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Preface to “Emerging Converter Topologies
and Control for Grid Connected
Photovoltaic Systems”

Continuous cost reduction of photovoltaic (PV) systems and the rise of power auctions resulted
in the establishment of PV power not only as a green energy source but also as a cost-effective
solution to the electricity generation market. Various commercial solutions for grid-connected PV
systems are available at any power level, ranging from multi-megawatt utility-scale solar farms
to sub-kilowatt residential PV installations. Compared to utility-scale systems, the feasibility of
small-scale residential PV installations is still limited by the existing technologies that have not yet
properly addressed issues like operation in weak grids, opaque and partial shading, etc. New market
drivers such as warranty improvement to match the PV module lifespan, operation voltage range
extension for application flexibility, and embedded energy storage for load shifting have again put
small-scale PV systems in the spotlight. This Special Issue collects the latest developments in the field
of power electronic converter topologies, control, design, and optimization for better energy yield,
power conversion efficiency, reliability, and longer lifetime of the small-scale PV systems. This Special
Issue will serve as a reference and update for academics, researchers, and practicing engineers
to inspire new research and developments that pave the way for next-generation PV systems for

residential and small commercial applications. Enjoy reading.

Dmitri Vinnikov, Samir Kouro, Yongheng Yang
Editors
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Abstract: This paper proposes a grid-connected single-stage micro-inverter with low cost, small size,
and high efficiency to drive a 320 W class photovoltaic panel. This micro-inverter has a new and
advanced topology that consists of an interleaved boost converter, a full-bridge converter, and a
voltage doubler. Variable switching frequency and advanced burst control schemes were devised
and implemented. A 320 W prototype micro-inverter was very compact and slim with 60-mm
width, 310-mm length, and 30-mm height. In evaluations, the proposed micro-inverter achieved
CEC weighted efficiency of 95.55%, MPPT efficiency >95% over the entire load range, and THD
2.65% at the rated power. The proposed micro-inverter is well suited for photovoltaic micro-inverter
applications that require low cost, small size, high efficiency, and low noise.

Keywords: single stage micro-inverter; burst control; variable frequency control; maximum
power-point tracking

1. Introduction

The photovoltaic (PV) generation is emerging as a future energy system because of its installation
convenience, no-noise, infinite, and eco-friendly characteristics [1-4]. It is classified into the centralized
power system and the distributed power system depending on the scale of solar power generation [5].
The centralized power system has a simple circuit structure with PV strings as the input energy source,
but it has a disadvantage that the power generation is considerably lowered when some panels of
the PV string are shaded. On the other hand, in the distributed power system, the optimal power
extraction is possible because the maximum power point tracking (MPPT) control can be applied to
each PV panel with a micro-inverter connected. So, it can minimize the loss of power generation caused
by the shading effect. However, one micro-inverter is required for each PV panel, so implementation
of this strategy is expensive. Therefore, many attempts have recently been made to lower the cost
of micro-inverters.

In general, considering the cost, micro-inverters have been designed to use circuit architectures
with a flyback converter [6-10], which provides galvanic isolation with fewer switches than other
designs. Although the flyback converter has the advantage of circuit simplicity and low cost, the
design must use a transformer with a high turns ratio to achieve a high voltage-conversion ratio
from low dc voltage on a single PV panel. In the transformer, the high turns ratio causes a large
leakage inductance which increases the stress on semiconductor switches. Moreover, due to low
utilization of the transformer, this topology is most suitable for low-power applications <200 W.
Recently, multi-phase interleaved technology has been applied to solar power generation from PV
panels that output >320 W, but this technology requires large and expensive components.

Energies 2019, 12, 1234; d0i:10.3390/en12071234 1 www.mdpi.com/journal/energies
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This paper proposes a low-cost, slim, single-stage micro-inverter to drive a 320-W-class PV
panel. The proposed micro-inverter has an interleaved structure based on the boost half-bridge (BHB)
converter [11] with a cascaded voltage doubler. The interleaved BHB has an inversely-coupled inductor
for the voltage step-up operation. The coupled inductor can reduce input ripple current and can be
reduced in size. The voltage doubler increases the ac output voltage from the interleaved converter.
Therefore, the transformer can have a lower turns ratio in the interleaved BHB than in a flyback
converter and can be reduced in size. In the proposed micro-inverter, semiconductor switches achieve
turn-on zero-voltage-switching (ZVS) and turn-off zero-current-switching (ZCS) by exploiting the
resonance between the leakage inductance of the transformer and output capacitors of the voltage
doubler, without additional components.

This paper also presents two advanced control algorithms. First, a variable switching frequency
control scheme was implemented to reduce total harmonic distortion (THD) by reducing output ripple
current. Then an advanced burst control scheme was implemented to improve power-conversion
efficiency at light loads. By distributing output current temporally at light loads, input ripple voltage
can be reduced. Therefore, the size of decoupling capacitors is reduced and MPPT efficiency is
improved compared with the conventional burst control [12,13]. Section 2 describes the circuit structure
and operating principles of the proposed micro-inverter, Section 3 gives the proposed control schemes,
Section 4 shows experimental results using a 320-W prototype micro-inverter, and Section 5 concludes
the paper.

2. Circuit Structure and Operating Principles of the Proposed Micro-inverter

The proposed micro-inverter (Figure 1) consists of an interleaved boost converter, a full-bridge
converter, and a voltage doubler. The portion that is composed of the interleaved boost and full-bridge
converters is based on a boost half-bridge topology. The interleaved boost converter consists of
an inversely-coupled inductor Lg, four switches S1—S4, and a storage capacitor Cs. The full-bridge
converter consists of a transformer 77 and the same four switches S1—S4 as the interleaved boost
converter. The voltage doubler has four switches S5—Sg and two capacitors C; and C,.

Interleaved Boost converter Full-Bridge converter ~ Voltage Doubler
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Figure 1. The circuit structure of the proposed micro-inverter.

In the proposed interleaved boost converter, two inductors Ly and L, form Ly (Figure 2) by using
a single magnetic core instead of two separate magnetic cores used in the conventional interleaved
boost converter [14]. Lg has a turns ratio of 1:1; L; and L, each have self-inductance L. The mutual
inductance M between L and L, is represented as:

M =kL, (k <0), 1)
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where k is the coupling coefficient. The voltage drops of L; and L, are given, respectively, by

_odip dip
v =1L ¥ M ar’ (2)
and i i
_ 0
vy =1L it M TR 3)
Using Equations (2) and (3) and v, = —Md(iy + ip)/dt yields
_ diq
vlfvmf(LJrM)E 4)
and i
Vg — O = (L+M)£. ®)

S1, the body diode of Sy, and L; form one boost power stage. S3, the body diode of S; and L,
form the other boost power stage. The two boost power stages form an interleaved boost converter
and two outputs operate out of phase. When S; or Sj is turned on, voltage vy is applied to L; or Ly,
respectively. When Sy or S3 is turned off, voltage vy — v is applied to L; or L, respectively. The
energy accumulated during the on-state for each boost power stage is transferred into Cs. There are
four cases of the voltage vy of L; and the voltage v, of L, depending on the states of S; and S3. Using
Equations (4) and (5), the equivalent inductance for each case is obtained (Table 1). M < 0 in Equation
(1), so Table 1 demonstrates that appropriate design of the inversely coupled inductor can reduce the
input ripple current of the micro-inverter [15].

+ vy - + V2 -
, L,+M
L, i) + v - 2 irs
A, -M
— M — |::> .
( *~ 1751 73]
L, Li+M
+ V1 - + V1 -

Figure 2. The equivalent circuit of the inversely coupled inductor Lg.

Table 1. Equivalent inductances in the interleaved boost converter.

Symbol Value Condition
2 A2
Leq1 H-%JM% U1 = UIN, U2 = UIN — UCs
Lqu L+M U] = Uy = UIN
Legs L2+ 1\11 U1 = Uy = UIN — UCs
L2 M
Lega IT(1-D)M/D U] = UIN — UCs, V2 = VIN

The full-bridge converter shares four switches 51-S4 with the interleaved boost converter, and
its input power comes from Cs. The leakage inductance Ly of T; and capacitors C; and C; in the
voltage doubler form an LC resonant circuit. The LC resonant current flows through the primary and
secondary sides of Ty with turns ratio n9:15. This current causes the body diode of each switch to
conduct before the turn-on gate signal is applied, thus achieving zero-voltage-switching (ZVS) for
51-S4.

In the voltage doubler, S5—Sg rectify current on the secondary side of T;. When grid voltage is
positive, both Ss and Sg are turned on, and both Sg and Sy act as diodes. When grid voltage is negative,
both S¢ and Sy are turned on, and both S5 and Sg act as diodes. The energy transferred to the voltage
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doubler through T is stored in C; and C,. C; and C; are connected in series, and the output voltage of

the micro-inverter is the sum of the voltage vc; of C; and the voltage vc; of Cy.

In the proposed micro-inverter, variable-switching-frequency control is used, and the output
voltage is a sinusoidal grid voltage. However, for simplicity, the analysis is based on the assumption
that the micro-inverter generates a constant output voltage with a fixed switching frequency at a certain
point in the analysis. In addition, the electrical losses of all components are ignored, and the following
conditions are assumed: 27ty/Ljx(Cy + C;) > DTs and #2Ly >> Ly, where Ly, is the magnetizing
inductance and T is the switching period. The operation cycle S1-Sy is the same regardless of the

polarity of the grid voltage, so the analysis considers only positive grid voltage.

The operating waveforms (Figure 3) of the proposed micro-inverter depend on the duty ratio D.

First, operational states are analyzed for D < 0.5 (Figures 3a and 4).
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Figure 3. Operating waveforms of the proposed micro-inverter for (a) D < 0.5 and (b) D > 0.5.
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D
(Y Veria

Figure 4. Operating modes when D < 0.5.

State 1 (tg—t1): Att=ty, Sq is turned on, vpg1 =0, and sy < 0. S4 remains in the turn-on state,
and both S, and S3 remain in the turn-off state. For Ty, the voltage vy, across L;, is equal to v, and
the secondary voltage vs proportional to the turns ratio 11, is generated on the secondary side of T.
The magnetizing current iy, is increased and is given by:

Z.Lm(t) = ZALm(tO) + %(’:S(t - tO)' (6)

m

Resonance is generated by Ly, on the secondary side of Tq and capacitors C; and Cy, and the state
equation is given by

di
leaT: = NOLm — 0C1, (7)
. do do do
is = Cr—t — Gt = (G + ) ®)

Using Equations (7) and (8), the secondary current is of Ty is obtained as

. ULy, —0C1 .
is(F) = = sinfwi(t ~ fo)), ©)
where
Lik
Zy =\ =——= 10
=\Va+o (10)
is the resonant impedance and
1
wy = 1)

VLi(C1 +C2)
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is the resonant angular frequency.
From Equations (6) and (9), the primary current i, of Ty is obtained as

2
n=opm — nocy

. . 0,
ip(t) = ipm(fo) + = (t — to) + S
r

T sinfw, (t — to)]. (12)

From Table 1, the currents i1 and i of the coupled inductor are obtained as

Z’I—N(t — 1), ipa(t) =ira(to) + M(t —to). (13)

(£) (to) Lo Lo

State 2 (t1—tp): Att =11, S is turned off and S4 remains in the turn-on state. Both S, and S remain
in the turn-off state. This interval is a dead time to prevent shoot-through before S, is turned on.
During this state, the drain-source voltage of S increases from 0 V to v¢; and that of S, decreases from
vcs to 0V by charging and discharging parallel capacitance across each switch, respectively.

State 3 (tp—t3): Att =1y, Sy is turned on, vpgy =0, and sy < 0. S4 remains in the turn-on state,
and both S; and S3 remain in the turn-off state. For T4, the voltage v, across L,, is 0 V and the voltage
vy across Ly is —vcy. The amplitude of i, remains unchanged during state 3 as:

iLm (t) = Z‘Lm(fZ) = iLm(tO) + Z;JCS (tZ - tO)' (14)

is begins to decrease because the energy stored in Ly is transferred to Cy, and is given by

. . 0, no — 0 . v
is(t) 2is(ty) — L%(t —h) = %sm[u},az —tp)] - L%(t —ty). (15)
r

From Equations (14) and (15), i, is obtained as

) . v 1201, — Uy . no
ip() = iLm(to) + g(tz —t) + % sinw, (t, — tg)] — inl (t—tp). (16)
m T
From Table 1, i;1 and i;, are obtained as
. . v . . VIN — O
i1 (t) = i (k) + oo (t—t), ina(t) = ira(ta) + St by). (17)

Leq3 Leq3

State 4 (t3—t4): Att=1t3, Sy is turned off and S, remains in the turn-on state. Both S; and S3 remain
in the turn-off state. This time interval is a dead time to prevent shoot-through before Ss is turned on.
During this state, the drain-source voltage of S, increases from 0 V to v¢s and that of S3 decreases from
ves to O V.

The proposed micro-inverter has an interleaved structure, so both the operating principle of the
next half cycle for D < 0.5 and the operating principle for D > 0.5 are the same as the above analysis
except for the switches used. Thus, further analysis for the others is not given.

The voltage gain G, of the proposed micro-inverter is twice the product of the boost converter
voltage gain and the full bridge converter voltage gain:

Verida 1 4nD

Vin 2~1_D~2nD:1_D. (18)

Go =

3. The Proposed Control Schemes

The main controller (Figure 5) for the proposed micro-inverter takes as analog-to-digital inputs
the grid voltage vg,i4, the grid current ig, the input voltage Vy and the input current I;y. The MPPT
controller is based on the perturb and observe (P&O) MPPT algorithm [16]. This controller determines
the amplitude of the reference grid current I, ., by using Iy and Vjy to maximize solar power



Energies 2019, 12,1234

generation. In the P&O MPPT algorithm used (Figure 6), Iy is increased if APy > 0 and AVy >0 or
if APy <0and AVy <0. Ig_ref is decreased if APjy > 0and AVjy <0 orif APy <0and AVyy > 0. This
process is repeated until the maximum power point (MPP) is reached, i.e., APy = 0.

ViN —> MPPT i | Variable f; S > v,
Iy —s | With advanced skip control Exibn e
D, + > Vs
| Ig_mf | Verid |_> 1/4nV ¢ —P@—Q PWM
£ > Vs
| sin@” | A iy ref + e _'l'
Vgria —=|  PLL X b3 Ke+K e > Ve
Z/ A AD

PI Controller
[ g |

Figure 5. Block diagram of the main controller for the proposed micro-inverter.

Measure

Viv (k) and Iy (K)

Py =Vin(K) x Iy (k)
APy = Py (K) - Py (k-1)
AVin=Vin(K) - Vv (k-1)

Aly ror = Ig rer(K) = I rer(k-1)

Ty ey =1y rest A’;erf| ‘ Ty rey =g rep= Mg rer| | Lgres = Tgrey= My rer

Iy rer =1y rest Aly7r¢4

l

Figure 6. The perturb and observe MPPT algorithm.

The phase-locked loop (PLL) generates the phase information |sin 8" | by using Ugrig- In the PLL,
virtual voltage v;1 is derived from Ugrid for phase detection.

S w

vql(s) = GPLL(S)Ugrid(s) = Vgrid(fs Tw + 2+ 2 + 2+ w2 ) (19)
where Gpy1(s) is PLL gain and Vg, is the amplitude of vgyy.
From the inverse Laplace transform of v41(s),
v (t) = Vg,,'d(fe“” + coswt +sinwt) & Vg,i4(cos wt + sin wt), (20)
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where wt is the actual phase of the grid.
Using equation (20), the other virtual voltage v, is obtained as
Og2(t) = vg1(t) — Vgria(t) = Vgpigsinwt. (21)

Ugrig and vy are transformed into the synchronous reference frame as follows:
O grid _ cos 6* sin6* Vgrid 2)
' —sin@* cos@* v |

where 0" is a phase output from the PLL. From Equation (22),

Z)Egn‘d = Vgrid COS(th - 9*) ~ Vgrid/ (23)

' = Vgrigsin(wt — 0%) = Ve,jg(wt —07). (24)

The PLL generates 0" to follow wt through PI control inside the PLL. The reference current signal l'gJef
is the product of I, ,,sand |sin 0"l

ig ref = Iy rep|sin 6. (25)

The proportional-integral (PI) controller determines the duty ratio variation AD by using the
difference between iy_,rand lig | as follows:

AD = Kp(i rog=ig|) + Ki Y g reg g (26)

AD compensates for the voltage drop of Ly, so that iy follows ig_.r. The nominal duty ratio

’ Vgrid ‘ Vgrid

Dn="—¢. = nvg,

27)

provides stable system dynamics for nonlinear sinusoidal waves which are difficult to control using
only AD. The total duty ratio

|vgrial , , . .
D = Dy +AD = 5 + Kp(ig_yer — lig) + K1) (ig_ref — i) (28)
nVvcs

where D, is duty ratio generated by the grid voltage and AD is a duty ratio variation generated by
the grid current. D is given to the pulse-width-modulation (PWM) controller. The PWM controller
generates gate signals for switches to track the reference power.

Operating modes (Figure 7) depend on the grid current level when grid voltage is positive. When
ig is low, the proposed micro-inverter operates in discontinuous conduction mode (DCM) because i
becomes zero before the end of the switching cycle with the period Ts. When i; is high, continuous
conduction mode (CCM) is applied.

If a fixed switching frequency is used for the operating modes, especially the DCM mode, two
problems occur: (1) High grid current ripples at low grid currents increase total harmonic distortion
(THD); (2) as the output power decreases, the total DCM operating time can increase over the total
CCM operating time, and the power conversion efficiency of the micro-inverter can be reduced by
high current stress. To solve these problems, this paper proposes two advanced control schemes:
Variable-switching-frequency (VSF) control and the advanced burst (AB) control.
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Figure 7. Operating modes depending on the grid current level during the positive grid voltage.
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3.1. Variable Switching Frequency Control

During Ts, is of T1 in DCM and CCM modes vary with D (Figure 8). As D decreases, the energy
stored in Ly decreases, so time required to demagnetize Ly decreases. Therefore, the micro-inverter is
operated in DCM mode. From Equations (9) and (15), the operating condition for DCM is given by

0> Mn =0 o pr, — 20T (1 op) 29)
2 2Ly
4 —cem
ks — DCM

DT : (1-D)Ts 5

> 1
DT (1-D) T
> <
> T >

Figure 8. Secondary current is of the transformer T; depending on the operating mode.

Existing methods to optimize the DCM mode duration have drawbacks. One method is to increase
the value of Ly; a large Ly, increases the inductive energy and increases the demagnetizing time, but
this solution requires a large transformer with a large number of windings. Another solution is to
increase the switching frequency f;; this approach can also increase the power density, but high f;
causes high switching loss. Thus, this paper presents VSF control, which minimizes switching loss
without increasing the transformer size. VSF control varies f; depending on the magnitude |ig | of the
grid current.

Fixed-switching-frequency (FSF) control and VSF controls have distinct attributes (Figure 9). FSF
control changes only D depending on v, (Figure 9a). In contrast, VSF control changes both D and fs
depending on vg4 (Figure 9b). When vg,4 is near zero, the switching loss is very small because ig is
close to zero. Therefore, when VSF control is used, f; is increased to the maximum switching frequency
finax and the time interval between demagnetizings of Ly is reduced (Figure 9b). As v,y increases, f; is
decreased to the minimum switching frequency f, to reduce switching losses. f; is given by
Ogrid

fs = fmax - (fmax *fmax)v

grid

(30)

where Vg, is the peak value of vg,y.
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Figure 9. (a) Fixed and (b) variable switching frequency controls.
3.2. Advanced Burst Control

When solar power generation and load are very small, micro-inverters operate only intermittently
to supply the desired power to the grid on an average power basis. This intermittent operation is
called “burst control”. For the burst control, the micro-inverter supplies ig to the grid only during
the ON state, and stops running during the OFF state. The burst control improves power-conversion
efficiency by reducing the ripple of iy and switching loss when the load is small.

In the conventional burst control scheme, positive and negative grid currents are consecutively
supplied to the grid during one ON-state period (Figure 10). Then OFF-state periods follow the
ON-state period. During the OFF state, no power is output, so output occurs only during the ON state,
and the energy flowing out of Cjy is also concentrated. Therefore, the input ripple voltage AV is
increased, the MPPT efficiency is reduced, and additional time is required to charge the input capacitor
Ciy for the next operation.

—— Conventional burst control
—— Advanced burst control
Vrid s iy /\
0 t
© ON “i" OFF 7 OFF
Verid s ig
NIRRT VA
< oON > < oN > < OFF >
(Positive) (Negative)

Figure 10. Conventional and advanced burst control schemes.

To further improve the performance of burst control, this paper proposes AB control, which
supplies positive grid current during the first ON-state (Figure 10). The negative grid current is
supplied during the ON-state that immediately follows the first ON-state period. Then, OFF-state
periods follow the ON-state periods. This scheme has the effect of distributing the output current
temporally compared with the conventional burst control scheme. Therefore, in the proposed
micro-inverter with the advanced burst control scheme, the MPPT efficiency can be improved, and the
input capacitance Cjy can be reduced due to the reduced AVpy.

10
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4. Experimental Results

The proposed grid-connected micro-inverter (Figure 11) was designed to operate at the rated
power 320 W, Vi = 25~52 Vpc, IiNmax = 12 Apc, and f; = 60~90 kHz. The grid voltage was 220 Vs,
the grid frequency was 60 Hz, and grid current supplied by the proposed micro-inverter is 0~1.45 Ams.
The proposed micro-inverter was implemented using the circuit parameters given in Table 2. The
microcontroller used was a MN103DF35 (PANASONIC). For the PI controller in the main controller,
Kp and Kj were experimentally optimized and set to 9.5 and 200, respectively. The sampling frequency
for analog signals is 20 kHz, and the resolution of the analog-to-digital converter is 12 bits. The turns
ratio of Lp is 10:10 and that of T is 6:19. The resonant frequency f, = 35.5 kHz from Ly = 100 pH and C;
= C; = 100 nF. The MOSFET package of S1-S4 is PG-TDSON-8 and that of S5—Sg is D2PAK. Capacitors
Cs, Cq and Cy are MPP-film type. The fabricated micro-inverter was compact and slim with 60-mm

width, 310-mm length, and 30-mm height.

Coupled S ~S,
inductor

Cs

Transformer  S~S; C,,C,

=
o
< >
310 mm
Figure 11. Photograph of the proposed micro-inverter.
Table 2. Hardware specifications and circuit parameters.
Unit Type Symbol Value Note
P, 320 W Output power
CiN 9900 uF Input capacitor
Ly, L 190 uH Self inductance (k = —0.947)
51=54 BCS035N10NS5 MOSFET (Vps =100V, Ip =100 A)
Cs 60 uF Storage capacitor
L 600 uH Magnetizing inductance
Micro Ly 100 uH Leakage inductance
Inverter S5-Sg IPB65R150 MOSFET (Vps =650 V, Ip =22.4 A)
Cy, G 100 nF Doubler capacitors
fs 60~90 kHz Switching frequency
Verid 220 Vims/60 Hz Grid voltage
ig ~1.45 Ams /60 Hz Grid current
ViN 25~52 Vpc Operating voltage range
IINmax 12 Apc Max input current
Vpy 409V Open circuit voltage
PV Vmp 34V MPP voltage
module Ipy 10.05 A Short circuit current
Ivp 9.38 A MPP current

Instead of an actual PV module, the photovoltaic simulator ETS600X14CPVF TerraSAS from
AMETEK was used as an input source. The solar cell I-V characteristic curve for the experiment was
based on that of the NeON®2 PV module from LG electronics.

Gate-source and drain-source voltages were obtained for S; and S, at D < 0.5 (Figure 12a) and at
D > 0.5 (Figure 12b) at Vi = 34 V and v,y = 220 Vims /60 Hz. The drain-source voltage vpsy of S1
drops to 0 V before the gate signal vg; is applied, so S; turns on with ZVS. S, is complementary to S;

11
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and achieves a ZVS turn-on. The operation of 53 and Sy is out of phase with that of S; and Sy, so S3
and Sy can also achieve the ZVS turn-on.

