle is operated manually
at speeds of up to 7 m/s. Figure 4a shows the results of the experiment performed by applying the
absolute position signals received from the vehicle, and each waveform represents the speed, vehicle
flux phase angle and estimated phase angle, and phase-U current of the LS-LSM from the top. In order
to analyze the distortion of the current by the discontinuous signals of the absolute position signal and
the subsequent current distortion, the expansion results of the 18.5-19.5 s section are represented in
Figure 4b. Figure 4 shows that there is no problem in the overall operation of the propulsion control
system to which the absolute position signal is applied, but the distortion of the phase-U current of
the LS-LSM stands out due to the discontinuous signal of the absolute position signal as shown in
Figure 4b. This current distortion can lead to the decrease in the thrust force of the propulsion control
system, instability of the communication system by the harmonic current, and increased loss of the
power converter system.
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Figure 4. Waveforms of the propulsion control system in the application of the absolute position signal.
(a) Speed, phase angle, and estimated phase angle phase-U current; and (b) the expanded waveforms
of the 18.5-19.5 s section.
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Figure 5. Waveforms of the propulsion control system in the application of the vehicle position
estimator. (a) Speed, phase angle, and estimated angle, phase-U current; and (b) the expanded
waveforms of the 18.5-19.5 s section.

Figure 5a shows the results of experiment performed by applying the vehicle position estimator
of the propulsion control system, and each waveform represents the speed, vehicle flux phase angle
and estimated phase angle, and phase-U current of the LS-LSM from the top. In order to analyze the
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discontinuous signal of the absolute position and the subsequent performance of the position estimator,
the expansion results of the 18.5-19.5 s section were represented in Figure 5b.

Figure 5 shows that the propulsion control system to which the vehicle position estimator is
applied is generally stable, and the phase angle of the vehicle position estimator is linearly estimated
with respect to the discontinuous signal of the absolute position as shown in Figure 5b.

The deviating behavior is shown in Figures 4 and 5 when the ground false position packets are
received. This is because the position estimator cannot distinguish whether the absolute position
information received from the vehicle is right or not. Thus, the position estimator tries to follow the
wrong information.

Nevertheless, this suggests that the phase-U current of the LS-LSM maintains a sine wave with
the output current controlled by the linear phase angle.

Figure 6 shows the fast fourier transform (FFT) analysis results of the current distortion depending
on the presence of the vehicle position estimator in the entire running section. Figure 6a shows the
FFT analysis results on the phase-U current in the case where the vehicle position estimator is not
applied, and Figure 6b shows the FFT analysis results on the phase-U current of the LS-LSM in case
the vehicle position estimator is applied. The comparison of the results revealed that the application
of the vehicle position estimator contributed to improving the running current harmonic wave, as
well as the running current fundamental wave, and the improvement rate was particularly high in the
100-200 Hz sections among running current harmonic components.

Fundamental current Harmonic current Fundamental current Harmonic current
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Figure 6. Phase-U current fast fourier transform (FFT) analysis results of the LSM. (a) LSM current
FFT analysis results (without the estimator); and (b) the LSM current FFT analysis results (with
the estimator).

Figure 7 represents the vehicle position estimation capability in the position information update
cycle of 30 ms, which is 15 times later than the current position information update cycle of 2 ms.
In order to identify the characteristics of the vehicle position estimator in case the absolute position
information is transmitted from the vehicle in a 30 ms cycle, which is the same as that of the Transrapid.
The results of Figure 7 confirmed that the phase angle of the vehicle position estimator is linearly
estimated even in the position information update information of two to three times per cycle within
the propulsion current and, therefore, the output current appears sinusoidal.

The operation parameters for generation of the speed profile were entered to analyze the
performance of the automatic operation. The set operation parameters include the constant operation
time of 2 s, maximum jerk limit of 0.5 m/ s®, maximum acceleration of 0.5 m/s2, deceleration of
0.5 m/s?, and maximum speed of 4.2 m/s, and the generated speed profile and automatic operation
test results are shown in Figure 8.
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Figure 7. The experimental results of the position estimator with the position information update cycle
of 30 ms.
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Figure 8. Automatic operation results according to the speed profile (top subplot: speed command and
vehicle speed; middle subplot: igs* and igs; bottom subplot: iys).

The experimental results showed that the speed tracking according to the speed profile is made
smoothly when the g-axis components of stator current iqs is tracked without error with respect to the
g-axis components of the stator reference current igs*. In addition, the command value of the actual
travel distance and the actual travel distance were calculated by integrating the command velocity and
vehicle speed, respectively, in order to obtain the error rate of the automatic operation. According to
the calculation results, the travel distance by the speed command profile is 84.75 m, the actual travel
distance is 85.22 m and, therefore, the error rate of the travel distance is about 0.52%, if converted into

the error rate of the automatic operation.

3. Conclusions

This paper aims to develop the propulsion control system technology for a high-speed maglev
train system based on an LS-LSM. To this end, a test vehicle was fabricated with one-half the length of
the final model, and a 150 m long LSM guideway was constructed to conduct the test and evaluation
of the developed vehicle. The vehicle flux position observer was designed to analyze the difference
in thrust force control between the rotating machine and the linear machine and, thus, to solve the
problem that may occur in the liner machine. In addition, the characteristics of the current controller
and speed controller were analyzed to design the propulsion controller of the LS-LSM.

For verification of the propulsion control performance, experiments on the automatic operation
according to the speed profile and manual operation, and a comparison of the propulsion power
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quality enhancement on the position observer and torque required by the vehicle were performed, and
the results confirmed that the design objectives were archived. For future work, a system for position
detection within 5 mm, even at the maximum speed of 550 km/h, is planned to be developed for
high-speed operation.
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