Pa (1) VIGIY] von 150 Vidr] ZVS Vo 110 VIdiv] v [50 V/div] ZVS turn on
turn on | ot SRR

S S § U |

| R Time [1 ps/div]| IN Y i Time [1 ps/div]
v [20 V/div] v, [20 V/div] v [20 V/div] v, [20 V/div]
VAR | ____ZVSturnon
—_— e ————— turn on /|- T/ Ty S B |
| | |
J——— | L ) el —_— ,' -
Time [1 ps/div] Time [1 ps/div]
Time [5 ps/div] Time [5 ps/div]

(a) (b)
Figure 12. Gate-source and drain-source voltages of S; and S5 for (a) D < 0.5 and (b) D > 0.5.

Waveforms (Figure 13) were obtained for Vgrig and ig at Vi = 34 V and v,y = 220Vms / 60 Hz for
output power P, = 320 W and 64 W. To maximize efficiency, the proposed micro-inverter operates in
normal mode at P, > 110 W and in AB control mode at P, < 110 W. The boundary of the output power
at which the proposed micro-inverter switches from the normal mode to AB control mode and vice
versa is selected to be in a range where the peak value of iy does not exceed the rated grid current.

vgrid [200 V/div]

ig [2 A/div]

P,=320W Time [5 ms/div]

: vrid 200 \'/h
\/ g2 A/div\/

P,=64 W Time [5 ms/div]

Figure 13. Grid voltage and current waveforms.

Waveforms were obtained for the fixed-frequency (Figure 14a) and the variable-switching-
frequency (Figure 14b) controls. Gate signals of Sy and S, i; and Ugrig Were measured at Viy =
34V, gy = 220 Vims / 60 Hz, and output power P, = 320 W. When fixed-switching frequency control
was used, ig was distorted near zero-crossing, and THD was increased to 5.79%. In contrast, when
variable switching frequency control was used, the distortion of i; was improved near zero-crossing,
and THD was reduced to 2.65%, which is below the requirement for distributed power. The switching
frequency f; decreased as ig increased, so switching loss was also reduced.

AV is higher when conventional burst control is used (Figure 15a) than when AB control is used
(Figure 15b), because AB control reduces the energy supplied by Cjy during one ON-state period. At
Vin=34V, Ugrid = 220 Vims / 60 Hz, and P, = 32 W, AV was 4.2 V when conventional burst control
was used, but 2.4 V when AB control was used.

12
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Figure 14. Gate signals of S; and S3, grid voltage and grid current in (a) the fixed and (b) the variable
switching frequency controls.

Vin [5 V/div]
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Figure 15. Input ripple voltage in (a) the conventional and (b) the advanced burst controls.

The MPPT efficiency of the proposed micro-inverter was measured (Figure 16) in the range of
irradiance from 50 W/m? (P, =16 W)-1000 W/ m? (Po =320 W). In the proposed control scheme, for
P, <110 W (burst mode), the MPPT efficiency was kept >95% because AVy and Al, s are reduced.
However, in the conventional control scheme, the MPPT efficiency was reduced to ~88% because
fluctuation of Iy increased. During burst mode, the maximum MPPT efficiency was >99% for the
proposed control scheme but <97.5% for the conventional control scheme.

Burst Mode <@=9» Normal Mode

—_ 100} H

d
é 98

e

g 96 Y

)
g o \
£ ol
=
ot 90 | —e— Proposed control
A —=— Conventional control
o 88t

E 0 50 100 150 200 250 300 350

Output power [W]

95%

Figure 16. MPPT efficiency depending on control methods.
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In a micro-inverter, one of the most important factors is the power conversion efficiency n, for
50~75% load under actual solar irradiation. Therefore, the California Energy Commission (CEC)
weighted efficiency to represent this fact has been widely used to measure the performance of
micro-inverters. The power conversion efficiency n, (Figure 17) was measured for the proposed
micro-inverter; the result indicate that the CEC weighted efficiency [17,18] is 95.55%, in which 1,(10%)
=91.71%, 1,(20%) = 94.42%, 1,(30%) = 95.28%, 1,(50%) = 96.06%, n.(75%) = 95.8%, and n,(100%) =
95.72%. The maximum 1, is 96.06% for P, = 160 W.

98

96

94}

921

Efficiency [%]

90}

880 50 100 150 200 250 300 350

Output power [W]
Figure 17. Power conversion efficiency n, measured at Viy = 34 V and v,y = 220 Vims /60 Hz.
5. Conclusions

A compact single-stage micro-inverter with advanced control schemes for PV systems is described.
The proposed micro-inverter achieved a high voltage-conversion ratio and high efficiency by using a
new topology that consists of an interleaved boost converter, a full-bridge converter, and a voltage
doubler. The leakage inductance of the transformer and the capacitors of the voltage doubler ensure
ZVS condition without any additional components. A variable-switching-frequency control scheme
is applied to the micro-inverter to decrease THD by reducing the grid ripple current. An advanced
burst-control scheme increases MPPT efficiency with smaller input ripple voltage than the conventional
burst control causes. A fabricated 320-W prototype micro-inverter was very compact and slim with
60-mm width, 310-mm length, and 30-mm height. It achieved CEC weighted efficiency of 95.55%,
MPPT efficiency > 95% over the entire load rage, and THD 2.65% at Viy =34V, Vgrig = 220 Vims/60 Hz,
and P, = 320 W. These results show that the proposed micro-inverter is well suited for PV micro-inverter
applications that require low cost, small and slim size, high efficiency, and low noise.
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Abstract: Multilevel converters are widely considered to be the most suitable configurations for
renewable energy sources. Their high-power quality, efficiency and performance make them
interesting for PV applications. In low-power applications such as rooftop grid-connected PV
systems, power converters with high efficiency and reliability are required. For this reason, multilevel
converters based on parallel and cascaded configurations have been proposed and commercialized in
the industry. Motivated by the features of multilevel converters based on cascaded configurations,
this work presents the modulation and control of a rooftop single-phase grid-connected photovoltaic
multilevel system. The configuration has a symmetrical cascade connection of two three-level
T-type neutral point clamped power legs, which creates a five-level converter with two independent
string connections. The proposed topology merges the benefits of multi-string PV and symmetrical
cascade multilevel inverters. The switching operation principle, modulation technique and control
scheme under an unbalanced power operation among the cell are addressed. Simulation and
experimental validation results in a reduced-scale power single-phase converter prototype under
variable conditions at different set points for both PV strings are presented. Finally, a comparative
numerical analysis between other T-type configurations to highlight the advantages of the studied
configuration is included.

Keywords: grid-connected photovoltaic systems; cascade multilevel converters; multistring
converters; T-type converters

1. Introduction

Rooftop photovoltaic (PV) energy conversion systems (less than 20 kW), have become a
well-established technology in the industry. The most common configurations for single-phase
grid-connected PV systems commercially found are the string, multistring and ac-module integrated
topologies. Central and string inverters have been widely applied to manage and control PV energy
systems [1]. Among the string topologies, the transformerless H5, H6, HERIC, neutral point clamped
(NPC) and T-type NPC converters have been successfully commercialized [2]. In fact, multilevel
inverters (MLI) are designed to produce a stepped voltage waveform by reducing the Total Harmonic
Distortion (THD) and the voltage stress across semiconductor devices. Secondly, reduction of the
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Energies 2019, 12, 1743

output filter size and power footprint also permit an important improvement in terms of costs, weight
and efficiency [3]. These technical features have led to the massive adoption of MLI over the last thirty
years for high-power medium voltage (MV) motor drive applications. In the last years, three-level
neutral point clamped (3L-NPC) converters have been used for interfacing PV systems into the grid,
where a higher PV incorporation has brought substantial concerns on power efficiency, power quality
and grid code compliance [1] as well as power grid services [4].

T-type neutral point clamped inverters (3L-TNPC), also known as neutral point piloted converters
(BL-NPP), [5] have gained a wide presence in the industry sector due to several advantages as
symmetrical loss distribution, higher overall efficiency, small footprints [6] and low harmonic injection
in relation to the conventional 3L-NPC [7]. In fact, many manufactures such as Fuji, On Semiconductor,
Mitsubishi and Semikron have commercial T-type legs used in central PV inverters and motor drive
applications [8-10]. For the three-level inverter, based on the T-type leg, was presented thirty-five
years ago for motor drives, with the bidirectional medium switch being realized with thyristors
and improved with GTO-thyristors [11]. After some years, many configurations based on the
well-known three-level T-type NPC leg can be found in the literature [12]. In [13] a five-level TNPC
(5L-TNPC) was introduced, which corresponds to the parallel connection of two 3L-TNPC legs [14,15].
Furthermore, a variation of this configuration with reduced switches, also known as five-level hybrid
T-type NPC (5L-HTNPC), was presented in the recent literature [16]. This topological variation is
built with a 3L-TNPC leg and a two-level leg inverter, forming a five-stepped voltage waveform in the
AC terminals.

In the literature there are two main possibilities for increasing the number of levels in the power
converter field, which is by increasing the internal DC capacitors connected to a single DC source or by
connecting several converters in the series at the AC side, in which each converter has an independent
DC source. Focusing on the second alternative, cascade MLI can be developed by using symmetrical or
asymmetrical voltage levels and by using different type of topologies such as: Full H-Bridge, 3L-TNPC
converters or by performing a hybrid configuration [17]. Note that symmetrical cascade configurations
have had a more industrial presence as the case of Cascade H-Bridge (CHB) converters [3] due to
modulation and control simplicity compared with asymmetrical configurations [18]. In fact, in [19] a
symmetrical nine-level T-type converter (9L-TNPC) is presented for motor drive applications, which
is based on the cascade connection of two 5L-TNPC converters. The same number of levels can be
generated with advanced hybrid topologies as presented in [6,12].

Considering the advantages and features previously presented regarding the 3L-TNPC and
symmetrical cascaded configurations, this paper described and validated the 5L-CTNPC topology
for rooftop PV applications by using a cascaded connection of two 3L-TNPC legs which was firstly
introduced in [20] as a cascade 3L-TNPC converter. Thus, the advantages of symmetrical cascade
configurations with multistring inputs are merged. Each 3L-TNPC converter can interface a dedicated
DC bus, and consequently two separate maximum power point tracking (MPPT) algorithms are
allowed to obtain the maximum power of each PV string. Note that the PV string of each module
can be sized to handle half the entire PV string in the conventional 3L-TNPC converter, providing
better MPPT efficiency since less modules are combined in a series per string. The main contribution
of this paper is the experimental validation of a simplified control scheme to alleviate the power
unbalancing mismatch between 3L-TNPC modules and to compensate capacitor voltage variations
per each converter, which was presented earlier in [20]. Furthermore, a brief comparison between
five-level voltage waveform converters based on the conventional 3L-TNPC is performed as a second
contribution in terms of the main electrical features.

The rest of the document is organized as follows. In Section 2, a hardware description of
the proposed converter, switching states and implemented modulation is presented. In Section 3,
a simple stationary reference-frame voltage-oriented control and a voltage control loop to compensate
a possible power unbalance operation are included. Then, in Section 4, simulation results and
experimental verification of the proposed multilevel converter and its control system behavior are
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added. Furthermore, a brief comparison with the 5L-TNPC and 5L-HTNPC is performed to highlight
the main advantages of the proposed configuration. Finally, in Section 5, the conclusions of the paper
summarize the work done.

2. The 5L-CTNPC Converter Topology

The power topology of the analyzed cascade 5L.-CTNPC for a rooftop grid-connected PV system is
depicted in Figure 1. The configuration is composed of a series connection of two 3L-TNPC legs, where
each of them is built with two conventional IGBTs and one bidirectional switch. This bidirectional
switch could be formed either by two conventional IGBTs in common-emitter or by a common-collector
and reverse blocking IGBT connection. Actually, a classical IGBT semiconductor structure could
be replaced by a reverse blocking MOSFETs for a high-voltage [21] and high-switching frequency
operation [22]. Although more than two cells in a series connection are conceptually feasible, for the
sake of simplicity, two-cell 3L-TNPC converters have been introduced as a proof-of-concept applied to
conventional string rooftop PV applications.
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Figure 1. Proposed 5L-CTNPC power topology.
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Each 3L-TNPC leg operates as a string inverter connected to a single potential-induced
degradation converter which is fed by one PV string. This potential-induced degradation stage can be
designed to boost the DC voltage and perform the MPPT. Furthermore, it could be isolated [23]
to avoid leakage currents due to the PV aluminium metallic frame grounded [1]. To reduce
leakage currents paths and avoid high-frequency transformers there are three successful options
well-documented in the literature: Changing the modulation stage to avoid switched common
mode [16], by reducing surface conductivity of PV modules to avoid potential-induced degradation
(PID) and by including extra switches between the PV array and the inverter, also well-known as
transformerless inverters [24]. Although, a potential-induced degradation stage is desired to provide
an independent DC voltage control, in this work, the validation of the proposed configuration does not
integrate a potential-induced degradation stage, giving place to the worst case scenario under study
where the MPPT control is fulfilled directly from each 3L-TNPC power cell, instead of using a high
frequency galvanic isolated converter with its appropriate MPPT control. Thus, the overall control
loops are more challenging since the voltage fluctuations in the PV panel is directly presented in the
DC-side of each 3L-TNPC module, i.e., vjcx = 0por, where k = {1,2} is given by the number of cell.
Furthermore, in order to extract the maximum power from the PV panels, an integration of an external
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MPPT algorithm is required so as to define the appropriate DC voltage reference in each cell. Note that
the proposed topology is modeled without affecting the basic control objectives.

2.1. Fundamental Principle of the 5L-CTNPC

The 3L-TNPC provides three-output voltage levels: v, /2, 0 and —v;. /2, where k is the cell or
module number. These voltage steps are generated by connecting the AC terminals to the positive,
neutral and negative pole of the DC-link terminals. Although, the 3L-TNPC configuration gives rise
to four switching states, in order to avoid a short-circuit to the DC side there are only three of them
possible. The cascade connection of two 3L-TNPC cells permits the generation of five voltage steps,
where the zero level is combined into just one at the AC converter output voltage v.. According to the
switching states presented in Table 1, the output voltage in the 5L-CTNPC can be modeled as:

) v,
ve=(S11+S12—1) dZCl +(S21+ S22 —1) “;2, 1)

Vel U2

where v, is the addition of the converter voltages of both modules, Sy and Sy; are the switching states
of the k-th 3L-TNPC unit and v, /2 is the total DC-link voltage of each cell. Furthermore, the dynamic
model of the AC current in terms of the output voltage is governed by the next expression:

ve = isRs + Ls% + vs, 2

dt

with v as the grid voltage measured at the point of common coupling (PCC), is as the grid current,
L; the grid filter inductance and R is the filter resistance included for modeling purposes. According to
Table 1, the switching states are able to generate nine voltage levels in the output voltage v, where
each state has an associated voltage level in function to the DC-link v, and v,.,. Note that in this
rooftop PV application both strings will be considered to work with similar DC-link voltages, i.e.,
Vgl ~ Vg = U4, By doing this, the output voltage v, can be reduced just to +v,., £v,./2 and
0. This assumption leads to five switching states with similar output voltage steps between two
consecutive levels [20]. The redundant switching states will be used to balance the voltage in the
DC-link capacitors by adjusting the power mismatch between the converter cells. The computed peak
amplitude of the converter output voltage 0 is equal to vy1/2 + 2 /2, i.e., each power cell has a
DC-link equal to the maximum level of the converter voltage. Therefore, for a proper grid current
regulation, each PV string must be designed to satisfy Upol R Uppp > Us. In fact, this aspect is a practical
advantage of cascaded configurations, since the overall DC-link voltage of the central configuration is
split among power cells, thus reducing the string size.

Table 1. Switching states and output voltage in the AC terminals.

State 511 512 Sz] 522 Uc
1 1 1 1 1 04q/2+040/2
2 11 0 1 Vge1 /2
3 o 1 1 1 Viea /2
4 1 1 0 0
5 0 0 1 1 0
6 0 1 0 1
7 0 1 0 o0 —0401/2
8 0 0 0 1 —V4e2/2
9 0 0 0 0 —v40/2—0v402/2
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2.2. Proposed Hybrid LS-PWM and PS-PWM Modulation Scheme for 5L-CTNPC Converter

The proposed modulation scheme for the 5L-CTNPC is based on two well-known carriers
based on the sinusoidal PWM methods. The first is the Sinusoidal Level-Shifted Pulse Width
Modulator (LS-PWM), used in 3L-NPC three-phase converters [25] and the single 3L-TNPC legs [20].
This modulation strategy requires two carrier signals in phase, to generate the three voltage levels
in the output terminals of each cell. One carrier signal has a positive polarity (0 to 1) and the
other has a negative polarity (-1 to 0). Furthermore, the LS-PWM is merged with the Sinusoidal
Phase-Shifted PWM (PS-PWM) conventionally used in cascaded H-bridge power converters [26]. In the
PS-PWM modulation, a phase shift between the carrier signals of each series connected to a power
cell is introduced to increase the number of voltage levels, giving rise to a five-level stepped voltage
waveform. The operation principle of this hybrid modulation technique is illustrated in Figure 2, where
m%, and vy are the modulation signal and the output voltage in the k-th cell, respectively. Note that
each cell uses two carrier signals defined as v, and v.,,. Thus, the stacked connection of both cells
creates the converter voltage v., which is commanded by its reference v;. The combination of both
methods is simpler in respect to the space vector modulation (SVM) [27]. Finally, the implementation
of this modulation technique is depicted in the block diagram of Figure 3, where simple comparators
and two carrier signals are required to implement the proposed technique.
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Figure 2. Proposed modulation scheme for 5L-CTNPC based on the hybrid LS-PWM and PS-PWM.
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Figure 3. Straightforward implementation of hybrid LS-PWM and PS-PWM modulation for a
5L-CTNPC converter.

3. Overall Control Strategy

In this work three decoupled control stages are programmed to regulate the current injected into
the grid, the power generated by each PV string and the power mismatch between cells. The first
one is the MPPT, which set the DC-link voltage reference for both cells and is optionally included
to extract the maximum power from the PV panels in case of direct connection to the 3L-TNPC
modules. This control stage is complemented with the total DC-link control loop based on the energy
interchange between the power cells. The second control stage is the single-phase voltage-oriented
control loop, which has an embedded stationary current control loop implemented with Proportional
Multi-Resonant (PMR) controllers. The last control loop is in charge of attenuating the DC-link voltage
differences to compensate power mismatch issues among each cell of the converter. The overall control
scheme is presented in Figure 4, where vpx, ipok, Vgcr and sox are the PV voltage, PV current, DC-link
voltage measurement and gating pulses of each k-th module.
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Figure 4. Single-phase voltage-oriented control strategy for the proposed 5L-CTNPC converter.
3.1. MPPT and Outer DC-Link Controller

The well-known Perturb and Observe (P&O) MPPT routine has been implemented for simplicity
in this application. As the analyzed power configuration features two separate DC-links or PV
string connections, two independent MPPT algorithms are required to obtain its full power operation.
The MPPT routines compute the voltage reference for each DC-link v}, and v}, as illustrated
in Figure 4. Then, the DC-link control loop is designed to manage the total energy of the system
through the difference between the voltage reference and the voltage measured, i.e., er = e; + €.
This total energy is governed by using a proportional-integral (PI) controller, which generates the
amplitude of the injected grid current #;. Note that the DC-link voltage measurements are acquired and
processed with a notch filter Gy to eliminate the second harmonic ripple 2ws presented in the DC-link
capacitors by the rectification of a single-phase grid voltage. In fact, not filtering this harmonic voltage
component will generate an undesired third harmonic 3ws component in the grid current reference.
The MPPT parameters such as voltage step Avy, and time period Ty are designed according with
conventional commercial values. In experimental results, the voltage step Avy, = 6 V and the time
period Ty = 2 s, whereas in simulation results, Av,, = 6 V and the time period is ten times smaller
than the experimental results. Furthermore, the DC-link compensator has been designed by using a
DC-link control bandwidth of 14Hz. Major details about the outer control design can be found in [20].

3.2. PMR Current Control Scheme

The grid current reference is generated by multiplying the amplitude of the injected grid current
is with a unitary sinusoidal signal synchronized to the grid voltage. To avoid voltage measurement
noise and low frequency harmonic components, a second order generalized integrator (SOGI) with a
synchronous reference frame phase lock loop (SRF-PLL) is implemented to set the synchronous angle.
Then, the grid current reference 7} is compared with the current measured value is, giving rise to a
current error which is regulated by using a PMR control scheme. The structure of the implemented
controller is included in Figure 5 and expressed as following:

ZkihS
2 + h2w?

Ci(s) = kp + Z 3

h=13,5

where k, is the proportional gain and k;, is the resonant gain at each selected h-th harmonic. Note that
the above resonant controllers have been considered to achieve selective harmonic impedance
enhancement at 3st and 5th components. The resonant frequency at ws is equal to the grid frequency,
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hence the compensator C;(s) has infinite gain at w;, providing perfect sinusoidal tracking with zero
steady-state error. The PMR compensator in Figure 5 has been designed by a simple pole placement
with a crossover frequency of 270 Hz, which corresponds to a rate twenty times faster than the outer
control loop. This control scheme is currently adopted for grid-connected PV systems where the grid
voltage has important low-frequency harmonics [28].
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Figure 5. Stationary current control loop implemented with PMR controllers.

The output of the current control loop set the voltage reference across the grid inductor v;j.
Neglecting the voltage drop in the resistance Rs, the converter voltage is equal to v, = v + vs.
Commonly, the obtained inverter voltage reference v, would be directly connected to the modulation
block stage to generate the firing pulses in each semiconductor device. Since the current s is the same
for both series connected 3L-TNPC converters, the voltage references for each power unit must be
modified in advance to allow different power inputs. This important control requirement is performed
by including an internal DC-link voltage balance stage, which enables the voltage balancing between
capacitors in the DC-link and the power unbalance operation between both cells. In fact, the voltage
balancing operation is performed by the DC-link voltage references v}, and v}, naturally delivered
by the MPPT algorithm.

3.3. Voltage Balancing Control and Power Balance Scheme

As mentioned, correct power distribution between both cells and a control strategy to avoid
voltage unbalancing in the DC-link capacitors is required to provide full operation in the 5L-CTNPC.
The compensation block shown in Figure 6 is separated into two parts. The first one is the DC-link
balancing control between cells, whose purpose is to regulate the power mismatch by increasing or
decreasing the general modulation index amplitude, also referred to as the normalized inverter voltage
v, delivered from the current controller. In this control loop, the DC voltage error is regulated by using
a PI controller and then the voltage compensator Am,. is multiplied by the normalized inverter voltage
reference v, [29]. Therefore, the cell with higher power will increase its modulation amplitude, as the
cell with lower power reduces its modulation amplitude. The second part of the control loop is given
by the voltage balancing between the internal capacitors in the DC-link, where the voltage error is
controlled using another PI controller. The output signal of this compensator Am, is added to the
modulation index provided by the cell voltage control by moving in the vertical axis the modulation
index for capacitor balancing purposes. Both PI controllers have been designed by a pole placement
strategy, using a bandwidth of 5 Hz. This dynamic has been imposed to avoid fast disturbances
into the modulation signal. Note that the proposed balancing control scheme does not need extra
measurements, since they are previously accessible from the outer control stage.
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Figure 6. Implemented voltage balancing control strategy per 3L-TNPC cell.
4. Results

Simulation and experimental results of the proposed configuration are presented in this section.
The simulation analysis has been performed through MatLab /Simulink for control purposes, while
PLECS were used for modelling the modulation stage, power converter, grid voltage and PV strings.
The analysis was completed by using the same scenarios of the experimental set-up just to improve
the concept verification. The key simulation and experimental parameters are identified in Table 2.
It is important to highlight that simulation parameters have been selected according to the reduced
power experimental prototype.

Table 2. Simulation and experimental parameters.

Symbol Parameter Simulation Value Experimental Value
Grid Parameters
Ds Peak grid voltage 80 (V) 80 (V)
fs Grid frequency 50 (Hz) 50 (Hz)
Converter Parameters
Cae DC-link capacitors 1950 (uF) 1950 (uF)
fer Carrier frequency 2000 (kHz) 2083 (kHz)
L Grid inductance 5 (mH) 5 (mH)
R Grid resistance 0.01 (Q0) 1(Q)
Control Parameters
Ts Sample period 10 (us) 15 (us)
BWo4c DC-link control bandwidth 14 (Hz) 14 (Hz)
BWi; Current control bandwidth 270 (Hz) 270 (Hz)
BWy, Balancing control bandwidth 5 (Hz) 5 (Hz)
MPPT Parameters
Ty P&O period 0.24 (s) 2.1(s)
Avyy P&O voltage step 6 (V) 6 (V)
PV String Parameters
Py Maximum power 106 (W) 106 (W)
Ump Voltage at maximum power 48.4 (V) 48.4 (V)
Voc Open-circuit voltage 65.0 (V) 65.0 (V)
imp Current at maximum power 22 (A) 22 (A)
isc Short-circuit current 2.6 (A) 2.6 (A)
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4.1. Simulation Results

The first simulation result presented the injected grid current is with reference i} and both capacitor
voltages for each power cell under steady-state operation. In Figure 7, it is possible to appreciate the
good regulation and synchronization in respect to the grid voltage vs performed by the grid current
control and the synchronization control loop. Furthermore, in Figure 8, the voltage balancing control
is demonstrated, where the upper v, x and lower v ; voltage capacitors for each k-th power cell are
well balanced.
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Figure 7. Steady-state operation of the grid current PMR control.
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Figure 8. Steady-state operation of capacitor voltages for each power cell.

The second simulation results present a dynamic operation under two different scenarios.
An irradiation step from 1 kW/m? to 0.8 kW /m? was applied to the lower cell, maintaining 1 kW /m?
of irradiation in the PV string connected to the upper cell. After the irradiation step took place,
a temperature step changes was performed from 25 °C to 18 °C to the upper cell, generating an
increase in the power. The irradiation and temperature changes were introduced in a simplified PV
model provided by PLECS. Figure 9 shows the dynamic operation of the DC-link voltage v, and the
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power at DC-side Py = ¢k - ipok for each k-th cell. It is possible to appreciate how the irradiation step at
t = 3.5 s only affected to the lower module, producing a voltage perturbation and a power reduction in
P,,. Since the reference voltage is provided by the P&O algorithm, the stepped voltage was required to
maintain the maximum power operation. In the second scenario, the temperature decreased at f = 8 s
and the DC voltage as well as the power in the upper module increased. The three-level voltage v, of
each converter cell, and the overall five-level voltage v, are depicted in Figure 10 under unbalance
operation. Additionally, it is possible to appreciate how the power reduction in the lower arm affects
the modulation indexes 1y, creating signals with different magnitudes.
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Figure 9. Dynamic operation of DC-link and power on the DC-side under unbalanced power per string.
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Figure 10. Steady-state converter output voltage performance under unbalanced power per string.
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4.2. Experimental Results

The experimental PV system comprises of two 3L-TNPC power cells without isolation and
were fed directly by one PV string. Each string was composed by two PV modules emulated with
the Agilent E4360 solar array simulator, which enabled a total control of the temperature and
irradiation parameters. Each simulator has two output channels connected in series to emulate
the PV string generator. The parameters such as maximum power Py, current at maximum power
imp, short-circuit current is, voltage at maximum power v,,, and open-circuit voltage v, are listed in
Table 2. The simplified layout of the experimental small-scale setup is depicted in Figure 11. The control
algorithm is fully programmed in C code by using a dSPACE 1103 digital control platform running at
15 ps. The modulation stage and dead-time generation is implemented by using a FPGA Spartan3.
To experimentally validate the proposed control scheme, three different operation points are evaluated.
A steady-state operation, and two dynamic operation under an irradiation and a temperature step.
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The first experimental results shown in Figures 12 and 13 are analyzed during steady-state
operation. The grid-side variables i.e., grid current and voltage waveforms are presented in Figure 12,
where the unitary power factor operation is achieved. Furthermore, Figure 13 captures the output
voltage of each cell and the total voltage composed by a five-level waveform. Similar to the simulation
results, the steady-state performance of the capacitor voltage balancing in Figure 14 is included.
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Figure 11. Simplified diagram of implemented experimental setup.
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Figure 12. Steady-state experimental results at grid-side variables: Grid current and voltage waveforms.
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Figure 13. Steady-state experimental results at converter-side variables: Output voltage for each cell
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Figure 14. Steady-state experimental results of capacitor voltage across each 3L-TNPC cell.

The second set of experimental results during dynamic operation is shown in Figures 15 and 16.
Firstly, an irradiation step from 1 kW/ m? to 0.8 kW/m? was applied to the second PV cell (lower cell
operating at reduced power), while the first array irradiation level was retained. After this irradiance
step variation, a temperature step change was tested from 25 °C to 18 °C and applied to the first PV
cell (upper cell operating at increased power). Under the above conditions, the input voltages generate
a three-level waveform signal due to the use of the conventional P&O MPPT method. Note that under
both scenarios, the coupling effects from one cell to each other is fully avoided, ensuring a decoupled

operation between power cells.
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Figure 15. Experimental dynamic operation of DC-link voltage under unbalanced power per string
due to solar irradiation and temperature changes.
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Figure 16. Experimental dynamic operation of DC power under unbalanced power per string due to
solar irradiation and temperature changes.

4.3. Brief Comparison with Other Five-Level T-type Converters

A comprehensive comparison between three different five-level T-type converters have been
presented in Table 3. The studied topologies are the proposed 5L-CTNPC, the hybrid version
5L-HTNPC and the conventional 5L-TNPC. Each topology presents the same features of the one
described in simulation and experimental results. To evaluate the power efficiency of each converter,
switching and conduction losses is required in respect to the power operation point for each cell.
Semiconductor device losses are included with a thermal model library developed in PLECS, based on
the manufacturer datasheet [30]. The resulting efficiency evaluation is depicted in Figure 17, where the
obtained efficiency of the proposed configuration 5L-CTNPC is equal to the conventional 5L-TNPC.
Due to the fact that there is a reduced number of switches at the second parallel leg in the 5SL-HTNPC
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a slightly higher efficiency was achieved. This analysis is corroborated by counting the number of
semiconductor devices used for each evaluated topology, which is summarized in Table 3.

The symmetrical topology configuration and the multiple MPPT possibilities are the main
advantages of the studied topology in respect to the rest power converters. Finally, in Figure 18
the current spectrum for each evaluated converter topology is computed. The current THD obtained
with the proposed topology is similar to the conventional 5SL-TNPC power topology, while the worst
value (over 4.9%) was reached in the 5L-HTNPC configuration. In fact, the apparent switching
frequency of this topology was equal to the carrier frequency, while in the proposed 5L-CTNPC and
5L-TNPC the apparent switching frequency was twice the switching frequency.

Table 3. Brief comparison between five-level T-type topologies.

Parameter 5L-CTNPC 5L-HTNPC 5L-TNPC
DC-link voltage Ve [ Vge
IGBT blocking voltage 4 X 04,4 X04./2 4 X 04,2 X04:./2 4 X 4,4 X 05./2
IGBT switching freq. 8 x 2 (kHz) 4 x 2 (kHz), 2 x 50 (Hz) 8 x 2 [kHz]
Apparent output
voltage Ffreq. 4 (kHz) 2 (kHz) 4 [kHz]
Grid current THD 2.83% 4.91% 2.53%
Switching losses 0.087% 0.078% 0.087%
Cond. losses 1.467% 1.409% 1.469%
Converter efficiency 98.43% 98.51% 98.44%
MPPT efficiency +++ ++ ++
Topology configure Symmetrical Asymmetrical Symmetrical
2 MPPT 1 voltage control loop 1 voltage control loop
Advantages High energy yield Good power quality High power quality
High power quality
Disadvantages 2 voltage control loops 1 MPPT only 1 MPPT only
& High cond. losses DC-voltage offsets High cond. losses
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Figure 17. Efficiency comparison between 5L-CTNPC, 5L-HTNPC and 5L-TNPC inverter topologies
respect to the power operation.
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Figure 18. Grid current FFT comparison between 5SL-CTNPC, 5L-HTNPC and 5L-TNPC inverter topologies.
5. Conclusions

In this work a grid-tied PV system configuration based on a series connection of three-level
T-type inverter cells was described and validated. The proposed power topology merged the
benefits of multistring configurations with more than one independent MPPT capability and the
benefits of cascade H-bridge converters, generating a five-level output voltage waveform in the AC
terminals. The proposed topology, modulation and control scheme were validated experimentally in a
reduced scale power prototype with a straightforward implementation. Additionally, the proposed
control strategy was evaluated under steady-state and unbalanced power conditions, ensuring a
decoupled operation between both power cells. Finally, a brief comparison for key merit figures was
included, where the main advantages of the proposed topology among other T configurations were
highlighted, giving rise to the possibility of enhancing the power extraction from the PV side due to
the multi-string configuration.
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AC Alternating Current

DC Direct Current

PV Photovoltaic

NPC Neutral Point Clamped

MLI Multi Level Inverter

THD Total Harmonic Distortion

MV Medium-Voltage

3L-NPC Three-Level Neutral Point Clamped
3L-TNPC Three-Level T-type Neutral Point Clamped
3L-NPP Three-Level Neutral Point Piloted

5L-TNPC Five-Level T-type Neutral Point Clamped
S5L-HTNPC  Five-Level Hybrid T-type Neutral Point Clamped
CHB Cascade H-Bridge

9L-TNPC Nine-Level T-type Neutral Point Clamped
5L-CTNPC  Five-Level Cascade T-type Neutral Point Clamped

IGBT Isolated Gate Bipolar Transistor

MOSFET Metal Oxide Semiconductor Field Effect Transistor
MPPT Maximum Power Point Tracking

PID Potential-Induced Degradation

PWM Pulse Width Modulation

LS-PWM Level-Shifted Pulse Width Modulation
PS-PWM Phase-Shifted Pulse Width Modulation

SVM Space Vector Modulation

PMR Proportional Multiresonant

P&O Perturb and Observe

PI Proportional-Integral

SOGI Second Order Generalized Integrator

SRF-PLL Synchronous Reference Frame Phase Lock Loop

Nomenclature

The following variable nomenclature is used along figures and tables of this manuscript:

Us Grid voltage

is Grid current

Ls Filter inductor

Rs Filter resistor for modelling purposes
Ue Total converter voltage

Uk Converter voltage per cell

Cie Capacitance per cell

Sk1, Sk2 Switching signals per cell

Vdeuks Vdelk  Upper and lower capacitor voltages per cell
Ve k DC-link voltage per cell

Vgek DC-link voltage reference per cell
Vpok PV voltage per cell

ipok PV current per cell

Mg Modulation reference signal per cell
Verls Ver2 Carrier signals

vE Per-unit converter voltage reference
ek Energy error per cell

er Total error energy

Ts Reference current magnitude

ws Angular grid frequency

0 Grid angle

fs Grid frequency
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Gy
Avpy
Ty

Ts

Notch filter

MPPT voltage step

MPPT time step

Current reference

Current controller

Proportional gain of the PMR controller
Integral gain of the PMR controller for each h-th frequency component
Grid harmonic

Inductor voltage

Inductor voltage reference

Carrier frequency

Sampling period

BW,;.  DC-link control bandwidth

BWijs

Current control bandwidth

BW,,  Balancing control bandwidth

Pmp Maximum power

Ump Voltage at maximum power

Toc Open-circuit voltage

imp Current at maximum power

isc Short-circuit current

Amy Voltage drift modulation component

Am, Cell voltage control

Py Power per cell
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Abstract: A novel three-phase power-factor-correction (PFC) rectifier with zero-voltage-switching
(ZVS) in six main switches and zero-current-switching (ZCS) in the auxiliary switch is proposed,
analyzed, and experimentally verified. The main feature of the proposed auxiliary circuit is used to
reduce the switching loss when the six main switches are turned on and the one auxiliary switch is
turned off. In this paper, a detailed operating analysis of the proposed circuit is given. Modeling and
analysis are verified by experimental results based on a three-phase 7 kW rectifier. The soft-switched
PFC rectifier shows an improvement in efficiency of 2.25% compared to its hard-switched counterpart
at 220 V under full load.

Keywords: three-phase rectifier; PFC; switch-mode rectifier; ZVS; ZCS

1. Introduction

Power electronic converters play a critical role in the energy industry due to their ability to
optimally control and condition the power they deliver to a load. In addition, they are required to
control and condition the power they draw from energy sources to support their optimal operation.
This is achieved by compliance to EMI and harmonic standards such as EN6100-3-2 and efficiency
standards such as 80Plus [1]. Soft-switching technologies are a primary enabler for improving
efficiency by minimizing switching losses and reducing EMI and harmonics by “soft” ending the
edges of the switching transitions [2-12]. References [8] and [9] report soft-switching techniques
that includes zero-voltage-switching (ZVS) and zero-current-switching (ZCS). Three-phase rectifiers
with active power-factor-correction (PFC) control achieve an improved power factor and lower
harmonic content [10-13]. Active PFC rectifiers using a boost (current source) front end achieve
better input current wave-shaping and lower harmonic distortion compared to their buck-derived
counterparts [14]. Three single-phase PFC rectifiers are used in [15] to synthesize a three-phase
PFC rectifier. Reference [16] reports the use of space vector modulation (SVM) to achieve a high
power factor in a three-phase six-switch rectifier. Soft-switching techniques employed in three-phase
rectifiers are reported in [17-19] to improve efficiency and EMI performance. Soft-switching using a
passive lossless snubber is presented in [17]. Although this approach can improve the efficiency,
the circuit suffers from higher component stress. In [18], an active snubber is used to achieve
soft-switching at the expense of higher control complexity and switching stress in the auxiliary switch.
In [19-22], the zero-voltage-transition and control technique was applied in a three-phase PFC rectifier.
Although the main switches can achieve ZVS at turn-on, the auxiliary switch was hard-switched
operated at turn-off.

Energies 2019, 12, 1119; d0i:10.3390/en12061119 37 www.mdpi.com/journal/energies
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A conventional three-phase six-switch PFC rectifier is shown in Figure 1. A novel soft-switched
three-phase active rectifier using an active auxiliary circuit is proposed in this paper. The principal
performance improvement is the achievement of ZVS at turn-on for the six rectifier switches and
ZCS at turn-off for the one auxiliary switch. A detailed description of the operation of the proposed
soft-switched rectifier is presented in Section 2. Validation of the design through simulation and
experimental results are shown in Section 3 followed by concluding remarks in Section 4.

S, |2" D, s, | D; _s; |49 KDs

—Vrn +
R LH

Co~ Ro§ Vo

smfo. s oo s o Fo.

Figure 1. A conventional three-phase six-switch power-factor-correction (PFC) rectifier.

2. Proposed Three-Phase Six-Switch Soft-switching PFC Rectifier

The proposed three-phase six-switch soft-switching PFC rectifier is shown in Figure 2. The circuit
inside the dotted box is a soft-switching assist circuit to achieve ZVS in the main switches and ZCS in the
auxiliary switch. The soft-switching assist circuit consists of the auxiliary switch S4, resonant inductor
Lg, transformer T}, barrier diode Dy, clamp circuit Re—D—Cc, and resonant capacitor (the capacitance
employs the parasitic capacitance of main switch).

N o N
s [ X T s 4

L] L] — -
NA||E N, Ce Ve Re iCorN RoQ Vo
2 +

e R
Sy ] S5 ] S, ] Sq ]

>
Pt

Dc

Figure 2. The circuit of the proposed soft-switching PFC rectifier.

Three phase line voltages Vrn, Vsn, Vrn for a balanced three-phase system are shown in Figure 3.
The 60° symmetry in the three-phase voltages is evident from Figure 3. The operation of the three-phase
PFC using the 60° symmetry is described in detail in [11].
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In order to simplify the analysis, Interval 1 (0°-60°) can be selected for the analysis of the
switching cycles as the operation over the rectifier is identical in the other 60° segments. The following

va Ve~ Vsn Vi

0 wt
N— N———" N——" N——"
0° 60° 120° 180° 240° 300° 360°

{ Raion | Raion! i Raion 11} Rgiom Vi Regiony| Regionwr |

Figure 3. The line cycle in three-phase balance power system.

assumptions are made to support the operating analysis:

(1) Input inductance Lg is large enough to allow the input current to be considered as a current

source over a switching period;

(2) Input capacitance Cy, is large enough to be equivalent to the ideal voltage source V; and
(3) The output capacitance of the clamp circuit Cc is large enough to allow its voltage V¢ to be

considered a voltage source over a switching period.

Under the assumptions listed above, the simplified circuit diagram is shown in Figure 4 and the

voltage polarity and current direction for each main component are defined.

'z

A detailed description of circuit operation is provided in this section. The key waveforms of the
circuit for Interval 1 are shown in Figure 5, and equivalent circuits for each operating mode are shown

D
R SR S
i”f'\
4
@)
ir ~

N\

P P ol
S, |4 S |4 s |4

Figure 4. The simplified circuit of the proposed soft-switched rectifier.

in Figure 6. There are 12 operating modes to be analyzed over a switching cycle.

2.1. Mode 0: (t < Ty)

This mode is based on the analysis of the switching cycle in Interval 1 (Vry > 0, Vrny > 0, and
Vsn < 0). Before Ty, as in Figure 6a, the diode Dy, D, and Ds are in the state of conduction. The main
switches S; to S¢ and auxiliary switch S, are turned off. The currents ig and it flow through diode Dy
to the load and return to the AC source as the current is. Under this condition, the voltage across the

active rectifier bridge is Vx = V.
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Figure 5. The key waveforms of the proposed soft-switched rectifier.

2.2. Mode 1 (Ty <t < Ty)

At Ty, the auxiliary switch S4 is turned on to go into Mode 1. The current i; of resonant inductor

Lg starts to increase, and current 7; flows through the primary winding N of the transformer T,.
The induced current i, and excitation current i,, outflow through secondary coil N, as shown in

Figure 6b. The voltage on the seconding winding N is the output voltage V. The voltage V; and V;

across the windings of transformer T, are obtained as follows:

@

Vo = Vo

@

Vz = HVO

N,

The current in the resonant inductor 71 increases linearly with the slope given by

@)

Vo—nVO (l*i’l)xL/O
R

Vo-W

diy

Lg

Lgr

dt

Similarly to i, the excitation current i, also displays a linear increase, and the slope is

4)

Vo

diy

L

dt
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When the current i; ascends to ig current, this mode ends. The time interval is given as below:

I

tn = —— 5
0= YA )i ®)
-Si)
.
Vo
.
sERsep
ti: +
I giRrepro
i h
[Fs:HE STt
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S I vero
st }}&%Ig s
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Figure 6. Operation modes of the proposed soft-switched rectifier.
2.3. Mode 2 (T; <t < Tp)

Att =T, the DC link diode current 7, reaches zero. The reverse recovery current of diode Dg flows
through diode Dp in a negative direction. The resonant inductor current keeps increasing, as shown in
Figure 6c.

2.4. Mode 3 (T, <t < T3)

At t = Ty, the parasitic capacitance of diode Dj along with the resonant capacitor Cg, which
includes the parasitic capacitor of the main switches and the resonant inductor Ly, start resonating, as
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shown in Figure 6d. When the equivalent voltage Vx of the main switch is decreased to zero at t = T3,
the mode ends. The equivalent voltage Vx and resonant current i; are shown in Equations (6) and (7).

Vx =Vo — (1 - )’l)Vo(l - COS(th)) (6)
. . . (1 - n)Vo .
i1 = ls+lRR+Z751n(th) ?)
C
CrR=C+C3+Cy (8)
1
WR = —F————— )
Lr(Cr +Cyp)

| Lg
/e = 4] — 10
C C G (10)

When t > T3, the bridge rectifier voltage Vx is decreased to zero and the auxiliary switch Sy
continues to conduct. The corresponding equivalent circuit is shown in Figure 6e. The body diodes Dy,
D3, and D, of the main switches Sy, S3, and S are conducting. Turning on the main switches Sy, S¢,
and S, when the bridge voltage reaches zero achieves ZVS turn-on. The detection circuitry to turn on
the main switches at zero voltage also enables the minimization of duty-cycle loss and, thus, loss of
efficiency. After the main switches turn on at ZVS, the resonant inductor current i; decreases linearly
with the slope given by Equation (11). When the current of the main switches S4 and S, reaches zero at
t = T4, the mode ends.

2.5. Mode 4: (T3 <t < Ty)

dil o I’lVo
il re (11)

2.6. Mode 5: (T4 <t é T5)

As shown in Figure 6f, when t > Ty, then S4, S, and Sp keep conducting. The current i; is
continuously decreased to zero until t = Ts.

2.7. Mode 6: (Ts < t < Té)

When t > T, the input currents ig and it flow through the main switches S4 and S,, as shown
in Figure 6g. When the current i, flows through the auxiliary switch S, it consists mostly of the
magnetizing current, iy, of the transformer. If the magnetizing inductance L, is designed to be
relatively large, the current i, of the auxiliary switch S, is extremely close to zero. When Ts < t < T,
the auxiliary switch is set to be turned off so that it can effectively achieve the purpose of ZCS.

2.8. Mode 7: (Tg <t < T>)

When t = T, the auxiliary switch S, is turned off, as shown in Figure 6h. Subsequently, the
magnetizing current iy, of the transformer charges the parasitic capacitance C,gs; 0f the auxiliary switch
Sa so that the auxiliary switch voltage will increase continuously.

2.9. Mode 8: (T, <t < Tg)

At t = Ty, the auxiliary switch voltage Vs, increases to Vo + V¢ and the clamp diode D¢ is
conducting. The magnetizing current i,, discharges through the clamp circuit Dc—V, as shown in
Figure 6i. The slope of the excitation current in this mode is given by

din Ve

@ L, (12)
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2.10. Mode 10: (Tg < t < To)

At t = Tg, the magnetizing current i,, is decreased to zero which resets the transformer, as shown
in Figure 6j.

2.11. Mode 10: (To < t < Typ)

At t =Ty, the main switch Sy is turned off. The input current ig charges the parasitic capacitance
of the main switch S; and the equivalent voltage Vx of the main switch is increased, as shown in
Figure 6k.

2.12. Mode 11: (T19 £ t £ Tyq)

At t =Ty, the equivalent voltage Vx of the main switch is increased to Vo and the diode Dg is
conducting as shown in Figure 61. Subsequently, the antiparallel diode D; of the main switch S; is
conducting. The input current ig flows through diodes D; and Dy and flows back from is through
the load.

2.13. Mode 12: (Ty; S t < Tpp)

At t = Tqy, the main switch S, is turned off. The input current it starts to charge the parasitic
capacitance of the main switch Sy, as shown in Figure 6m.

3. Experimental Verifications

Based on the design described, a prototype was built. When the line voltage in the three-phase
input was 220 V, namely, the phase voltage was 127 V, the switching frequency 40 kHz, and the output
load 7 kW, then the measured waveforms for three-phase Vry, Vsy, Vrn, line voltage and the line
current were at low line and full load. The current waveform, as in Figure 7, is practically sinusoidal
with low THD and a high power factor (the A-THD is shown in Figure 8 and power factor is shown
in Figure 9).

B

Figure 7. Measured waveforms of input voltage and input current at full load.
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Figure 8. A-THD measured results.
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Figure 9. Power factor measured results.

Figure 10 shows the simulation waveforms using Isspice at half load and full load. It can be seen
that the main switches 5S4 and S, on the bottom sides turned on when their Vyx was down to zero by
the resonant circuit, after the auxiliary switch S4 was turned on.

Measured waveforms of the gate drive signals and voltage across the main switch are shown in
Figure 11. The captured waveforms indicate the need to turn on the auxiliary switch S4 before the
turning on the main switches S; and S; to achieve ZVS.

As shown in Figure 12, when the current 7; of resonant inductor Lr decreases to zero, the auxiliary
switch S can be turned off under ZCS conditions.
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Figure 10. Simulation of key waveforms of the main switch voltage Vx and current ; at (a) half load
and (b) full load.
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Figure 12. Measured waveforms of drive signal and resonant current for the main switch of the
soft-switched rectifier.

A comparison between the hard-switched and proposed soft-switched rectifier was performed at
a load of 7 kW over an input voltage range of 190-250 V. The hard-switched rectifier was tested by
simply disabling the soft-switch assist circuitry. Figure 13 shows the efficiency improvement from the
soft-switched rectifier. The largest efficiency difference between hard-switch and soft-switch rectifier
was 2.55% when the input line voltage was 220 V, and Figure 14 shows the soft-switched rectifier
efficiency from 1-7 kW.
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Figure 14. Measured efficiency from 1 to 7 kW with the soft-switched rectifier.
4. Conclusions

A novel three-phase rectifier with zero-voltage-switching and zero-current-switching features
was proposed. The design has been validated with simulation and experimental data captured on a
7 kW three-phase rectifier prototype. Efficiency improvement between hard-switch and soft-switch
rectifiers peaks at 2.55% when the input line voltage is 220 V at full load. Mathematical equations
to explain circuit operation have been derived and analyzed under a sequence of operating modes.
The experimental results have confirmed the proposed design of the soft-switched rectifier in achieving
high efficiency, high power factor, and low THD.
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Abstract: This paper presents an analyses of an Energy Storage System (ESS) for grid-tied photovoltaic
(PV) systems, in order to harness the energy usually lost due to PV array oversizing. A real case
of annual PV power generation analysis is presented to illustrate the existing problem and future
solutions. Three PV modeling techniques have been applied to estimate non-measured non-harnessed
PV power to provide an ESS energy and power sizing strategy. Moreover, a control strategy to store
or release power from the DC-link, without modifying the Maximum Power Point Tracking (MPPT)
strategy, is presented. The results show an estimation of the annual power loss caused by oversizing
the PV array. The ESS sizing strategy gives insight into not only the energy requirements, but also the
power requirements of the system. Simulation results show that the proposed ESS control strategy
is capable of harnessing the extra power without modifying the existing power converter of the PV
plant nor its control strategy.

Keywords: power clipping; ESS sizing; grid-tied PV plant

1. Introduction

Perpetration of renewable energy in electric markets has reached an impressive 26.5%, being wind,
bio and solar power at the forefront of modern renewables development and integration to electric
retail [1]. A crucial parameter when designing renewable energy plants is its load factor, also known as
capacity factor or plant (load) factor, which corresponds to the ratio between the generated and rated
energy of the plant during a certain amount of time. In UK, PV plants present annual load factors close
to 10% [2], which are calculated considering the rated power of the converter. A common practice
is to increase annual plant factor by oversizing the power rating of the PV array, with respect to the
converter [3]. The ratio between PV array rated power and the inter AC rated output power is known
as Inverter Loading Ratio (ILR) [4]; in places with high irradiation variability such as UK, PV array
power ILR oversizing can reach as much as 40%, whereas, in places with lower irradiation variability,
such as central Chile, oversizing is closer to 15%. Moreover, the continuous drop on PV module prices
have encouraged the increase of ILR in PV plants [3]; some authors have even proposed ILR oversizing
up to 80% [4].

When an oversized PV array reaches the power rating of the converter, the converter loses the
ability to increase its current and therefore is unable to reduce the DC-link voltage and loses the ability
to track the Maximum Power Point (MPP). This behavior is called clipping, and it forces the system
to waste available PV power. Clipped power is the name assigned to this wasted power. Figure 1
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Energies 2019, 12,1812

presents a grid-tied central inverter PV plant with PV array oversizing, where the available PV power
is truncated at the rating of the inverter (clipped), limiting the exported PV power. Both power curves
were normalized to the inverter rating.

PV plant Inverter
Jf AC|Filter Trans Grid

TDC

0.5

TURESS TN,

0
6 12 18 24 0 6 12 18 24
Time (Hr) Time (Hr)

Standard
BESS location

Available power (pu)

°
Extracted power (pu)

Figure 1. Central inverter grid-tied PV plant with additional Battery Energy Storage System (BESS).

Generation-demand matching paradigm, where intermittency and high variability of renewable
resources play a major role, can be achieved by relying on other systems connected to the electrical
network and/or by the addition of an Energy Storage System (ESS). The first solution is not suitable
for harnessing clipped power, since it requires the clipped power to be transferred to the electric
network through the inverter, which is already operating at its rated power. The latter solution
presents a more promising alternative to enhance existing PV plants, enabling them to harness
clipped power. This solution has been widely researched as an alternative not only to deal with
generation-demand mismatch, but also as means for renewables to provide complementary services,
such as load shifting [5], global maximum power point tracking [6] and peak-shaving [7]. Note that
the standard location for ESSs is, as shown in Figure 1, beside the transformer (before [8] or after [9]).

Sizing the ESS is a fundamental part of designing a tailored solution to handle clipped power.
ESS sizing strategies for PV applications have been previously proposed in the literature: in [10,11],
sizing strategies to comply maximum power ramp rate regulation were proposed; in [12], a sizing
strategy to provide support for household PV applications; in [5], a sizing strategy to balance the peak
and off-peak electricity consumption; and, in [13], a sizing strategy for smoothing power output and
storing clipped power at PV plant level. This latter sizing strategy consists on averaging the PV power
beyond a certain power limit (clipping level), hence hiding power dynamics to the sizing process.
Additionally, the analysis is based on a single sunny day. It must be noted that the power limitation
is imposed by contract with the grid operator. In addition, this sizing strategy aims at providing a
concentrated solution for a full PV plant, where energy storage is connected at the point of common
coupling and inverter ratings are not a limitation for the power exceeding PV plant.

A much wider variety of ESS sizing can be found in the literature related to wind power
applications. In [14], a sizing strategy to maximize service-hours per BESS unit cost is presented.
The strategy forecasts power generation based in long term historic data and statistical noise;
this prediction is then low pass filtered, allowing to obtain an ESS power reference curve, which
is later processed by a cost function obtaining the ESS energy rating. Nevertheless, low pass filtering
generates phase delay depending on frequency, consequently reshaping the power curve and leading
to over or under sizing of the ESS. A sizing strategy to minimize penalties caused by not complying
day-ahead power bidding is presented in [15]. The strategy generates 25 initial ESS power references
by subtracting bid power from 43-hour-power generation forecasts. The initial references are then
presented in a histogram, together with a compliance level, which can be used to generate the ESS
sizing. The power generation forecast and bidding strategy are not described in the paper. Moreover,
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this method considers a 43-hour horizon, which is not ideal for PV systems’ daily cycles. A hybrid ESS
sizing strategy to comply with maximum power ramp rate regulation is presented in [16]. For this
purpose, wind forecast and uncertain load behavior are subtracted, generating a power reference
which is later transformed into frequency-domain by Discrete Fourier Transform (DFT). The result is
later separated into low, medium and high frequencies, corresponding to the desired power output,
the power reference for BESS and the power reference for Supercapacitors, respectively. However,
DFT strategy decomposes the full signal into periodic sinusoids losing information regarding the time
location of frequencies, therefore leading to a wrong sizing of the ESS. Another strategy to size a hybrid
ESS while complying with maximum power ramp rate is proposed in [9]. Here, several historical
datasets are filtered by wavelet discrete transform, generating a maximum power ramp rate compliant
power curve. ESS power reference curve is obtained by averaging the differences between all original
curves and their filtered version. The result is later filtered selecting high and low frequencies as
supercapacitors and BESS power references, respectively. The strategy relies on averaging the results,
hence masking some dynamic behaviors.

This document presents an analysis of the annual power generated by a PV plant. An analytical
model was applied to estimate annual clipping losses. An ESS sizing strategy, based in historic data,
was proposed; this strategy considers efficiency of the technology (energy storage technology and
power electronics) and provides ESS energy and power sizing, required to recover a certain percentage
of the annual clipped power. Additionally, configuration and control strategies were proposed to
retrofit an existing PV plant, in order to handle clipped power without modifying the existing MPPT
strategy. To validate, at power converter level, the technical feasibility of performing the clipping
energy storage service, real PV system and power converters models including control strategies were
simulated. The simulations shows specifically that existing central inverter based PV plants can be
retrofitted to perform this service (without modifications to the central inverter topology and control).
Moreover, the study provides an insight into the daily and seasonal behavior of PV power generation,
hence suggesting the advantage of additional usage of ESS, as ancillary services, during idle hours.

To the best knowledge of the authors, the estimation of clipped power, the ESS sizing strategy,
the proposed ESS configuration enabling fully usage of a Battery ESS (BESS) and the proposal of a
control strategy to harness such power, are novel.

The document is arranged as follows: Section 2 presents a brief description of problem. Section 3
describes the PV model applied to estimate available MPP and a comparison between predicted power
and empiric power measurements. Section 4 section presents the ESS sizing strategy. The selection of
an Energy Storing Technologies (ESTs), capable of handling clipped power, is presented in Section 5.
The control strategy, configuration and simulation of the ESS connected to the PV plant is presented
in Section 6.

2. Problem Description

To emphasize the consequences of oversizing the PV array and highlight the effects of clipping,
data from a PV plant located in UK with 39% PV array oversizing is presented in Figure 2. This PV
plant has an empiric annual plant factor of 15.43%; if oversizing was neglected a yearly plant factor
of 11.11% would have been obtained instead. A year of PV power generation from a central inverter
grid-tied PV plant is shown in Figure 2a, where the installed capacity of the PV array is 2 MW, while the
DC rating of inverter is 1.54 MW. Power measurements were taken at the DC side of the inverter once
per minute during a full year, from 1 October 2016 to 30 September 2017. These measurements have
been normalized with respect to the inverter rating. The surface presented in Figure 2b (lateral view
of Figure 2a) is equivalent to overlapping all daily DC power generation curves, showing the power
limitation, hereafter power clipping, caused by the power-oversized PV array reaching the power
rating of the inverter. Seasonal behavior is shown in Figure 2¢,d, where yearlong dawn, dusk and daily
maximum power generation are presented. These characteristics were exploited to propose alternatives
to obtain further usage and revenue from the ESS. Autumnal (Autumn) Equinox, Summer Solstice,
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Vernal (Spring) Equinox and Winter Solstice are identified in Figure 2c,d with the abbreviations AE, SS,
VE and WS, respectively.

Irradiance, temperature and DC power measurements are the only data available for the PV plant
located in UK. Since the power limitation applied to the system is imposed by the converter rating,
power losses caused by clipping are neither estimated nor accounted for. Estimating those losses
would result in a mandatory effort to assess clipping effects.
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Figure 2. PV plant power generation at the DC-side of a central inverter configuration, annual
measurements taken every minute (1 October 2016 to 30 September 2017): (a) per day and per minute
power generation; (b) daily power generation and dawn to dusk daily daylight (top view of Figure 2a);
(c) overlapping of daily power generation (lateral view of Figure 2a); and (d) daily maximum generated

power (lateral view of Figure 2a).

Proposed Sizing Strategy
The following steps correspond to the ESS sizing strategy applied to enable harnessing the PV
plant clipped power.

1. PV modeling selection: Select a model to estimate clipped power. For this purpose, an analytical
model depending on irradiance, module temperature and PV module parameters was chosen.
The model predicts the MPP, which is later limited (clipped) at the rating of the converter (clipping
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level) and compared to the DC power measurements from the PV plant. Four error metrics and
additional features were considered to show the accuracy of the model.

2. Clipped power estimation: Subtract the measured DC power from the selected model predicted
DC power (not clipped) to estimate the clipped energy resulting from clipping the power curve.
These calculations generate annual clipped power and energy curves with one minute spanning.

3. ESS sizing: Analyze annual clipped power and energy curves. For this purpose, a statistical
analysis of daily clipped power and power-limited daily clipped energy is presented. Power and
energy sizing are performed by setting a recovery ratio of the annual clipped energy; from here,
ESS energy and power ratings are obtained.

3. PV Plant Model

There are several modeling techniques that can be used to estimate maximum power generation
from a PV plant, such as single diode circuital model [17], double diode circuital model [18], artificial
neural networks [19] and analytic model [20]. An analytical modeling method was considered to
estimate power loss due to clipping in a grid-tied PV plant.

To validate the model, one year of data (Figure 2) were compared to the power predicted by the
model. Clipped DC power in kW, irradiance in kW/m?, module temperature in °K measurements
and PV module data sheet parameters were available. Uniform irradiance and temperature conditions
among PV modules were considered to estimate the output power. A description of the analytical
modeling method and a quantitative comparison, with the empiric data, is given below.

3.1. Analytical Model

This mathematical model predicts the MPP (Pypp in W) as a function of the irradiance (G in
W/m?) and the module temperature (T in °K).

k
Pmpp:<|:ﬁ-AT+1:|‘G‘A'ﬂ)‘ﬂmppt'Nms'NSp (l)

where k,, AT, A, 17, lmppt, Nms and Ny, are, respectively, the temperature coefficient of Prpp in
% /°K [21] (or maximum power correction factor for temperature [20]), module temperature difference
between the module temperature T and the STC module temperatureTsc in °K (AT = T — Tstc), area
covered by PV cells in m?, STC module efficiency, MPPT efficiency [22], number of modules in series
in each string and number of strings in parallel. A similar alternative is presented in [20] where A - 77 is
replaced by Pmpp stc/ Gstc-

3.2. Model Validation

The analytical model used to predict the clipped power was chosen, since it presents a low
modeling error below clipping, presents a low model error compared data sheet stated STC, presents a
low computational cost, does not require an optimization stage (neither parameter identification nor
training) and is conceptually simple. The model prediction was clipped at the DC power rating of
the converter to match the maximum DC power level (clipping level), and then the error between the
clipped prediction and the measured DC power was calculated. The technical details applied to model
the PV plant are presented in Table 1. PV modules correspond to the Jinko model JKM260-PP.

Figure 3 shows the irradiance, module temperature, DC power model predictions (clipped)
and DC power measurements on four different days (18 March 2017, 3 June 2017, 10 August 2017
and 20 September 2017). The top plots in Figure 3a—d show the daily irradiance and temperature
measurements, while the lower plots show the DC power (clipped) and measured DC power.
The analytical model display an adequate tracking of the measured DC power; to present a complete
analysis, some error metrics and other characteristics of the models were considered.
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Table 1. PV plant and PV modules parameters.

Symbol Parameter Value
PV plant
va mpp stc PV array rated power at STC 2 MW
Paip Clipping level (inverter rated power) 1.54 MW
Nms Number of modules in series 20
Nsp Number of strings in parallel 386
Apy Area of the PV plant 4 Ha
PV module at STC
Prpp st Maximum power point 260 W
Vinpp stc MPP voltage 311V
impp st MPP current 8.37 A
Vioc ste Open circuit voltage 381V
isc ste Short circuit current 8.98 A
Gste Irradiance 1000 W /m?
Tste Temperature 298.15 °K
ki Temperature coefficient of isc 0.06%/°K
kp Temperature coefficient of Pmpp —0.40%/°K
kv Temperature coefficient of v —0.30%/°K
A Area 1.6368 m?
1 STC efficiency 15.58%
mppt MPPT efficiency 98%

The error metrics applied to validate the PV plant model were Normalized Root Mean Squared
Error (NRMSE), Normalized Mean Absolute Error (NMAE), Pearson linear correlation factor (Pearson)
and Normalized Root Mean Squared Error Fitness (NRMSEF). For the first two error metrics, NRMSE
and NMAE, the optimal value is 0%, while, in the second pair of error metrics, Pearson and NRMSEF,
the optimum is 100%. Equations (2)—(5) correspond to the mathematical description of the metrics
applied to analyze the error between the DC power measurement (X;) and the clipped DC output power
predicted by each model (X;). Variables px, jig, ox and oy in Equation (4) correspond, respectively,
to the mean of X; and X;, and the standard deviation of X; and X;. N corresponds to the number of
samples. Normalized metrics were measured respect to the clipping power level (Py;p).

1 ¥ o2
ﬁ : Z(Xl - Xl)
NRMSE = =1 -100 )
Pclip
1 N .
N . Z |Xz - X1|
NMAE = — =1 100 3)
PClip
|:(Xi - MX) ) (Xi - ﬂx)}
5 (% (%
Pearson = =L X N1 X -100 4)
|1X - X]| >
NRMSEF = <1 -2 2 100 (5)
[ X — pxl|
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Figure 3. Daily analysis of measured DC power versus models, top plot module temperature and
irradiance daily measurements, bottom plot clipping level (Pp), measured DC power (Ppyv) and
analytical model estimated power (Pmpp): (a) 18 March 2017; (b) 3 June 2017; (c) 10 August 2017; and
(d) 20 September 2017.

Table 2 summarizes the error metrics applied to the model. The analytical model presents a low
calculation time, a simple approach and small errors metrics. Therefore, this method was chosen to
predict PV clipped power. It is also useful for predicting the clipped power in real time.

Aging and soiling effects were not considered in the previously described analytical model,
nonetheless the model enables a straight forward update by fitting the STC efficiency term (1) in
Equation (1).

Table 2. Modeling error metrics.

Parameters Analytical Model

NRMSE 4.64%

NMAE 1.85%

Pearson 98.91%

NRMSEF 81.95%

Percentage Error at STC —1.97%

Execution time 1.98 us
Optimization stage No
Conceptual complexity Low
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4. ESS Sizing

ESS are composed by a bidirectional power converter and an EST, such as batteries, super
capacitors, flywheels, CAES, HPS, among others [23]. Energy restrictions are imposed by EST, while
charging and discharging power ratings depend on both EST and the bidirectional converter. Some
ESTs, such as batteries, usually present different charge vs discharge power ratings. In this application,
ESS charge power rating is limited by the clipped power.

PV power generation is strongly dependant on solar irradiance and the module temperature.
The PV module temperature behaves as a low pass filter of the incident irradiance, with an equivalent
time constant of a few minutes depending on the wind speed [24]. In addition, according to
Vernica et al. [25], the PV plant output power can be modeled as a low-pass filtered version of the solar
irradiance, where the cut-off frequency of the equivalent filter is determined by the area of the PV
plant. Specifically, for the PV plant being analyzed in this work, the cut-off frequency of the equivalent
filter is 0.01 Hz. Additionally, most grid code requirements related to power fluctuation (maximum
power Ramp Rate) regulate power fluctuations per minute [26]. Moreover, standard PV plant available
data range in sampling times between 1 and 30 min. Therefore, a data sampling rate of 1 min was
selected to calculate the clipped energy and the ESS sizing strategy presented in this work.

Clipped power (Peipped) is calculated according to Equation (6), where Pmpp and Ppy are,
respectively, the predicted PV power generation from Equation (1) and measured PV power, both in
kW. The clipped energy in kWh is estimated according to Equation (7), where dt corresponds to the
sampling time in min (1 min).

Pupp — Pov , Pov > P

lip
% clipped = (6)
0 , otherwise
dt
Eclipped = pclipped : 60 @)

ESS for clipping in PV plants are designed for a daily use cycle (dawn to dusk), which means
there is no need to store energy for more than one day, and therefore the stored energy is completely
depleted before a new day cycle.

The following efficiencies were considered in the sizing of the ESS: a single stage DC-DC converter
with 97% efficiency [27] (94.09% round-trip efficiency), new commercially available batteries present a
round-trip efficiency of 95% [28,29] and DC/AC inverter has a nominal efficiency of 97%. Therefore,
the energy passing through the ESS (PV to ESS and ESS to Grid) would experience an efficiency
of 86.70%.

Figure 4a shows a histogram of the maximum recoverable daily-energy-loss (E4e;) due to clipping
per amount of days of occurrence during a year, and two overlapped curves showing the accumulated
annual energy loss (due to clipping) and the total recoverable annual energy (including efficiency of the
PV-ESS-grid system of 86.7%). Both curves are function of the maximum recoverable daily-energy-loss
and were normalized respect to the annual energy loss (33 MWh).

The power rating analysis is shown in Figure 4b, for the case where four ESS power rating design
criteria are depicted as a function of the recoverable-daily-energy-loss. All criteria include a 97%
efficiency of the DC/DC power converter. The criteria C; to C4 correspond respectively to maximum
recoverable-daily-energy-loss in MWh (E4q), average recoverable daily-energy-loss in MWh (E ),
mean plus standard deviation of recoverable daily-energy-loss in MWh (E4e + 0:4e1) and mean plus
two times the standard deviation of recoverable daily-energy-loss in MWh (Egel + 2 - 0 del)-
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Figure 4. PV plant ESS energy and power sizing analysis: (a) daily-energy-loss histogram, accumulated
annual energy loss and total recoverable annual energy (considering the efficiency of the PV-ESS-grid
system); and (b) power-limited recoverable daily energy considering the efficiency of the DC/DC

power converter.

As an example, to recover 80% of the annual energy lost due to clipping, an ESS of 600 kWh is
required to store the maximum daily-energy-loss of (Figure 4a), which considering criteria C; (from
Figure 4b) leads to a power rating of 200 kW.

5. Energy Storage Technology Selection

ESS are formed by an EST and its power converter. This section focuses on selecting a suitable
EST alternative to store clipped energy. According to the type of energy conversion and the nature of
the stored energy, ESTs may be classified as electric, chemical, mechanical and thermal [30], as shown
in Figure 5. The main characteristics of ESTs, relevant for clipping, are summarized in Table 3 [31-33].
For a detailws description of each ESTs from Figure 5, please refer to [33,34].

Energy Storage Technologies (EST)
|

Electric Mechanical
. Conventional Batteries — Sensible Thermal
Electrochemical Flow Batteries Gravitational Latent Thermal
Super Capacitor (SC) Fuel Cel (FC) Pumped Hydro (PHS) | Gl Tl |
Electomagnetic (EMctal A Bt iorics | Kinetic
5 Molten Salts Batteries
Super. Magnetic (SMES) Flywheel (FES)
Spatial

Compressed Air (CAES)
Figure 5. Energy storage technologies classification.

Based on round-trip efficiency and maturity level, the best EST alternatives for handling clipped
power are SC, Lilon batteries and FES. Nonetheless, energy cost of FES doubles the energy cost of SC
and Lilon batteries. Moreover, installation costs are not included in the table, although they depend
on the weight of the equipment that needs to be transported. In addition, considering energy density,
we have have concluded that Lilon batteries are an adequate EST technology to be applied to handle
clipped power. The following section shows a simulation of a Lilon BESS applied to a PV system,
for validation of the sizing methodology.
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Table 3. Energy storage technologies specifications [31-33].

Energy Storage Power Cost Energy Cost  Round-Trip  Lifetime Energy Density Maturity

Technology (USD/kW)  (USD/kWh)  Efficiency (%)  (Years) (Wh/kg)
SC 100-300 300-2000 84-98 5-30 0.05-15 Developing
SMES 200-350 1000-10* 85-98 15-30 0.5-5 Demo
Lilon ! 1200-4000 400-2500 75-97 5-15 120-230 Commercial
PbA ! 175-600 150-400 63-90 5-15 30-50 Mature
NiCd ! 500-1500 600-2400 60-75 10-20 15-55 Mature
VRB 2 600-3700 150-1000 60-90 5-20 25-35 Developing
ZBB?2 700-2500 100-1000 60-85 5-10 65-75 Developing
Hydrogen 3 400-2000 1-15 20-66 5-15 600-1200 Developing
Metal-Air 100-250 10-160 50-65 >1 1000-1300 Demo
NaS * 1000-4000 300-500 75-90 10-15 150-240 Commercial
ZEBRA 3 150-300 230-345 90 5-15 86-140 Commercial
PHS 500-2000 5-100 65-87 30-60 0.5-1.5 Mature
FES 100-350 1000-5000 85-95 15-20 5-80 Commercial
CAES 400-1800 2-400 41-90 20-60 30-300 Developed
Low Temp. 5 200-300 20-50 30-50 1040 100-200 Developing
High Temp. ° 200-300 30-60 80 5-15 80-250 Demo

1 Conventional battery; 2 flow battery; 3 fuel cell; 4 molten salts batteries; ° TES.

6. Simulation Results

This section presents the control strategy, configuration and simulation of the ESS connected to
the PV plant. BESS was selected as EST to be emulated during the simulation, though the previously
described sizing strategy is valid for any EST. BESS was selected due to its modularity, which allows
retrofiting each PV inverter at their DC side, and because BESS combine both energy and power
density required for this application.

6.1. Configuration

The original PV system consists on a central inverter grid-tied PV plant, connected to the grid
through a standard two level voltage source inverter (2LVSI). The addition of the ESS, formed by a
battery pack and a single-stage DC/DC converter as in [35], merged to the DC-link of the PV system,
enables clipped energy to be stored and released according to the system requirements and limitations.
Figure 6 shows a simplified version of the full configuration; colored arrows illustrate the possible
power paths. The grey arrow corresponds to a continuous power flow (from PV to the grid), while the
green (PV to ESS) and purple (ESS to the grid) arrows correspond to excluding and non necessarily
continuous power flows.

This configuration has a single stage DC/DC converter. However, as shown in Figure 6, the system
can be implemented with a seconds DC/DC stage (marked as Optional). The difference between both
alternatives lies in the percentage utilization of the capacity of the battery pack. A single DC/DC
converter performing a standard battery charging strategy applies constant current (CC) charging
mode until reaching a certain State of Charge (SoC), usually around 85%. The addition of a second
DC/DC stage allows the control of the output voltage of the converter, hence enabling to transition
into constant voltage (CV) charging mode, and therefore allowing full charging of the battery. Storing
clipped power requires withdrawing power from the DC-link, since the MPP tracking voltage is
imposed by the inverter, thus clipped-storable power must be controlled through current.

The simulation results are focused on the control strategy that enables performing power
extraction and injection to the DC-link, without modifying the existing control strategy of the inverter.
This strategy depends on the SoC of the battery pack, which was estimated through standard Coulomb
counting method [36]. This estimation is independent of the battery model applied since it relies in the
output current of the battery pack, enabling the utilization of an ideal circuital model [37], to emulate
the behavior of the EST.
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Figure 6. Central inverter grid-tied PV configuration with additional single or double DC/DC stage
ESS showing power flow paths and corresponding data sheet efficiency.

6.2. Control Schemes

The central inverter was considered to be controlled through a standard voltage oriented control
strategy with MPPT reference, as depicted in the control scheme in Figure 7 [38]. Since the objective is
to retrofit an existing PV system, the addition of the ESS is performed at the DC-side of the inverter and
does not consider modifying the PV system or its control strategy. It must be noted that the addition of
an ESS at the point of common coupling would not allow harnessing the power loss caused by power
clipping, since the inverter power limitation would remain an issue, which is not the situation in other
similar cases that can benefit from the same ESS sizing strategy, such as power curtailment, where the
power limit is imposed by the control strategy and not by the rating of the converter.

Retrofitting forces the ESS control strategy to extract or inject power to the DC link without
modifying the existing MPPT strategy of the PV inverter. For this purpose, a tailored ESS control
strategy, shown in the flow chart in Figure 8, was designed. Ppy, Py, Pess, Pmpp, Pclip and
Ppre correspond, respectively, to PV plant output power (Ppv = ipy-0py), inverter input power
(Pinv =1iny - Opv), ESS power (Pess = iessUpy), estimated MPP according to Equation (1), clipping
level, and pre-clipping level. This latter parameter is used as margin to perform power injection
or subtraction to/from the DC link (Ppre — Pmpp)- DPess (< 0)and Pegs (> 0) correspond to the minimum
and maximum ESS power. Cases I-V match those in Figure 9. This control strategy can be adapted
to handle any EST. For this purpose, estimation of the ESS SoC value (SoC) in the control scheme of
Figure 8 must be replaced by an estimation of the available energy in the applied EST.

The ESS output current reference (i) is provided to a standard PI controller, generating the
modulation index and switching pattern according to the power flow direction (storing or releasing
energy). The SoC estimation was performed through standard Coulomb counting method [39].

PV plant BESS
. ESS control

%
v Less
less

Modulation

Figure 7. Configuration control schemes: (left) Perturb and Observe MPPT and Voltage Oriented
Control (VOC) scheme applied to the central inverter; and (right) CC charging mode controller scheme
applied to the ESS.
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Figure 8. ESS control strategy to enable storing and releasing of PV clipped power.

6.3. Simulation

A simulation of the full system, formed by a 2LVSI operating as central inverter grid-tied PV
system, and ESS formed by a Battery ESS (BESS) and an Isolated Bidirectional Boost Converter [35],
is shown in Figure 9. The control strategies previously described in Section 6.2 were applied. It must be
noted that the ESS was undersized to allow its control system to be tested in all possible scenarios and
display those results in a single figure; this was performed considering the dynamics of the systems
and an ESS operating range of 20-80% of the SoC. Several irradiance conditions were tested in the
simulations, all with PV cell temperature of 298.15 °K.

The PV plant parameters correspond to those presented in Table 1, while Table 4 presents the
parameters of the converters and ESS. To calculate per-unit values in Figure 9, the following base
values were considered: Gpage = 1000 W/m?, Pyge = 1540 kW, ipaee = 3.767 KA and vpa6e = 800 V.

Table 4. Simulation parameters.

Symbol Parameter Value

Central inverter grid-tied PV system

Cpv DC-link capacitance 4.4 mF
Upy DC-link voltage 510-800 V
Vuvw Grid voltage 320 Vi1 rms
Tuvw Grid current 2664 Arms
f Grid frequency 50 Hz
fow Switching frequency 5kHz
Lg Line filter 0.35 mH
EST and DC/DC converter
Cess ESS equivalent capacitance 29 F
Vess ESS voltage range 120-200 V
L Inductance 0.1 mH
R Inductance resistance 10 mQ)
1Nt Turns ratio 1:1
fdc sw Switching frequency 50 kHz
DC/DC converter
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Figure 9. PV plant with ESS connected at the DC-link simulation results: (a) irradiance in kW / m?;
(b) DC-link voltage and reference; (c) generated PV power (Ppy), available PV power without
considering clipping limitation (Pmpp (available PV power)) and inverter power (P (inverter));
(d) ESS power (Pess); (e) ESS SoC (SoC); and (f) grid currents (iy, iy and iy) and phase u voltage (vy).

From 0 to 0.03 s (Case I), the system is operating at a power rating below Paip (1540 kW) and the
ESS is at a SoC level of 20%, hence ESS power reference is zero. From 0.03 to 0.14 s (Case II), a step
in solar irradiance causes the PV power (Ppy) to reach Py, since SoC < 80%, Pegs power reference
is set to Pags = Ppre — Pmpp (and igss = Pass/vpv), which reduces power flowing through the inverter
(Piny) enabling MPP tracking. From 0.14 to 0.20 s (Case III), a step down in solar irradiance causes
the PV power (Ppy) to be lower than Py;p, but, since Ppre < Ppy < Peip, the ESS power reference (Pg)
is set to zero. From 0.2 to 0.25 s (Case II), a second step up in irradiance generates for the PV power
to surpass Pjip, the system behaves exactly as from 0.03 to 0.14 s. Once the ESS reaches 80% of the
SoC, the ESS stops drawing power and the inverter losses momentarily the capability to track the MPP
(Case IV from 0.25 to 0.28 s). Note that the ESS was undersized, to show the behavior of the system
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when reaching its maximum and minimum permitted SoC. From 0.28 to 42 s (Case V), a step down
in solar irradiance causes the PV power to be below pre clipping level (Ppv < Ppre < Pjp), and the
ESS releases power towards the DC-link (Pj; = Ppre — Pmpp) and through the inverter into the grid.
From 0.42 to 0.5 s, the ESS reaches 20% of the SoC, hence power flow from ESS towards the DC-link is
stopped and the system goes back to operating in Case I; in this part, grid currents show high harmonic
content due the comparison of power flowing to the grid and power required to generate voltage steps
to perform MPPT. In a real case, the MPPT period is longer, hence harmonic content would be lower.

Note that the instantaneous power balance is given by Equation (8), where the corresponding
terms are given by Equations (9)-(11). This can also be verified in power curves shown in
Figure 9¢c,d. Variables vy4, vgq, i and iq in Equation (9) correspond to the grid voltage and current in
rotational coordinates.

Pa(t) = Ppe(t) + Pess(t ®
Pav(t) = 5 (ogalt) -ia(t) + vgq (1) iqqy)) ©)
Pov(t) = ipw(t) - opu(1) (10)
Paslt) = iess() - opu(t) ay

7. Conclusions

The work described in this paper focused on the effects clipping, caused by oversizing a PV array
with respect to the power rating of its converter. An insight into the benefits and drawbacks in terms
of annual plant factor and energy losses of this commercial practice is presented. An analytical model
was used to predict the annual power loss due to clipping; the validation of the model was performed
by comparing the predicted power, limited at the clipping level, with real data over a time horizon of
one year sampled every minute. An ESS sizing strategy based on recovering annual clipping losses is
proposed. The strategy uses a power and energy approach, which considers statistical data to select
the best fitting ESS ratings. For the analyzed PV plant, the sizing method determined that a ESS of
600 kWh per central inverter enables the retention of 80% of energy that would be lost due to clipping.
From a power perspective, each central inverter, rated at 1.4 MW, requires being retrofitted with a
200 kW DC-DC converter for the ESS to enable the aforementioned clipped energy storage. In relation
to the EST, Lilon based BESS was selected to perform a validation of the ESS and control system due
to comparison of several criteria (Lilon have 10 times higher energy density than FC, about half the
cost of FES among other values). Simulation results at power electronics level of the ESS, the central
inverter, the grid connection, and their control show that the selected ESS can be retrofitted to existing
central inverters, and provide clipping energy storage while still performing properly (perform MPPT,
store/deliver energy, retain a controlled DC link and inject energy to the grid with high power quality).

The proposed methodology and analysis can be applied to determine, depending on their plant
measurements and parameters, the size of a ESS to retrofit their PV plant for clipping energy storage.
This information is necessary to perform an economic assessment, and how it can impact the levelized
cost of energy (LCOE), and assist in the decision-making process. In addition, the sizing methodology
can be adapted to perform new analysis on other ESS applications such as: load shifting, power
curtailment, frequency and voltage regulation, base load generation, capacity firming, etc., providing
further value for the ESS to the retrofitting of a PV plant. Furthermore, provided the proper model and
data, it can also be extended to other renewable energy sources, such as wind energy and ocean energy.
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Abbreviations

The following abbreviations are used in this manuscript:
AC Alternating Current

ANN  Artificial Neural Network

BESS Battery Energy Storage System
CAES  Compressed Air Energy Storage

CC Constant Current

cv Constant Voltage

DC Direct Current

DFT Discrete Fourier Transform

ESS Energy Storage System

EST Energy Storage Technology

FES Flywheel Energy Storage

ILR Inverter Loading Ratio

Lilon  Lithium Ion Battery

MAF  Moving Average Filter

MpPP Maximum Power Point

MPPT  Maximum Power Point Tracking
NaS Sodium-Sulphur Battery

NiCd  Nickel Cadmium Battery

NOCT Normal Operating Cell Temperature
PbA Lead Acid Battery

PHS Pumped Hydro Energy Storage
P&O Perturb and Observe

1% Photovoltaic

sC Super Capacitor

SMES  Super Conducting Magnetic Energy Storage
SoC State of Charge

STC Standard Test Condition

TES Thermal Energy Storage

UK United Kingdom

VvOC Voltage Oriented Control

VRB Vanadium Redox Battery

ZBB Zinc Bromine Battery

2LVSI  Two Level Voltage Source Inverter
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Abstract: The stable operating region of a photovoltaic (PV) cascaded H-bridge (CHB) grid-tied
module level inverter is extended by adopting the hybrid modulation strategy. However, the traditional
single hybrid modulation method is unable to regulate the DC-side voltage of each module precisely,
which may aggravate the fluctuation of modules’ DC-side voltages or even cause the deviation of
modules” DC-side voltages under some fault conditions and, thus, degrade the energy harvesting of
PV panels. To tackle this problem, a switching modulation strategy for PV CHB inverter is proposed
in this paper. When the CHB inverter is operating in normal mode, the hybrid modulation strategy
containing the zero state is adopted to suppress DC-side voltage fluctuation, thereby, improving the
output power of PV modules. When the CHB inverter is operating in fault mode owing to failing solar
panels, the hybrid modulation strategy without the zero state is utilized to make the DC-side voltages
reach the references and, thus, maintain a higher energy yield under fault conditions. Experimental
results achieved by a laboratory prototype of a single-phase eleven-level CHB inverter demonstrate
both the feasibility and effectiveness of the proposed method.

Keywords: cascaded H-bridge; photovoltaic inverter; module level; switching modulation strategy;
energy yield

1. Introduction

With the increasing demand for conversion efficiency during recent years, multilevel converter
topologies have become more and more applied to the grid-connected PV generation system [1-4].
Among all kinds of multilevel inverters, the cascaded H-bridge (CHB) has many advantages,
such as modularization, simplicity, and high reliability, which makes it become the most attractive
topology [5-9]. In addition, the CHB topology makes it possible to, respectively, regulate each DC-side
voltage and, thus, realizing the maximum power point tracking (MPPT) of each PV module. Therefore,
the CHB inverter is considered to be one of the most suitable candidates for next generation PV
inverters [10,11].

The energy loss caused by non-uniform solar radiation, degradation of PV modules and different
types of partial shading is greatly decreased by module level MPPT. However, due to the unequal
temperature and irradiance of PV modules, the output power of H-bridge unit varies greatly in the
case of severe mismatching. This may lead to over-modulation of H-bridge units with high output
power, thus, resulting in system instability and injection current distortion [12].

For the sake of expanding the stable operation range of the CHB inverter, some methods have
been proposed. The power balance control strategy based on active component modification of duty
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cycles, and its effective power balance area are proposed in [13-15]. Although the system can operate
stably by utilizing this method under slight mismatch conditions, there are still instability problems
under severe mismatch conditions. In [16,17], a control strategy of reactive power compensation is
proposed, which utilizes the power factor as the degree of freedom to stabilize the operation of the
system. However, an increase in reactive power injection will lead to a decrease of the system power
factor, which may be undesirable from the perspective of electric dispatchers. A new, improved MPPT
method is presented in [18], which changes the working point of the over-modulated H-bridge unit to
ensure that all H-bridge units work in the stable operation region to improve the stability margins of
the system. However, this will result in lower output power and make the system less-efficient. This is
contrary to the original intention that all PV modules operate at a maximum power point to realize
higher efficiency in energy harvesting.

Hopefully, In [19-21], the hybrid modulation strategy (HMS) is proposed, which utilizes a mixture
of low-frequency PWM and high-frequency PWM methods to regulate the DC-side voltage and control
the AC current separately. The HMS has been proved to maintain the stabilization of power rectifiers
effectively even under critical operating conditions, because it provides higher DC-side utilization (the
maximum modulation index of square wave can reach 4/m) compared with conventional sinusoidal
pulse width modulation (SPWM). In [22,23], a control method of a grid-connected PV CHB inverter
is proposed, which is based on the hybrid modulation strategy containing the zero state (HMSCZS).
With HMSCZS, the system can operate stably under heavy mismatching conditions. Once the CHB
inverter is operating in the fault mode, owing to failing solar panels, the HMSCZS fails to regulate
the DC-side voltages to the references and may lead to low output power of the inverter. In [24],
the hybrid modulation strategy without the zero state (HMSWZS) is proposed to maximize the range
of stable operation of system. However, the HMSWZS cannot control the DC-side voltage of each
module accurately. This may aggravate the fluctuation of modules” DC-side voltages, thus resulting in
the decrease of the generated energy of PV modules.

Therefore, a switching hybrid modulation strategy (SHMS) is proposed in this paper. The HMSCZS
is selected to suppress DC-side voltages fluctuation when the CHB inverter is operating in normal
mode. Once the CHB inverter is operating in fault mode, owing to failing solar panels, the HMSWZS
is utilized to control the DC-side voltages to track the references, thus maintaining a higher energy
yield under fault condition. With this method, the average output power of the PV modules will be
improved both in the normal and fault modes.

The paper is arranged as follows: In Section 2, the system configuration and control method are
introduced. In Section 3, the existing problem of the HMSCZS and the HMSWZS is shown. In Section 4,
the switching hybrid modulation strategy is put forward. In Sections 5 and 6, the performance of the
proposed strategy is verified by simulation and experimental results. Finally, in Section 7, a conclusion
is drawn to summarize the paper.

2. System Configuration

The structure of the single-phase PV CHB module level grid-tied inverter is shown in Figure 1.
The CHB module level inverter consists of m H-bridge units. Each H-bridge unit is connected to a
PV module. Vpy; and Ipy; (I =1, 2, ..., m) stand for the output voltage and current of PV module of
ith H-bridge. I¢; represents the current flowing through the capacitor on the DC-side of ith H-bridge.
Vg stands for grid voltage. Is stands for grid current. Viy; (I =1, 2, ..., m) is the ith H-bridge output
voltage and Vyr is the total output voltage of H-bridges. Figure 2 shows the configuration of the
control diagram of CHB module level inverter. The voltage and current double closed-loop control
are utilized to obtain the goal of the controlling. In order to decrease third harmonic component in
the grid current, a digital 100 Hz notch filter is utilized to eliminate the second order harmonic in the
total DC-side voltage Vpy + Vpyeee + Vpy,,. The external voltage loop is in charge of controlling the
filtered total DC-side voltages to the sum of the references Vpyi + Vpys eee + Vpy,, by a conventional
PI controller. The internal current loop is responsible for controlling the grid current to a sinusoidal
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shape in phase with the grid voltage. In the paper, a direct-quadrature rotating frame control method
for the single-phase inverter is used to achieve this goal because it can achieve zero steady-state
error by utilizing a traditional PI regulator [25]. The output of the current loop regulator, V;, serves
as the modulation wave. In order to compensate for the harmonic component of the CHB inverter
caused by the distorted grid voltage, the third, fifth, and seventh harmonic compensation algorithm is
utilized [26,27].

Vur ‘-’)

vl Tom

Figure 1. Structure of single-phase PV CHB module level inverter.
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Figure 2. The control diagram of single-phase PV CHB module level grid-tied inverter.
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The balancing algorithm allocates suitable switching modes to each unit during every switching
period based on the instantaneous value of modulation wave. For HMSCZS, only one unit operates in
PWM state, the K- 1(K =1, 2, ..., m) units operate in the “+1” or “~1" state and other units work in
the “0” state. However, for HMSWZS, only one unit operates in the PWM state, while the other units
work in the “+1” or “~1” mode. Probable switching states of the ith unit, S;, and their corresponding
output voltages are given in Table 1.

Table 1. Switch states of the ith unit.

Mode (S;) Unit Output Voltage
+1 +Vpy;
-1 —Vpvi
0 0
PWM PWM Reference

3. Review of The Existing Hybrid Modulation Strategy

3.1. The Hybrid Modulation Strategy Containing the Zero State (HMSCZS)

The HMSCZS proposed in [19,23] maximizes the steady operation range of the system, because it
provides higher DC-side utilization by adopting a square wave modulation. The major procedures of
HMSCZS can be summarized as follows:

(1) Calculating the voltage error AVpy; (I=1,2,...,m) at the DC-side of each H-bridge unit:
AVpy; = Vpvi = Vpy; 1)

(2)  Sorting the voltage errors in ascending order ([AVpy1, AVpyy, ..., AVpyy,]) at a fixed frequency, fsort.

(3) Mapping for the filtered DC-side voltages derived from the sorted vector of voltage errors ([Vy,
Vo, oo, V).

(4) Identifying the voltage area [ of V, based on Equation (2):

-1 !
Y Vi<V <) Vi @)
i=1 i=1

(5) Updating the H-bridge units” operating state. The/ -1 (I =1, 2, ..., m) units with the higher
DC-side voltage are selected to be discharged in state “+1” or “—1" (according to the direction of
grid-connected current), the /th unit works in the PWM state, and the rest operate in state “0”.

As shown in Figure 3, the switching modes for an eleven-level CHB inverter with the HMSCZS
3 4
method is presented. For instance, when }, V; <V, < }} V; and Ig > 0, the switching modes of the
. =

five H-bridge modules are, respectively, ”OI;,l”+PWM", I‘T+1”, “+1”,and “+1”. According to the rules
of HMSCZS, the switching mode of each H-bridge unit can only be “+1”, “0”, or “+PWM” when V; is
positive. Similarly, it can only be “~1”, “0”, or “~PWM"” when V., is negative. As shown in Figure 4,
once the CHB inverter is operating in fault mode owing to failing PV modules, the fault H-bridge unit
is always in the discharge state, whether the switching mode is “+1”, “+PWM”, “~1" or “~PWM".
The result is that the DC-side voltages of all H-bridge units diverge from the reference value and the
generation of CHB inverter is low.
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Figure 3. The switching modes for an eleven-level CHB inverter with the HMSCZS method.

V>0

Mode “+1” Mode “-1”
or “+PWM” or “~PWM”

Figure 4. The switching modes of the fault H-bridge unit with the HMSCZS method.
3.2. The Hybrid Modulation Strategy without the Zero State (HMSWZS)

To overcome the shortcoming of the HMSCZS, the HMSWZS is presented in [21,24]. Different
from the HMSCZS, in the HMSWZS the units with the lower voltage errors are selected to be charged
in state “+1” or “~1" (according to the direction of grid-connected current) and no unit operates in the
“0” mode. Figure 5 shows the switching modes for an eleven-level CHB inverter with the HMSWZS

1 2
method. As depicted in the Figure 5, when Z Vi<V, < ‘Z V; and I > 0, the switching modes of

the five H-bridge modules are, respectively,l;l—l”, “—PWII\E”, “+17, “+1”, and “+1”. According to
the rules of HMSWZS, as shown in Figure 6, the switching mode of the fault H-bridge unit can be
“+17, “+PWM”, “~1", or “~PWM" regardless of the polarity of V. Therefore, compared with the
HMSCZS, the HMSWZS is able to maintain the DC-side voltages balance and a higher energy yield
under fault condition.

However, as is illustrated in [23], the HMSWZS may aggravate the DC-side voltages fluctuation of
H-bridge units and, thus, lead to losses in energy harvesting of PV modules. As shown in Equation (3),
AU (i=1,2,...,m), the fluctuation of the DC-side voltage of the ith H-bridge unit during a sorting
cycle is composed of two parts: AU,;; and AU,,. Based on the superposition theorem of linear circuits,
the fluctuation of the DC-side voltage could be regarded as the sum of fluctuations produced by two
separate parts:

1
AUg = & ™" (pvi — Sils)dt
1

_ Ipvi 1 (Foort (3)
- Cil}jur! - Cj(; ' Sllsdt
= AU¢ + AU
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where: I
AUy = =24 4
cil Ci fs ot ( )
1 (7o
AU =~ f S Lt (5)
1J0

If the HMSWZS is utilized, AU; has two possible values: AUjpin and AUjpay (if the polarity of S;
and I is the same, AU = AUqpin, otherwise, AU.; = AUqmayx), where:

AU1min = AUcn1 — |AUci2| (6)
AUimax = AUci1 + [AUgp|

If the HMSCZS is employed, AU,; also has two possible values: AUppin and AUpmay (if the value
of S; is not equal to zero, AU; = AUppin, otherwise, AU = AUpmax), where:

AUopin = AUt — |AUp| @
AUZmax = AUcil

It is obvious that AUjpn is equal to AUppin and AUjyay is greater than AUpp,«. Compared with
the HMSCZS, the HMSWZS may lead to larger fluctuation of DC-side voltages of H-bridge units and
thus more energy will be lost.

~— modulation wave -V,

grid current - I
stands for “+1” mode stands for “-1" mode
stands for “0” mode MM stands for “PWM” mode

Figure 5. The switching modes for an eleven-level CHB inverter with the HMSWZS method.

V<0

Mode “+1” Mode “-~1” Mode “+1” Mode “-1”
or “+PWM” or “~PWM” or “+PWM” or “~-PWM”

Figure 6. The switching modes of the fault H-bridge unit with the HMSWZS method.
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4. The Switching Hybrid Modulation Strategy

A switching hybrid modulation strategy (SHMS) based on the HMSCZS and HMSWZS is proposed
to maximize the output power of PV panels. When the CHB inverter is operating in the normal
mode, the HMSCZS is adopted to suppress DC-side voltages fluctuation and, thus, realizing higher
efficiency in energy harvesting. When the CHB inverter is operating in the fault mode owing to failing
solar panels, the HMSWZS is utilized to control the DC-side voltages to reach the references, thus,
maintaining a higher energy yield under the fault condition. Figure 7 shows the major procedures of
the SHMS, which are basically the same as HMSCZS.

Updating of H-bridge units’ operating
mode

VPVI* Vme* Vevi Vevm Vg I
[ XX} YY)

T caledlatne |77 1
! Calculating |
: AV =Vpyi— VPVi* :
I |
! Sorting !
|
i |
[AV LAV, AV AV, 1,AV,,] Detecting | |
polarity |
: Mapping :
|
I:V]’Vz.‘.vj...vm-lavm] :
|
I |
| |
I |
I |
| |
I |
I |
I |
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I |
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Figure 7. Flowchart of the proposed switching hybrid modulation strategy.

In consideration of the direction of Is and V;, and assuming that the modulation wave V; is
in area [, the SHMS method allocates suitable switching modes to each H-bridge unit based on the
following rules:

4.1. Normal Mode

(1) When (V; > 0and I > 0), (I — 1) units with higher voltage errors are discharging in the “+1”
state, (m — I) units with lower voltage errors operate in the “0” state, and the /th unit works in
PWM state.
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@

®)

*)

When (V; > 0 and Is < 0), (I — 1) units with lower voltage errors are charging in the “+1” state,
(m = I) units with higher voltage errors operate in the “0” state, and the /th unit works in the
PWM state.
When (V; <0 and Is > 0), (! — 1) units with lower voltage errors are charging in the “~1” state,
(m = I) units with higher voltage errors operate in the “0” state, and the /th unit works in the
PWM state.
When (V; <0and Is <0), (/ - 1) units with higher voltage errors are discharging in the “~1" state,
(m — ) units with lower voltage errors operate in the “0” state, and the /th unit works in the
PWM state.

4.2. Fault Mode

M

@

®)

4

(©)

(©)

@)

®

When (V; > 0 and Is > 0), and the value of (m — ) is even, (m — [)/2 units with lower voltage
errors are charging in the “—1" state, the ((m — I + 2)/2)th unit works in the PWM state, and the
remaining units operate in the “+1” state.

When (V; > 0 and Ig > 0), and the value of (m —I) is uneven, (m — I — 1)/2 units with lower voltage
errors are charging in the “—1" state, the ((m — I + 1)/2)th unit works in the PWM state, and the
remaining units operate in the “+1” state.

When (V; > 0 and Ig < 0), and the value of (m — ) is even, (m + [ — 2)/2 units with lower voltage
errors are charging in the “+1” state, the ((m + [)/2)th unit works in the PWM state, and the
remaining units operate in the “~1” state.

When (V; > 0 and Ig < 0), and the value of (m — I) is uneven, (m + | — 1)/2 units with lower voltage
errors are charging in the “+1” state, the ((m + [ + 1)/2)th unit works in the PWM state, and the
remaining units operate in the “~1” state.

When (V; <0 and Ig > 0), and the value of (m — ) is even, (m + [ — 2)/2 units with lower voltage
errors are charging in the “—1” state, the ((m + [)/2)th unit works in the PWM state, and the
remaining units operate in the “+1” state.

When (V; < 0and Ig > 0), and the value of (m — I) is uneven, (m + | — 1)/2 units with lower voltage
errors are charging in the “—1" state, the ((m + I + 1)/2)th unit works in the PWM state, and the
remaining units operate in the “+1” state.

When (V; £ 0 and Is < 0), and the value of (m — ) is even, (m — [)/2 units with lower voltage
errors are charging in the “+1” state, the ((m — I + 2)/2)th unit works in the PWM state, and the
remaining units operate in the the “~1" state.

When (V; <0 and I < 0), and the value of (m — I) is uneven, (m — | — 1)/2 units with lower voltage
errors are charging in the “+1” state, the ((m — I + 1)/2)th unit works in the PWM state, and the
remaining units operate in the “~1” state.

5. Simulation Verification

To verify the performance of the proposed method, an CHB inverter which consists of five modules

is simulated in MATLAB/Simulink. The PV panel is a JAP6-60-255/4BB and the specifications and
equivalent circuit parameters are given in Table 2. Table 3 shows the inverter and grid parameters.

Table 2. Parameters of the PV panel.

Symbol Parameter Value
Pm Max power 255 W
Voc Open circuit voltage 37.61V

Vinp Max power voltage 30.59 V
Tsc Short circuit current 8.90 A
Imp Max power current 8.34 A
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Table 3. Parameters of power grid and inverter.

Symbol Parameter Value
G DC-side capacitor 14.1 mF
Ls Filter inductance 1.8 mH
Vi Peak value of grid voltage 130V
fgrid Frequency of grid voltage 50 Hz
fe PWM frequency 2500 Hz
feort Frequency of mode change 500 Hz

5.1. Normal Mode

In order to investigate the performance of both HMSWZS and SHMS in terms of DC-side voltage
fluctuation and average output power of the PV module under identical conditions, the DC-side
voltage (Vpy1) and output power (P1) of the PV module in the first H-bridge are shown in Figure 8.
The simulation starts with the operation of the system under symmetrical condition (E = 1000 W/m?
and T = 25 °C). In the simulation, since the focus of this paper is to study the influence of DC-side
voltage fluctuation on the energy acquisition of PV module, the reference of the DC-side voltage is
set directly at the maximum power point of PV module instead of adopting the MPPT algorithm.
As shown in Figure 8, the maximum fluctuation of Vpy is 4.95 V when HMSWZS is utilized, while that
of SHMS is only 3.40 V, which is reduced by up to 31.30%. With the HMSWZS, the output power of
the first PV module ranges from 220-255.1 W, and the average is about 251.9 W. Since the SHMS is
utilized to reduce the DC-side voltage fluctuation, the output power ranges from 245-255.1 W and
the average is about 253.4 W. Figure 9 shows the total output power (Pr) of the CHB inverter with
both methods. As shown in Figure 9, with HMSWZS, the total output power of the CHB inverter
ranges from 1243-1275 W and the average is about 1262 W. When SHMS is utilized, the total output
power of the CHB inverter ranges from 1256-1277 W and the average is about 1269.2 W. Compared
with the HMSWZS, the efficiency of the CHB inverter can be improved about 0.56% by adopting
the SHMS. Therefore, under the normal mode, the SHMS has a superior capacity of suppressing the
DC-side voltage fluctuation compared with the HMSWZS, thereby improving the energy collection of
the PV module.

34 34
Vvt AUzmi=4.95V Vevi AUjp=3.40V
o3 \7\ o3 x
g /\ = N wn A AAAA N
= LA ./\ N\/\ A\ = |\ mn A A
ST 2 P
28 Vevi 28 Vivi”
260 260
Z 240 Z 240
= <
230 230
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080 082 084 086 088 090 080 082 084 086 088 090

t(s) t(s)
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Figure 8. Simulation results under normal mode: the DC-side voltage (Vpy;), and output power (P1)
of the PV module in the first H-bridge with: (a) HMSWZS and (b) SHMS.
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Figure 9. Simulation results of the total output power of the CHB inverter under the normal mode
with: (a) HMSWZS and (b) SHMS.

5.2. Fault Mode

The following simulation evaluates the performance of HMSCZS and SHMS under the fault mode
where the second PV module fails. The simulation starts with the operation of the system under
symmetrical condition (E = 1000 W/m? and T = 25 °C). At t = 1.5 s, the second PV module is removed
owing to the fault and, thus, the CHB inverter is operating in the fault condition. Figure 10 depicts the
total modulation voltage (V;) and DC-side capacitor current of the second H-bridge (Ic) with both
methods. As shown in Figure 10a I¢; is always negative regardless of the polarity of V; and, thus,
Vpy gradually diverges from the reference value. As a result, all the DC-side voltages diverge from the
references in steady state, which is visible in Figure 11a. For comparison, the SHMS is also subjected
to the same test under the identical condition. As presented in Figure 10b, Ic, can be positive and
negative whether V; is positive or negative and, thus, the DC-side capacitor of the second H-bridge
could realize the equalization of the charge-discharge. Therefore, the CHB inverter is able to operate
properly under fault condition, which is obvious in Figure 11b. Figure 12 shows the output power of
the PV module in all H-bridges with both methods. As shown in Figure 12, due to the removal of the
second PV module, the output power of the second H-bridge is, therefore, zero. The output power
of the PV module in other H-bridges ranges from 243.2-255.1 W by using SHMS and the average is
about 253.2 W. However, due to the deviation of the DC-side voltage, the output power of the PV
module in other H-bridges ranges from 221.4-255.1 W by utilizing HMSCZS and the average is only
about 245.3 W. The total output power (Pr) of the CHB inverter with both methods are shown in
Figure 13. As could be seen from Figure 13, with HMSCZS, the total output power of the CHB inverter
ranges from 935.9-1016 W and the average is about 982.2 W. When SHMS is utilized, the total output
power of the CHB inverter ranges from 1000-1020 W and the average is about 1014 W. Compared
with the HMSCZS, the efficiency of the CHB inverter can be improved about 3.12% by adopting the
SHMS. Therefore, under the fault mode, the SHMS is still able to make the DC-side voltages reach the
references, thus maintaining a higher energy yield.
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Figure 10. Simulation results under fault mode: the total modulation voltage (V;), and DC-side
capacitor current of the second H-bridge (Ic;) with: (a) HMSCZS and (b) SHMS.
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Figure 11. Simulation results under fault mode: DC-side voltages of all H-bridges with: (a) HMSCZS,
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Figure 12. Simulation results under fault mode: the output power of PV module in all H-bridges with:

(a) HMSCZS and (b) SHMS.
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Figure 13. Simulation results of the total output power of the CHB inverter under the fault mode with:
(a) HMSCZS and (b) SHMS.

6. Experimental Results

As shown in Figure 14, an experimental prototype with five H-bridge units has been established
to validate the effectiveness of the proposed strategy. The prototype includes a central controller and
five local controllers. The BECKHOFF industrial PC (CX2040) is utilized as the central controller and
TMS320F28335 processors are used as local controllers which communicate with each other through
an EtherCAT real-time communication network. The EtherCAT protocol features not only enhance
the effective synchronization between master and slave clocks, but also improves the synchronization
between the H-bridge units. Since the testing equipment of the university laboratory is limited, only
the first H-bridge unit is connected to a Chroma62020H-150S PV simulator, and the DC side of the
four other H-bridge units are connected to a 36 V switching power supply through a 0.5 Q) resistance,
respectively, to simulate PV modules. Given that there are only five H-bridge units in the experiment,
the output of the inverter is connected to the 130 V AC grid regulated by a voltage regulator. The other
parameters of the experimental system are the same as the simulation parameters.

EtherCAT Master
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7 — [ B

Voltage Probes H-Bridge Circuit
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Figure 14. Experimental platform of the single-phase PV CHB module level inverter.
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6.1. Normal Mode

The first experiment has been carried out under the initial conditions of PV simulator with
irradiance of 1000 W/m? and a temperature of 25 °C. In this case, the input power of the first H-bridge
unit is approximately 255 W. The reference of the other four H-bridge units’ DC-side voltages is 32.02
V, and therefore the output power of the other four H-bridges is about 255 W in theory. As depicted in
the Figure 15, both SHMS and HMSWZS enable the CHB inverter to operate at unity power factor
with good grid current quality. It can also be seen that SHMS contains four output modes: “+1”, “~1”,
PWM, and “0” mode, which is never adopted in HMSWZS.

k I 'i [
,¢,* Is l/‘ Vmi\,
"ﬁ"l()A/dlﬁP\ dl{‘"

(@) (b)

Figure 15. Experimental results under normal mode: grid voltage (V), grid current (Is) and the total
output voltage of CHB inverter (Vyr); the first H-bridge output voltage (V1) with: (a) HMSWZS and
(b) SHMS.

For the sake of evaluating the characteristic of both two modulation methods in terms of DC-side
voltage fluctuation and average output power of the PV module, the following experiments have been
performed under the same conditions as the first experiment. As shown in Figure 16, the maximum
fluctuation of Vpy; by adopting HMSWZS is 5.3 V, but the value is only 4.1V for SHMS, which is
reduced by about 22.64%. In order to compare the output power of the two methods under normal
mode, the total output power of the CHB inverter is recorded by the upper computer, respectively.
As can be seen from Figure 17, with HMSWZS, the total output power of the CHB inverter ranges from
1218-1244.2 W and the average is about 1233.7 W. When SHMS is utilized, the total output power of
the CHB inverter ranges from 1230-1249.3 W and the average is about 1239.8 W. Compared with the
HMSWZS, the efficiency of the CHB inverter can be improved about 0.48% by adopting the SHMS.
Furthermore, the efficiency of the CHB inverter with both methods is presented in Figure 18. As can be
seen from Figure 18, the SHMS is capable of improving the efficiency of the CHB inverter compared
with the HMSWZS. Therefore, under normal mode, the SHMS is able to effectively suppress the
DC-side voltage fluctuation compared with the HMSWZS, thereby improving the energy acquisition
of the PV module.
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Figure 16. Experimental results under normal mode: the DC-side voltage (Vpy1) of the first H-bridge
with: (a) HMSWZS, and (b) SHMS.

79



Energies 2019, 12, 1851

1260 20ms/div 1260 20ms/div
1250 1250
§l 240 §1240
£1230 F1230
1220 1220
1210 1210

(a) (b)

Figure 17. Experimental results of the total output power of the CHB inverter under normal mode
with: (a) HMSWZS and (b) SHMS.
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Figure 18. Experimental results of the efficiency of the CHB inverter under normal mode with
different methods.

6.2. Fault Mode

The last experiment is conducted to evaluate the performance of SHMS and HMSCZS in the fault
mode where the PV module fails. Initially, the CHB inverter and PV modules are operating in normal
mode as indicated in the first experiment. Then the second PV module is removed. As can be seen
from Figure 19a,b, both the HMSCZS and SHMS can keep the CHB inverter stable and operating at a
unity power factor without interruption. As is presented in the Figure 19a, by using the HMSCZS,
the fault H-bridge unit can operate only in “0” or “+PWM” mode when V is positive and “0” or
“—PWM"” mode when V is negative. In such condition, the fault H-bridge unit is always in discharge
status and unable to realize the equalization of the charge-discharge. Consequently, as presented
in Figure 19¢, the DC-side voltages of all H-bridge units diverge from the references in the steady
state, which may result in low generated power of the CHB inverter. However, as presented in the
Figure 19b, by utilizing the SHMS, the fault H-bridge unit can operate in “+1”, “+PWM”, “~1" or
“—PWM” mode whether the grid voltage (V) is positive or negative. Therefore, as depicted in the
Figure 19d, the SHMS is capable of realizing the equalization of the charge-discharge of the fault
H-bridge unit and maintaining the DC-side voltage balance of the other H-bridge units. In order to
compare the output power of the two methods under fault mode, the total output power of the CHB
inverter is recorded by the upper computer respectively. As can be seen from Figure 20, with HMSCZS,
the total output power of the CHB inverter ranges from 919.2-986.4 W and the average is about 948.8 W.
When SHMS is utilized, the total output power of the CHB inverter ranges from 972.3-988.6 W and
the average is about 978.2 W. Compared with the HMSCZS, the efficiency of the CHB inverter can
be improved about 2.89% by adopting the SHMS. Furthermore, the efficiency of the CHB inverter
with both methods is presented in Figure 21. As can be seen from Figure 21, the SHMS is capable of
improving the efficiency of the CHB inverter compared with the HMSCZS. Therefore, under the fault
mode, the SHMS is able to make the DC-side voltages reach the references, thus maintaining a higher
energy yield.
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7. Conclusions

This paper proposes a switching hybrid modulation strategy, which can effectively reduce the
fluctuation of DC-side voltage and maximize the output power of a PV CHB grid-connected inverter.
When the CHB inverter is operating in the normal mode, the hybrid modulation strategy containing
the zero state is adopted to suppress DC-side voltage fluctuation, thereby improving the output power
of PV modules. Once the CHB inverter is operating in the fault mode, owing to failing solar panels,
the hybrid modulation strategy without the zero state is utilized to make the DC-side voltages reach
the references, thus, maintaining a higher energy yield under the fault condition. A set of experimental
results demonstrate that, with this method, the output energy of the PV modules is improved both in
the normal mode and fault mode.
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Abstract: Photovoltaic virtual synchronous generator (PV-VSG) technology, by way of simulating
the external characteristics of a synchronous generator (SG), gives the PV energy integrated into the
power grid through the power electronic equipment the characteristics of inertial response and active
frequency response (FR)—this attracts much attention. Due to the high volatility and low adjustability
of PV energy output, it does not have the characteristics of a prime mover (PM), so it must be equipped
with energy storage systems (ESSs) in the DC or AC side to realize the PV-VSG technology. However,
excessive reliance on ESSs will inevitably affect the application of VSG technology in practical PV
power plants (PV-PPs). In view of this, this paper proposes the PV power reserve control type VSG
(PV-PRC-VSG) control strategy. By reducing the active power output of part of the PV-PPs, the
internal PV-PPs can maintain a part of the active power up/down-regulation ability in real time,
instead of relying on external ESSs. By adjusting the active reserve power of this part, the output
of the PV-PPs can be controlled within a certain range, and the PV-PPs can better simulate the PM
characteristics and realize the FR of the grid by combining the VSG technology. At the same time,
the factors affecting the reserve ratio are analyzed, and the position of the voltage operating point
in PRC mode is deduced. Finally, the simulation results show that the proposed control strategy is
effective and correct.

Keywords: photovoltaic (PV); virtual synchronous generator (VSG); frequency response (FR); power
reserve control (PRC); active power up-regulation

1. Introduction

China’s new-generation energy revolution advocates the development of non-fossil energy, and PV
energy has become an important part of non-fossil energy due to its inexhaustible advantages. It is
estimated that in 2035, photovoltaic virtual (PV) energy will account for 26% of total installed capacity
and 14% of electricity generation [1].

Power system frequency is an important standard to reflect the power surplus and deficiency of
a power system. Frequency response control mainly reflects the power support function of source
side to grid side. The influence of large-scale PV power plants (PV-PPs) on power system frequency is
mainly reflected in two aspects [2—4]:

e  Reduce the equivalent moment of inertia of the power system. The PV cell is a static original,
which does not have any rotating standby. After being connected to the power grid, the original
equivalent inertia will be less;
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e  The primary frequency response capability of the system is weakened. Under the action of
maximum power point tracking (MPPT), the PV output is uncontrollable and cannot provide
power support for the system.

Itis obvious that large-scale PV-PPs will weaken this support after they are connected to the power
grid [5-7]. The proposal and promotion of virtual synchronous generator (VSG) control technology can
effectively solve the above problems and, at the same time, can give the PV grid-connected system the
ability to participate in the frequency and voltage regulation of the power grid independently [8-10].
However, the PV system active power output changes with the external environment (including solar
irradiance and temperature) under the effect of maximum power point tracking (MPPT). Since the
active output is not controllable, the traditional VSG control strategy cannot be directly used in PV
systems. Existing related research in joining the ESSs to the DC or AC side of the PV system [11,12] can
effectively solve the above problems. By controlling the charging and discharging of ESSs, the effect of
controlling PM output can be simulated in a short time, but it will be affected by the physical constraints
of the ESSs. In reference [13], a 50 kW x 30 min lithium-ion battery pack is used to connect a PV
array (installed capacity of 500 kW) DC side, and active frequency response is realized by controlling
the output of the ESSs. However, any benefit brought by the ESSs to the power grid is based on the
economic cost of ESSs [14].

In large-scale PV-PPs such as Hexi New Energy Base in GanSu Province, China, limited by the
current energy storage technology level, ESSs cannot be widely used in PV-PPs, and the charging and
discharging efficiency is low. Frequent charging and discharging not only makes the energy utilization
rate lower but also affects the service life of the ESSs, resulting in greater economic losses. PV-power
reserve control (PRC) maintains a part of the power up/down capability by reducing the output of
the PV system [15-20] and participates in the power system frequency response in combination with
inertial response control and droop control, which is called fast frequency response (FFR) or active
power control (APC) [2,21,22]. However, compared with the VSG control method, the VSG is a direct
simulation of the internal potential phase motion and its basic inertia and damping characteristics of
the SG, and it is the simplest and most effective way to realize the characteristics of the traditional SG.
In addition, in the previously published works on PV-PRC, there are different views of whether the
voltage operating point should be located to the left or right of the maximum power point voltage
(Vinpp) in PV-PRC mode. In addition, the PV-PRC model means that a part of the photovoltaic energy
is wasted, but there is little work on how to choose the appropriate reserve ratio.

Aiming at the above problems, this paper takes the two-stage PV grid-connected system as
the research object. The DC/DC and DC/AC converters implement PV-PRC/MPPT and VSG control
respectively. We named this control method as the PV power reserve control type VSG (PV-PRC-VSG)
control technology. In this paper, the traditional PV-PRC and PV-VSG are combined and further
improved. The main contributions are as follows:

e Propose a new PV-VSG implementation method, which maintains a part of the active power
up-regulation capability by operating the PV system in PRC mode and combines the VSG
technology to enable the PV system to support sudden power shortages in the power system.
The control method is called the PV power reserve control type virtual synchronous generator
(PV-PRC-VSG) technology;

e Considering the actual project, in order to ensure the reliable and efficient operation of the
inverters, two voltage operating points in PV-PRC mode are analyzed in detail, and the result that
the voltage operating point in PRC mode should be located on the right side of the maximum
power point voltage is achieved;

e  Based on the requirements of the State Grid for wind abandonment and PV energy abandonment
and the active support capability of PV-VSG, the upper limit of the reserve ratio in PV-PRC mode
is obtained.
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In Section 2 of the paper, the traditional PV-VSG technology is introduced in detail.
The implementation strategy of PV-PRC and the position of the voltage operating point are elaborated
in Section 3. The proposed PV-PRC-VSG control technology and the range of the reserve ratio in
PV-PRC mode are described in Section 4. In Section 5, the validity of the proposed method is verified
by simulation experiments under various operating conditions.

2. Modeling and Analysis of PV-VSG

2.1. Principle and Embodiment of the VSG

VSG control can be divided into active loop control and reactive loop control from the function
and control target. Its active loop includes active frequency droop control and inertial response
control, which mainly realizes the function of independent FR. The reactive loop consists of reactive
power-voltage droop control and end-voltage closed-loop control, which realizes automatic voltage
regulation and voltage amplitude control of the VSG [23]. The basic mathematical model of the VSG is
as shown in Equation (1). The VSG control block diagram controlled by the mathematical model is
shown in Figure 1.

J92 = (P — Pe) /@
Pm:Pref""Dp(wn_w) 1)
En= %(Dq(uref - um) + Qref — Qe)

where | is the moment of inertia, Pref and Qy. are the given values of active power and reactive power,
Pe and Qe are the actual output values of active power and reactive power, w, and w are the rated and
actual values of electric angular velocity, Dp and Dq are the droop coefficients of active and reactive
loops, U and U, are the actual and given values of grid voltage amplitude, Ey, is the internal
potential amplitude of the VSG, K is the integral coefficient, and it can be replaced by PI regulator.
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Figure 1. Principle and embodiment of the virtual synchronous generator (VSG).

Terminal voltage control

U,

2.2. Traditional PV-VSG Technology

In this paper, the two-stage grid-connected PV system is taken as the research object, as shown in
Appendix A. Because the control objectives of DC/DC and DC/AC converters are different, as shown in
Table 1, the control method shown in Figure 1 cannot be applied to the two-stage grid-connected PV
system. In addition, if the PV system operates in MPPT mode, the output of the PV system cannot be
controlled, and the premise of VSG implementation is that the system must maintain a reserve power,
then it cannot achieve autonomous frequency and voltage regulation.
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Table 1. Comparison of the control functions of the converter in the two-stage grid-connected

photovoltaic virtual (PV) system.

Converter Type DC/DC Converter DC/AC Converter

Maximum Power Point Tracking (MPPT) Power Conversion Control
Power Reserve Control DC-Link Voltage Control

Main Functions Reactive Power Control

Active Power Control Current Control

Figure 2 shows that for the control effect diagram of above method in reference [13], when the grid
frequency changes suddenly, PV output power remains unchanged, and ESSs regulates output power
to participate in grid FR. It is noteworthy that the active support provided by PV-ESSs is constrained by
the allocation of a capacity cap and support time during the whole frequency decline stage. In addition,
the addition of ESSs will greatly increase the construction cost of PV-PPs. The operation of PV-PRC can

effectively reduce the above problems.
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Figure 2. PV-energy storage systems (ESSs)-VSG output wave.

Therefore, in order to apply VSG control technology to the two-stage grid-connected PV system,
it is necessary to solve the active standby problem and improve the control algorithm. External ESSs
can effectively solve the above problems. The ESSs mainly undertake the reserve capacity required by

FR. After adding ESSs, the Equation (1) is converted to:

{ Pm:Pmpp+PESSs
Pyss, = Dp(wn —w)

3. PV-PRC Principle and Voltage Operating Point Analysis

3.1. Analysis of PV Generator Output Characteristics

@

The output P-V characteristic curve of the PV module is as shown in Figure 3a. In Figure 3a,
there is a unique maximum power value Pmpp; Pdeload i the output power value of the PV system in
PRC mode; in PRC mode, the PV system maintains a part of the real-time active power up-regulation

capability, as shown in Equation (3), AP is called the reserve active power of the PV system.

pmpp = Pdeload + AP
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Figure 3. PV-PRC voltage operating point diagram.

As shown in Figure 2a, the output power of the PV system corresponds to two voltage operating
points V; and V; in the non-MPP. The relationship between V1, V2 and Vimpp is shown in Equation
(4). As shown in Equation (4), the same active reserve is implemented in PRC mode. Since the curve
corresponding to the V; side has a steeper gradient, the voltage regulation range on the V; side is
much smaller than that on the V; side (i.e., AV, < AVy), which will bring the faster response speed.

{ V1 < Vinpp < V2 @
[Vinpp = Va| = AV2 < AV = [Vinpp = V3

where Vi, is the lowest PV output voltage that can make the inverter work normally; Vi is the
maximum input voltage that the inverter can withstand; Pyejoad1 is the PV output power when PRC
mode is operating on the V; side; Pmpp is the PV output power in MPPT mode; and Pgeload2 is the PV
output power when PRC mode is operating on the V> side.

In addition, whether operating in MPPT mode or PRC mode, ensuring the safe and reliable
operation of the inverter is the necessary prerequisite for realizing grid-connected PV power generation.
As shown in Figure 3b, the PV output voltage in the [Vi,, Vout] region can make the inverter work
normally. If the output voltage of the PV generator is not in this area, the inverter will go into shutdown
or standby state. If PRC mode runs on the V; side, when the irradiance changes from 600 to 300 W/m?,
the PV output voltage will not be in the workspace of the inverter. However, when running on the V;
side, the voltage output is always in the operation area of the inverter.

Therefore, considering the response speed of PRC operation and the adjustable reserve capacity

and ensuring the safe and efficient operation of the system, the ideal working area is expected to work
on the right side of Vinpp, namely the V; side.

3.2. PV-PRC Implementation Analysis

Equation (3) shows that the premise of introducing active reserve is that the current maximum
output power value Pmpp isa known amount. Therefore, the maximum power point estimation (MPPE)
link is necessary for the PV-PRC operation, and the active power can be introduced when the MPPE link
is found to be Pmpp. For the sake of simplicity, the MPPE method in the reference [17] is used, as shown
by the red dashed box in Figure 4, taking two sets of PV modules or arrays of the same model and
quantity as an example. When operating under the same operating conditions, PV1 operation in MPPT
mode, its output power can be used as the available power value of PV2 (Pmpp1 = Pmppz). However,
in [17], the PV output power is controlled by controlling the output voltage. The calculation of the
voltage command in the process leads to a cumbersome control process. In view of this, this paper
improves it by using direct power control to control the output power. In addition, in this kind of
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control mode, through the lowest voltage limit, the PRC runs with the V; side, and the control block
diagram is shown in Figure 4.

PV1 Arrays DC/DC DC Link DC/DC PV2 Arrays

Ip\l ilpvz
S wees r VILV *************** X
. :; p2> 2 ) i
} ol Pmnpl =, Voltage V;WZ
! e ©
L’;xl ,,,,,,,,,,

Figure 4. PV-PRC block diagram.
4. PV-PRC-VSG Control Strategy and Reserve Ratio Analysis

In PRC operation mode, a part of the power up-regulation capability is maintained in the PV
system, so that the output of the PV system can be adjusted within a certain range, and the regulation
of the reserve power has the same effect as the charging and discharging of the energy storage
system, and the active output can be adjusted. With the VSG technology, the inertial response and
the participating power system primary frequency response can be realized. In this mode, the output
power of the virtual prime mover is as shown in Equation (5).

{Iw% Poar 4 ©)
Pm = Pgeload + Dp(wn - w)
Equation (5) can be reduced to:
dw
Pe:pdeload_]wa +Dp(w"l_w) (6)

where from left to right are PV output power, inertial response process demand power and primary
frequency modulation demand power.

Define Py = —] w% + Dp(wn — ), where Py is the required power for frequency response.

Assuming that the PV system operates in PRC mode initially and maintains a certain active
reserve AP, when the frequency change of the grid is detected to exceed the dead zone (+0.03 Hz),
the required power Py for the PV system to participate in frequency regulation is calculated through the
VSG control link. Then, by release or increasing the reserve power, it can participate in the frequency
regulation of the power grid to provide power support for the power grid. The control block diagram
of the whole system is shown in Figure 5.
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Figure 5. Principle of PRC-VSG implementation.

The PRC operation mode of the PV system essentially abandons part of the PV resources, which

is in contradiction with the efficient use of energy and relevant national network codes. However,
considering that the realization of PV-PRC-VSG technology can improve the stability of the power
system, enhance the acceptance of the power grid to PV energy, and save the investment of ESSs, it is
necessary to keep the power reduction within a certain range, and the proportion of the power reserve
in the actual operation process is mainly constrained by the following factors:

1.

Relevant regulations of the State Energy Administration pointed out that in solving the problem
of clean energy consumption, the proportion of PV abandonment and power limitation will
be reduced year by year. By the end of 2020, the problem of abandoned wind and PV will
be basically solved nationwide (the abandoned water/wind/PV abandonment rate of the three
northern regions will remain below 10%, and that of other regions will be below 5%).

Analysis of the PRC mode applicable period: Generally, the output of a PV power plants is
like a “N”. At the initial and end moments, less PV energy is injected into the power system.
The generating units in the power system are mainly undertaken by the SG (thermal power or
hydropower). At this time, the equivalent inertia and primary frequency response capability
of the system are relatively sufficient, and there is no active reserve (AP = 0) in the PV system.
In order to maximize energy utilization, the PV system operates in MPPT mode. With the increase
of irradiation intensity, the output of the PV system increases gradually. The power system
uses thermal power to regulate peak load. With thermal power cut out of the power grid, the
equivalent inertia and primary frequency response ability in the power system are greatly reduced.
The PV system reduces active output, maintains active reserve (AP # 0), and participates in
frequency response of the power grid.

The relevant requirements for PV-VSG to participate in primary frequency response stipulate
that when the active power output of PV-VSG is greater than 20%P,, it should have primary
frequency response capability; when the frequency deviation exceeds the dead zone (+0.03 Hz),
PV-VSG should adjust the active output to participate in primary frequency response; in the
primary frequency modulation process, the upper limit of active power can be increased at least
10%Pn, and the upper limit of active power can be reduced at least 20%Py.

To sum up, considering the limitation of abandoning PV energies and the requirement of the

VSG for primary frequency modulation, it is more appropriate to reduce power by 10%Ppp. During
the operation of the power system, when the system frequency increases, the active output of the PV
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system further reduces the frequency change of the response system by increasing the value of AP.
When the system frequency decreases, the value of AP of the PV system needs to be reduced to release
the reserve active power. It is noteworthy that when P¢ > AP, there is no active power up-regulation
ability in the PV system. In addition, AP is still limited by the upper limit. When AP increases to
30%Pmpp, it cannot be increased any more. As shown in Equation (7), because of the limitation of active
reserve capacity, the ability of PV-PRC-VSG to participate in primary frequency regulation is limited.

300/°Pmpp ’Pf < —ZO%Pmpp
AP’ ={ AP- Py, =20%Pmpp < Py < AP (7)
0 ,P=AP

where AP’ is a reference value of reserve power during primary frequency response.

5. Simulation of Proposed Method

To verify the effectiveness of the proposed control strategy, the corresponding simulation model
was built in MATLAB/Simulink. The model topology adopts the grid-connected structure of the PV
system in Figure 2. The corresponding experimental verification was made for a DC/DC inverter
working in PRC mode and DC/DC and DC/AC inverter coordinated control participating in power
system frequency response.

5.1. PV-PRC Simulation and Analysis

Firstly, the PRC operation control strategy of the DC/DC side proposed in the second section is
simulated and analyzed. Taking the parameters of a single 240-W PV module (JLS60P240W) as an
example, the parameters of PV modules are shown in Table 2. The maximum power value of the
PV module is calculated in the MPPE process, and then the active reserve is introduced. For the
convenience of calculation, the reserve ratio (R) is introduced. The value of R can be calculated by
Equation (8). In the operation process control, R is the direct control object.

R = AP/Ppp X 100% ®)
where: Voo (V)-Open circuit voltage; Isc(A)-short-circuit current; Vinpp (V)-Maximum Power Voltage;
Impp (A)-Maximum Power Current; Syoc(%/°C)-temperature coefficient of open circuit voltage;

ajse(%/°C)-temperature coefficient of short circuit current.

Table 2. PV module parameter data sheet.

Voc (V) Isc (A) Vmpp(v) Impp (A) ﬁVac(%/OC) aysc(%/°C)
36.0 8.96 29.4 8.0 -0.37 0.006

The primary task of PRC operation is to calculate the value of Prpp at each moment; that is, the
MPPE process. MPPE plays a vital role in the whole PRC operation process, which directly affects the
accuracy of the power reserve. In Figure 6a, the red dotted line is the maximum output power (actual
Pmpp value) of the PV system in MPPT mode, and the black dotted line is the Pmpp value calculated by
MPPE, which deviates little from the actual value, thus laying a foundation for subsequent experiments.
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Figure 6. PV-PRC mode simulation waveform.

As shown in Figure 6b, there is no active reserve in the PV system before 0.4 s, and the PV system
works in MPPT mode; between 0.4-2 s, the PV system maintains the active reserve in PRC mode.
In Figure 5b, the solid line is the given value of the reserve rate, and the dotted line is the actual reserve
rate value in the simulation operation. It has good tracking accuracy in the whole operation process.
The output power is shown by the blue solid line in Figure 6a. It is noteworthy that the direct power
reduction method used in this paper can work in MPPT and PRC modes in a time-sharing manner
according to the actual needs, and there is no need to switch control modes, which provides greater
convenience for engineering implementation.

Figure 6c¢ is a comparison of output voltage of MPPT mode and PRC mode. It was found that the
output voltage in PRC mode is always greater than that in MPPT mode. It is proved that in PRC mode,
the output voltage always works on the right side of the PV curve, which is the same as the expected
result in Section 3. It is interesting to find that the DC voltage ripple in PRC mode is much smaller
than that in MPPT mode.

5.2. PV-PRC-VSG

In the previous section, the PV-PRC implementation and the voltage operating point were verified.
The PV-PRC-VSG technology aims to enable the PV system to provide a certain power support for
the power system. This requires DC/DC side and DC/AC side coordinated control. When the system
power shortage causes the frequency to change, the DC/DC side provides power support for the
power system by adjusting the standby rate R to release or expand the reserve power. The simulation
parameters are shown in Table 3.
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Table 3. Simulation parameters.

Parameter Selection Parameter Selection
PV module JLS60P240W R 10%Pmpp
Ns X Np 12x7 Pmpp 20 kW

Pgeload 18 kW Dy 10,000/2 pi

e System frequency rise

The simulation time is 1.5 s, and the system frequency does not change from 0 to 0.7 s. At0.7 s,
the power system has the problem of excess power, which leads to the sudden change of the system
frequency from 50 Hz to 50.3 Hz, and it returns to normal at 1.3 s. The frequency variation of the
system is shown in Figure 7a. Because of the inertia, the rise curve of the system frequency is smoother.
Equation (7) shows that when the system frequency increases, the reserve power rises to 5 kW, and the
reserve rate increases to 25% as calculated by Equation (8), and as shown in Figure 7b. The active
power of PV output is further reduced to 15 kW, as shown in Figure 7c, and the output voltage and
current of the inverter are shown in Figure 7d. The results are in agreement with those of the formulas
of Equations (7) and (8). The whole response process essentially maintains power system stability by
abandoning a part of PV energy.
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Figure 7. System output waveform when frequency increases by 0.3 Hz.

e System Frequency Drop in a Small Range

The simulation parameter setting and the initial reserved power amount are the same as above.
When the system loses part of the external power due to generator failure at 0.7 s, the system frequency
is reduced from 50 to 49.9 Hz, and it returns to normal at 1.3 s, as shown in Figure 8a. When the
system frequency drop is detected, the PV system needs to release a part of the reserve active power.
According to Equations (7) and (8), the standby rate reference value needs to be changed from 10
to 5%, as shown in Figure 8b. During the frequency drop, a part of the active power is released by
the reduction of the reserve ratio to participate in the primary frequency response of the power grid,
and the output power is as shown in Figure 8¢, and Figure 8d shows the output voltage and current of
the inverter.
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Figure 8. System output waveform when frequency decreases by 0.1 Hz.

e Serious Decrease of System Frequency

The initial parameters of the simulation are the same as above. When the large load is suddenly
cut in 0.7-1.3 s, the system frequency is reduced from 50 to 49.7 Hz. According to the setting, the PV
system reduces the reserve ratio and increases the active output. Due to the limited active reserve of the
PV system, the frequency response will be limited. Equation (7) shows that when the frequency drops
by more than 0.2 Hz, the PV system will release all reserve power. Therefore, under this condition, the
PV system reserve ratio is changed from 10 to 0%, all the active reserve is released, and the grid is
integrated into the grid in MPPT mode. The simulation diagram is shown in Figure 9a—d. It can be
seen that the frequency modulation effect of the PV-ESSs-VSG system in reference [13] can be achieved
without external ESSs, and the active power support time provided is longer.
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Figure 9. System output waveform when frequency decreases by 0.3 Hz.
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6. Conclusions

Aiming at the problem that the traditional PV-VSG technology relies on external ESSs, which
leads to a large increase in the cost of large-scale PV-PPs construction and limits its application in
engineering, this paper puts forward PV-PRC-VSG technology. Boosting the converter realizes the
active reserve of the PV system, power output can be adjusted to realize the independent frequency
modulation of PV system, and DC/AC inverter to achieve power conversion, and reactive power
control. The PV system participates in the frequency response of the power system. Through the
analysis and experimental verification, the following conclusions are drawn:

e  The PRC method of the PV system in this paper can work in MPPT and PRC modes in a
time-sharing manner according to actual needs and does not need to switch the control strategy;

e  Considering the efficient and safe operation of the inverters, it is determined that the voltage
operating point in PV-PRC mode should be on the right side of Vipp, and the reserve rate should
be 10% considering the abandonment of PV energy and frequency modulation ability of the
participating system;

e The proposed PV-PRC-VSG control strategy can actively participate in the frequency response of
the power system without additional ESSs. It also has a longer power support time, but it is also
constrained by the reserve power capacity.
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Abstract: Owing to the necessity of the transformer for the multi-parallel inverters connected to the
medium-voltage (MV) grid, the conventional multi-parallel inverter topology can be reconfigured to
the dual-inverter fed open-end winding transformer (DI-OEWT) topology to obtain lower output
voltage harmonics, which can reduce the requirement of the filter inductance. However, due to the
special structure of the DI-OEWT topology, the arrangement scheme of the filter can be more than one
kind, and different schemes may affect the filter performance. In this paper, research on the existing
two kinds of filters, as well as a proposed one, for the DI-OEWT topology used in photovoltaic
grid-tied applications is presented. The equivalent circuits of these filters are derived, and based on
this, the harmonic suppression capability of these filters is analyzed and compared. Furthermore, a
brief parameter design method of these filters is also introduced, and based on the design examples,
the inductance and capacitance requirements of these filters are compared. In addition, these filters
are also evaluated in terms of the applicability for fault tolerance. At last, the analysis is verified
through an experiment on a 30 kW dual-three-level inverter prototype.

Keywords: dual inverter; open-end winding transformer; photovoltaic application; filter

1. Introduction

In recent years, the increasing exhaustion of traditional fossil energy has resulted in an emerging
interest in the development of renewable energies, one of which is solar energy that has already obtained
widespread applications. Among all types of commercial solar energy applications, photovoltaic
grid-tied system plays an important role, and large-scale photovoltaic power plants have become
dominant [1].

In the large-scale photovoltaic power plants, three-phase single-stage central inverters are widely
used because of their many advantages, such as cost-effectiveness, simplicity in hardware design
and easy maintenance. The two-level, three-level T-type, and three-level neutral point clamp (NPC)
voltage source inverters (VSI) are the most widely used topologies among the current commercial
central inverters [2]. Furthermore, to increase the transmission efficiency of the overall electrical
equipment, the inverters are generally connected to a medium-voltage (MV) grid of a voltage level from
10 kV to 35 kV. Additionally, multi-parallel inverter topology, in which the inverters are connected in
parallel through step-up MV transformers, are commonly used in these systems. A typical commercial
application example is 1 MW MYV turnkey station, which is composed of two 500 kW central inverters
and one 1 MVA MV transformer [3]. Since the transformer is essential for the inverters connected to the
MV grid, the multi-parallel inverter topology has the possibility to be reconfigured to the dual-inverter
fed open-end winding transformer (denominated here as DI-OEWT) topology.
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The dual-inverter topology was first proposed for the motor drive application in [4]. Since then,
it has already been extended to many applications, such as STATCOM [5], active power filter [6],
dynamic voltage restorer [7], photovoltaic grid-tied inverter [8]. It utilizes dual-inverter structure
connected to the open-end windings of an induction motor or a three-phase transformer. Through
proper modulation strategy, the harmonic cancellation effect can be realized among the two inverters,
the dual-inverter topology with two N-level inverters can have the same output voltage levels as
a (2N-1)-level inverter [9]. Therefore, lower dv/dt and lower harmonics in the output voltage can
be obtained, which can reduce the filter requirement. It can also double the DC voltage utilization.
A tdual-N-level inverter with half the DC link voltage (compared to a conventional single inverter
scheme) is capable of producing the same AC voltage as a single (2N-1) level inverter, which will reduce
the voltage capacity of the power switch devices and decrease the switching losses [10]. What is more,
the DC sources requirement of the dual-inverter is minimal over other multilevel topologies [11-13].
The two inverters of the dual-inverter can also be supplied by one single DC source for cost saving [14].
Another merit of the dual-inverter topology is the availability of higher redundant switching state
combinations compared to the single inverter, which can be used to achieve switching frequency
reduction [15], common-mode voltages suppression [16], capacitor voltage balance [17]. Furthermore,
it also offers the advantage of fault tolerance. In case of a fault in the inverter, the inverter can still
work with some adjustment [18-20].

However, the advantages of the dual-inverter topology described above are not all applicable
to the topology used in photovoltaic grid-tied applications. Firstly, the DC bus voltage is limited
to the photovoltaic array voltage, which is usually 1000 V or 1500 V (open-circuit voltage). It is
uneconomic to reduce this voltage because that will increase the system installation costs and narrow
the maximum power point tracking (MPPT) voltage operation range [2]. In addition, it will be better for
the dual-inverter to be supplied by two separate arrays (two DC sources), which can not only achieve
multiple MPPTs, but also suppress the circulating current among the two inverters [21,22]. The fault
tolerance capability cannot be a special advantage of the dual-inverter because the multi-parallel
inverter topology has the same capability as well. To sum up, compared with the conventional
multi-parallel inverter topology, the most attractive advantage of the DIFOEWT topology is the
improvement of the harmonic quality in the output voltages, thus can reduce the filter requirement
and save the filter costs.

However, there are few papers considering the selection or design of the filters used in
DI-OEWT-based grid-tied applications at present. In [23-28], single inductor filter was adopted
in these DI-OEWT based grid-tied systems, which is obviously not a good choice. Owing to the
weak harmonic suppression capability, it needs a large inductance value to meet the grid standard.
To reduce the inductance cost, high order filter is preferred [29]. In [30], two kinds of high order
filters for DI-OEWT topology were proposed. One is the “individual capacitor type filter”, that the
two inverters of the DI-OEWT topology are connected to the open-end windings of the transformer
through two individual inductor-capacitor filters. The other one is the “common capacitor type filter”,
which is also presented in [21,22], that the two inverters are connected to the open-end windings of
the transformer through two individual inductors but one common capacitor. However, the authors
in [30] were mainly focused on active damping methods of the two different filters, and the authors
in [21,22] were mainly focused on the magnetic integration design of the filter inductors, none of these
papers analyzed the harmonic suppression capability or the parameter design method of these filters.

In addition, the transformer’s leakage inductance is a significant component of the filter, and for
the transformer used in the high power MV grid-tied system, the value is usually no less than 6% [31].
This is a relatively big value and should be used properly in the selection and design of the filter, but
none of the present literatures has paid attention to this. Another point deserves to be considered is
the fault tolerance scheme of the DI-OEWT topology, which is very important for such multi-inverter

type topology.
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In light of the above, this paper aims to research the filters for the DI-OEWT topology used in
photovoltaic grid-tied applications. First, the equivalent circuits of the existing two kinds of high order
filters presented in [21,22,30] are derived, and based on this, the harmonic suppression capabilities of
these filters are analyzed and compared. According to the analysis results, a new high order filter for
DI-OEWT topology is also proposed. Furthermore, a brief parameter design method of the existing
and the proposed filters for DIFOEWT is introduced and based on the design examples, the inductance
and capacitance requirements of these filters are compared. Besides, these filters are also evaluated in
terms of the applicability for fault tolerance.

The rest of the paper is organized as follows: The inductor-capacitor-inductor (LCL) filter used in
multi-parallel inverters is presented in Section 2 as the comparison object. The model and harmonic
suppression capability analysis of the existing and the proposed filters for DI-OEWT topology are
shown in Section 3. The filter design method, together with the design examples, as well as the
fault-tolerant scheme, are presented in Section 4. Experimental results are given in Section 5 to validate
the filter parameters. Finally, the conclusions are summarized in Section 6.

2. LCL Filter for the Conventional Multi-Parallel Inverters

The system configuration of the conventional multi-parallel inverters used in photovoltaic
applications is illustrated in Figure 1. The two inverters are connected in parallel to the low voltage
side of the MV transformer through individual LC filters. The leakage inductance L; of the transformer
and the grid inductance L play the role of the grid-side filter inductor, so the two inverters can also be
viewed as connecting in parallel through individual LCL filters.
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Figure 1. System configuration of the conventional multi-parallel inverters.

It is essential to derive the equivalent circuit of the filter based VSI for the filter design and
harmonic suppression capability analysis. Since the LCL filter used in parallel inverters has no
difference with that used in single inverters, the single-phase equivalent circuit of the LCL filter can be
directly obtained from many existing papers [32,33], as shown in Figure 2. In the figure, the equivalent
circuit is drawn referred to the low-voltage side of the transformer, vj,,1 and ijny1 (take inverter 1 as an
example) are the inverter output phase voltage and current, respectively. vy and ig are the grid voltage
and current, respectively. The inverter-side inductor is represented as L1, the combined inductance of
the transformer leakage inductance L; and the grid inductance Ly are represented as L,, and the filter
capacitor is represented as C.

Figure 2. Single-phase equivalent circuit of the LCL filter.
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While the inverter is working, the harmonics in 7,1 should be suppressed by the filter to limit the
current ripple, and the harmonics in iy should be suppressed to meet the grid standard [34]. Assuming
that no harmonics exist in the grid voltage, the inverter output voltage viny1 is the only harmonic
source of the system, then the transfer functions viny1(s) to ig(s) and iiyy1(s) can be used to reflect the
harmonic suppression capability of the LCL filter, as shown in Equations (1) and (2), respectively

1
. _ : 1
1g(5) L1L2C53+ (Ll +L2)SUmVl(S) 1)
. L,Cs* 41
finv1(8) 2

_ , 2
LaCs + oy 1)) @

where L, = Lt + Lg. The value of Lt and Lg is related to the transformer impedance voltage Vy and the
grid short-circuit ratio (SCR), respectively [35]. Therefore, L, can be calculated as

302 302 302 1
g g g ( + ) @)

L, = Vic+ = —
2 27-[fOPrated : 2nf0PratedSCR 27TfOPrated SCR

where Pyaeq is the system rated power, f is the fundamental frequency.
3. Existing and Proposed Filters for the DI-OEWT Topology

3.1. Type-1 Filter for the DI-OEWT Topology

Direct replacing of the two-winding transformer in the multi-parallel inverter topology (as shown
in Figure 1) with the open-end winding (OEW) transformer, can obtain the DI-OEWT topology with
the “individual capacitor type filter” (here we call it “Type-1 filter”). The filter was proposed in [30],
as illustrated in Figure 3. It is worth noting that the voltage of the low-voltage side of the OEW
transformer is twice the voltage of the replaced transformer, since the AC sides of the two inverters are
connected in series through the low-voltage side of the transformer [8]. Accordingly, the current level
of the inverter remains unchanged, so the multi-parallel inverter topology can be easily reconfigured
to the DI-OEWT topology.
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L o858 .
aT N
Vel oy} A ﬁ
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Figure 3. System configuration of the dual-inverter fed open-end winding transformer (DI-OEWT)
topology with the Type-1 filter.

To analyze the Type-1 filter, firstly, the three-phase equivalent circuit of the DI-OEWT topology
with the Type-1 filter is derived in Figure 4. The voltage source Vx101 and Vx»op represent the pole
voltage of phase X; of inverter 1 and the pole voltage of phase X; of inverter 2, respectively (X = A, B,
C). In a balanced and symmetrical three-phase system, for inverter 1, a common-mode (CM) voltage
exists between the neutral point O; and the capacitor common point N, this CM voltage is expressed
as Voinel = —1/3(Vai101 + VBio1 + Vcio1)- Similarly, the corresponding CM voltage of inverter 2 is
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expressed as Voone = —1/3(V a202 + V202 + Vc202). According to Kirchhoff’s voltage law (KVL), the
voltage across the two capacitor common points N¢j, N can be derived as

)

Vaeine = © —(Vear + Vepr + Veer) + (Veaz + Vese + Veea) ]
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Figure 4. Three-phase equivalent circuit of the DIZOEWT topology with the Type-1 filter.

The voltage across the neutral point Ny of the transformer high voltage side and the neutral point
Ny of the three-phase grid can be derived as

Vans = 1| (Viaz + Vigz + Vic2) + (Vio2a + Vie2s + Vieac) )
Ne T3 +(VLgA + Vigs + VLgC) + (v'gA +0'gp + U'gc)

In Equations (4) and (5), Vcxi and Vexp represent the voltage on the filter capacitor of phase X3
and phase X, respectively. Vi,q1x and Vi sox represent the phase X voltage on the leakage inductance
at low voltage side (Ly1) and high voltage side (Ls2) of the MV transformer, respectively. Vigx
represents the phase X voltage on the grid inductance Lé. Vix1 and Vix, represent the voltage of the
low and high voltage side of the MV transformer, respectively. v/, is the phase X voltage of the MV
grid. Considering only the line frequency component and the balanced three-phase system, it is easy
to deduce that VNcine2 = 0 and Vieng = 0. Thus, N¢q can be connected to N> and Nt can be connected
to Ng. Then, the single-phase equivalent circuit of the DI-FOEWT topology with the Type-1 filter can be
derived as shown in Figure 5 with further simplification. Where the inverter 1 output phase voltage
Uinvl = Va101 + VOiNel, the inverter 2 output phase Voltage Uinv2 = Va202 + Voone?, finvt and Zingo
represent the output phase current of inverter 1 and inverter 2, respectively.

L L, L L

=C T C Vine

0, 0,

Vinvl

Figure 5. Single-phase equivalent circuit of the DI-FOEWT topology with the Type-1 filter.

From Figure 5, the transfer functions vjny1(s), Vinv2(s) to ig(s) and ijny1(s) can be, respectively,

calculated as 1

T LiLCs + (2L + Lo
linv1(8) = G1(5)Vinv1(s) — G2(8)Vinv2(s) )

ig(s) s [0inv1(8) = Vinv2(s)] (6)
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where
finvl (s) =G (S)Uinvl (S)l_ Gy (S)Uinvz (S)

Gas) =
[215C255 + (2L2C + 214 L,C)s® + (2Ly + Lp)s
Figure 6a shows Bode plots of the transfer function viny1(8), Vinv2(8) to ig(s) of both the LCL filter
and the Type-1 filter, while the inverter-side inductor L, capacitor C, impedance voltage V and SCR
are all the same in both filters. Figure 6b presents Bode plots of the transfer function viny1(s), Viny2(s) to
iiny(s) with the aforementioned parameters. According to Figure 6 and Equations (1), (2), (6), (7), the
following can be obtained.
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Figure 6. Bode plots of transfer function vjny1(s), viny2(8) to ig(s) and ijy1(s) in LCL and Type-1 filters

(a) Vinv1(8), Vinv2(s) to ig(s), (b) Viny1(s), Vinv2(s) tO iiny1(s)-

(1) Figure 6a suggests that, for ig, Type-1 filter has superior high-frequency harmonic suppression
capabilities than the LCL filter. Meanwhile, compare Equation (6) with (1), the harmonic source of ig in
DI-OEWT topology is Uiny1 — Vinv2, While in multi-parallel inverter topology is viny1. Owing to the
harmonic cancellation effect in the output voltage of DI-OEWT, jny1 — Viny2 has lower harmonics than
Uinv1- Thus, ig in DI-OEWT can achieve a much better current quality than the multi-parallel inverter
topology. Conversely, Type-1 filter can reduce filter requirement than LCL filter. Since L is limit by the
Vi and SCR, which cannot be reduced, so L; or C may be reduced.

(2) From Equation (7), for the inverter output phase current ii,y1, G1(s) and Gy (s) can reflect the
suppression capability of the Type-1 filter on viny1 and vinyp, respectively. From Figure 6b, in the
high-frequency band, the harmonics attenuation rate of G,(s) is —60 dB/dec, way above the harmonics
attenuation rate of G1(s), which is —20 dB/dec. Therefore, the harmonic source of i,y in DIFOEWT
topology is mainly the vjn,1, the same as the voltage in multi-parallel inverter topology according to
Equation (2). Meanwhile, the harmonics attenuation rate of LCL filter is also —20 dB/dec, thus, finy1
of both the scheme has almost the same current quality. Because the current ripple of i1, which is
mainly suppressed by inverter-side inductor Ly, is strictly limited by the semiconductor current rating
and loss requirement. Therefore, L; of Type-1 filter cannot be reduced.

In summary, compared with the multi-parallel inverter topology, the DI-OEWT topology with
Type-1 filter can only reduce the value of filter capacitor C, showing that the Type-1 filter maybe not a
better solution for the DI-OEWT topology.

Another way to explain why the Type-1 filter has the above characteristics can be shown as
follows. Firstly, the reason why the DI-OEWT topology can achieve multilevel output and lower
harmonics in output voltages is the harmonic cancellation effect between the two inverters. However,
the two individual sets of shunt capacitors of the Type-1 filter break this cancellation loop. Some
high-frequency harmonics, which should have been canceled, flow through these capacitors, leading
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to the increase of filter burden. In other words, Type-1 filter does not make judicious use of the merit of
the DI-OEWT topology.

3.2. Type-2 Filter for the DI-OEWT Topology

The above analysis suggests that the special working characteristic (the harmonic cancellation
characteristic) of the DI-OEWT topology should be considered when designing the filter. The “common
capacitor type filter” (here we call it “Type-2 filter”) for DI-OEWT topology, which is presented
in [21,22], seems to be a reasonable one, as illustrated in Figure 7. Two inverters are connected to a
common shunt capacitor branch of the filter through the two inverter-side inductors, respectively.
Then, the harmonic cancellation of the dual-inverter can be realized through the common capacitor
branch. This common capacitor branch can be seen as the series connection of the two individual
capacitor branches of the Type-1 filter, and the voltage rating of the former is the twice of the latter, so
the actual value of the capacitor in Type-2 filter is half the value in Type-1 filter when the two has the
same per unit (p.u.) value. Therefore, the capacitor here is represented as C/2.
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Figure 7. System configuration of the DI-OEWT topology with the Type-2 filter.

Figure 8 shows the three-phase equivalent circuit of the DIFOEWT topology with the Type-2
filter. With the same derivation method as described in Section 3.1, we can get the corresponding
single-phase equivalent circuit as illustrated in Figure 9. From the figure, the transfer functions viny1(s),
Vinv2(8) to ig(s) and iiny1(s) can be, respectively, calculated as
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Figure 8. Three-phase equivalent circuit of the DI-OEWT topology with the Type-2 filter.
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Vinvl
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Figure 9. Single-phase equivalent circuit of the DI-OEWT topology with the Type-2 filter.

It can be found from Equations (8) and (9) that the harmonic source of ig and iiny1 are all Viny1 — Viny2,
proves once again that the Type-2 filter does make judicious use of the merit of the DI-FOEWT topology.

Figure 10 shows the bode plots of the transfer functions viny1(s), viny2(8) to ig(s) and iiny1(s) of both
the LCL filter and the Type-2 filter (with the same corresponding parameters), respectively. The figures
suggest that, for both iy and ijny1, Type-2 filter has superior high-frequency harmonic suppression
capabilities than the LCL filter. That can lead to a decreasing in the total inductance, capacitance, and
volume. Therefore, the Type-2 filter can be an option for the DI-FOEWT topology.
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Figure 10. Bode plots of transfer functions viny1(8), Vinv2(8) to ig(s) and iiny1(s) in LCL filter and Type-2

filter. (a) Uinv1 (S), Z7ir1v2(s) to ig(s)r (b) Vinv1l (S)r vir\vZ(S) to iir\vl (5)

Furthermore, look again at Figure 9, it shows that the two inverter-side inductors L; of the two
inverters are actually connected in series, so these two inductors can merge into one single inductor,
further reducing the volume and cost due to the saving of inductor magnetic cores. In this case, the
complex magnetic integration method for reducing the inverter-side inductors” magnetic component
size, which was proposed in [22], is actually unnecessary.

3.3. The Proposed Type-3 Filter for the DI-OEWT Topology

According to the above analysis of the existing filters for DIFOEWT topology, only Type-2 filter is
suitable because its structure is fit for the working characteristic of the DI-OEWT topology. However,
the leakage inductance of the transformer, which is a relatively large value in a high-power MV
transformer, has not got special attention and rational utilization.

In Section 3.1, we have mentioned that the voltage of the low-voltage side of the OEW transformer
is the twice of the replaced transformer. Then, it can be easy to deduce from Equation (3) that the
leakage inductance of OEW transformer is four times as the replaced one (referred to the low-voltage
side). Setting such a large inductance as the grid-side inductor may be not a cost-saving solution.

Therefore, in this paper, a new high order filter (here we call it “Type-3 filter”) for DI-FOEWT
topology is proposed, as illustrated in Figure 11. The two inverters are directly connected to the
low-voltage side of the OEW transformer, the shunt capacitor C{; and grid-side inductor L{, are set
at the high voltage side of the OEW transformer. In this filter, the harmonic cancellation effect of the
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DI-OEWT can be realized through the transformer, without any other shunt branch. The transformer
leakage inductance L is used as the inverter-side inductor of the filter. If the initial value of L is
not enough to suppress the inverter-side current ripple, it can be increased just by increasing the
impedance voltage V) of the transformer.
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Figure 11. System configuration of the DI-OEWT topology with the Type-3 filter.

With the similar derivation method described above, here we directly give the single-phase
equivalent circuit of the DI-OEWT topology with the Type-3 filter, as shown in Figure 12, where Cy; and
Ly represent the shunt capacitor and grid-side inductor referred to the low-voltage side, respectively.

L

Figure 12. Single-phase equivalent circuit of the DI-OEWT topology with the Type-3 filter.

From Figure 12, the transfer functions viny1(8), vinv2(8) to ig(s) and iiny1(s) can be, respectively,

calculated as .

ig(s) = (LtLZCH)S3 n (Lt T Lz)S [Uinvl (5) _UinVZ(s)} (10)
‘ _ LoCps® +1 4 o
finy1(s) = LelaCrs® + (Le + Lo)s [0inv1(8) = Vinva (s)] (11)

As can be seen from comparing Figures 9 and 12, the equivalent circuit of the Type-3 and Type-2
filter are actually the same, while the difference between them is the role of the leakage inductance of
the OEW transformer. Due to this difference, the extra required capacitance and the inductance value
of the two filters may be different. This different value should be compared with specific examples,
which will be presented in the following section.

4. Parameter Design and Evaluations of the Filters

4.1. Parameter Design of the Filters

The design procedure of the Type-3 filter, together with the Type-1 and Type-2 filters, for the
DI-OEWT topology is covered in the following. First, a 30 kW OEW dual-three-level (D3L) inverter,
with 5 kHz switching frequency, 460 V~850 V (MPPT lower and upper limit voltage) DC voltage, 380 V
line-to-line grid voltage is adopted. The primary side of the transformer is set as the OEW structure,
and the secondary side of the transformer is connected in delta. It is worth noting that the primary
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side line-to-line voltage of the transformer in conventional multi-parallel inverter topology is usually
315V, so the phase voltage ratio of the OEW transformer used here is 364 V/380 V, where 364 V =2 x
315 V/1.732. In the following, the filter components calculations are presented on a per-unit basis, and
the corresponding base values are listed in Table 1.

Table 1. Per-unit base values of the system.

Symbol Parameter Formula Value
Pg Rated base power - 30 kW
Vg Ac base voltage - 364V
Iy Ac base current Pg/(3Vp) 275 A
fB Base frequency - 50 Hz
Zg Base impedance SVé /Pg 13.2496 O
Lp Base inductance Zp/(2nfg) 42.17 mH
Cg Base capacitance 1/(2nfZp) 240 uF

(1) Inverter-side Inductor: The inverter-side inductor value is determined by the requirement of the
inverter-side current ripple, owing to the semiconductor current rating and efficiency requirement, this
current ripple must be limited within a certain range. Besides, the equation for calculating the inductor
value is related to the inverter topology as well as the modulation strategy, here the D3L inverter is
modulated by the decoupled SVPWM strategy [17].

The decoupled SVPWM strategy has the characteristic that the total reference voltage signal is
divided into two opposite parts for the two constituent inverters, and each of the inverter is switched
independently of the other with the standard SVPWM strategy. Such characteristic is very appropriate
for the two inverters tracking the individual MPPs. The space vector diagram of the individual
three-level inverters is shown in Figure 13. In Figure 13, under the decoupled SVPWM strategy, the
reference voltage space vector of the two inverters V1 and Vy are synthesized by the nearest three
voltage vectors {Vy, V1, Va} and {V’y, V'3, V'4}, respectively. The pulse sequence is symmetrical with
seven pieces of segments in each switching cycle Ts and the dwell times for each of the voltage vectors
satisfy the following expression.

{ VoTo + ViT1 +VoTy = VT (12)
VT’ 0+ V'3T'3 + V/4T's = Vo T
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Figure 13. Space vector diagram of the individual three-level inverters. (a) Inverter 1, (b) inverter 2.

The peak to peak value of the inductor current ripple is defined by volt-seconds applied to the
inductor over the switching period [32,35]. For Type-1 filter, as mentioned in Section 3.1, the harmonic
source of the inverter-side current is mainly the output phase voltage of one inverter. Take inverter 1
as an instance, the maximum current ripple occurs when the zero vector Vo dwell time T = 0, and
the other two vectors V1 and V; equally divide the switching period, T; = T = Ts/2. In such case,
the modulation index M = 1/ V3 and the DC voltage of the inverter is slightly larger than the MPPT
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upper limit voltage, the reference voltage vector Vyq is in the midway between V1 and V5. The pulse
sequence is degenerated into five pieces of segments and the corresponding inductor voltage and
current waveform (take phase Al as an example and vy 1 ® vjny1) are shown in Figure 14.
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Figure 14. Phase A1 inductor voltage and current waveform.
According to the volt-second balance principle, the following expression can be got as:

Udcl 5
6 4

LlAimax = (13)
where Aimax is the maximum current ripple.

From Equation (13), the minimum inverter-side inductor value of the Type-1 filter can be
estimated by

Udc1
lem - 24Aimaxfs (14)
where f = 1/T; is the switching frequency.

For Type-2 and Type-3 filter, the harmonic source of the inverter-side current is the difference
between the output phase voltage of the two inverters (viny1 — Viny2). The maximum current ripple will
occur in the case that the reference voltage vector Vyq is in the midway between V7 and V3, Vi, is in
the midway between V'3 and V4. In this case, To = T'9 = 0, T1 = T, = T’3 = T’4 = Ts/2. For the
convenience of analysis, assuming 4.1 = v4c2 = Udc, then the inverter-side inductor voltage and current
waveform of the Type-2 and Type-3 filter can be roughly derived as shown in Figure 15 (take phase
A1-A2 as an example and v % Viny1 — Viny2)-

Accordingly, the minimum inverter-side inductor value of the Type-2 and Type-3 filter can be
derived based on the volt-second balance across the inductor as

Udc

Lyin = 55—~ 15
‘min 12Almaxf'5 ( )

where L = 2L for Type-2 filter and L = L; for Type-3 filter.

For the values v4. = 850V, fs = 5000 Hz, and about 15% current ripple, the estimated minimum
inverter-side inductor value for each filter can be calculated according to Equations (14) and (15)
as follows:

Type-1 filter: two 0.02845 p.u. inductor;

Type-2 filter: one 0.0569 p.u. inductor;

Type-3 filter: transformer leakage inductance, 0.06 p.u..
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Figure 15. Phase A1-A2 inductor voltage and current waveform.

(2) Grid-side Inductor and Shunt Capacitor: The grid-side inductor and shunt capacitor together
constitute a shunt network to suppress the grid current harmonics, so as to satisfy the standard.
For example, recent published Chinese standard NB/T 32004-2018 [34] requires the harmonics greater
than 35th should be less than 0.3% of the 30% of the rated fundamental current. Besides, the capacitor
value is limited to the maximum absorbed reactive power at rated load and typically less than 5%.
Moreover, the resonant frequency wres of the filter is often chosen as Equation (16) with the intention of
not creating resonance problem in the lower and higher parts of the harmonic spectrum.

10 X 271 f3 < @res < 0.5 X 271, (16)

where the value of wres is 4/(2L1 + Lp)/L1LyC for Type-1, Type-2 filter and +/(L¢ + L) /L¢LoCy for
Type-3 filter.

For Type-1 and Type-2 filter, the grid-side inductor value is limited by the transformer leakage
inductance, and its value is 0.06 p.u. (neglect the grid inductance). The capacitor values of these two
filters are computed considering the attenuation of the filter. For instance, the maximum harmonic
of the grid current greater than 35th usually occurs around the switching frequency. To limit the
maximum current harmonic lower than 0.3%, the capacitor value of these two filters can be computed
from Equations (6) or (8) considering the most dominant harmonic V(%) around the switching frequency
in the inverter output voltage spectrum as

Ig X V2 X 30% X 0.3%
V(h)

315 X V2% 30% % 0.3%

V(h)

Zﬂth(ZLl + L)
C>

17)
LiLy (27‘[th)

where /1 is the most dominant harmonic order. For D3L inverter with the decoupled SVPWM, if the DC
voltage and the power (or the modulation index) of the two inverters are all the same, the harmonic
around the switching frequency can be totally cancelled. But when the two inverters are tracking the
individual MPPs, the DC voltage and the power (or the modulation index) of the two inverters may
be different, this total cancellation cannot be realized. Assuming the worst case that no harmonic
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cancellation occurs around the switching frequency harmonics, the most dominant harmonic order
h = my¢ — 2, the value of the (m; — 2) order harmonic can be got from simulation on a single three-level
inverter as V(mg — 2) = 0.055 p.u. (20.2 V), where m is the modulation frequency index, and the value
here is 100 (5000 Hz/50 Hz). Then from Equation (17) a minimum value of C can be calculated as
0.0175 p.u. Considering the constraints illustrated in Equation (16) and taking a certain margin, the
final capacitor value of Type-1 and Type-2 filter is chosen as 0.0208 p.u.

For Type-3 filter, both the grid-side inductor and the shunt capacitor need to be designed. Usually,
we choose a larger capacitor to reduce the requirement of the grid-side inductor for saving cost. Here
the capacitor is starting with the value as 0.0416 p.u. With the same methodology as above, to ensure
the grid current to satisfy the harmonic requirement, the grid-side inductor value can be computed
from Equation (10) as

Ig X V2 % 30% X% 0.3%
V(h)
2o 1]13 X V2 X 30% x 0.3%
V(h)

ZHthLt

L2>

2n th[LtC[Zn fgh

(18)

Also, considering the value of the most dominant harmonic order V(m; — 2) = 0.055 p.u., a
minimum value of L, can be calculated as 0.0218 p.u.. Considering (16) and taking a certain margin,
the final value of L, is selected as 0.0237 p.u.

4.2. Fault-Tolerant Configuration for DI-OEWT Topology

Like the multi-parallel inverter topology, one of the advantages of the DI-OEWT topology is the
availability of fault-tolerant operation. Many papers have investigated the fault-tolerant method for the
dual-inverter topology used in motor drives, such as hybrid modulation strategies [18], dual-inverter
topology reconfiguring method [19], fault-tolerant direct thrust force control method [20]. However,
these methods are not suitable for the DI-OEWT topology used in photovoltaic applications, due
to the DC voltages and power of the two inverters in such case are often different for the separate
MPPT purpose.

To realize fault-tolerant operation in these systems, a more reasonable way is to cut off the fault
inverter while allowing the healthy inverter to continue working. However, only one inverter cannot
supply the whole voltage of the transformer due to the DC voltage limit, so the OEW transformer need
to be reconfigured. Figure 16 presents a possible configuration to achieve the above purpose. As shown
in the figure, a center-tapped (at the low voltage side) OEW transformer is used here, S; and S, are the
contactors of the respective inverters connecting to the open-end windings of the transformer, S; is
the contactor to short the three-phase center-taps. In case of a fault in one inverter, the corresponding
contactor (Sq or Sy) of the fault inverter is switched off, and contactor S; is switched on, then half of the
primary windings are connected in star across the healthy inverter. The healthy inverter only needs to
supply half of the original AC voltage, so that it can still work properly without any change.

)

Figure 16. Fault-tolerant configuration of the DIZOEWT topology.

Nevertheless, considering the configurations of the filters described above, not all types of filters
are applicable for the presented fault-tolerant scheme. For DI-ZOEWT topology with the Type-1 and the
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proposed Type-3 filter, when a fault occurs in one inverter, the healthy inverter can still work through
the modified filter. While for DI-OEWT topology with the Type-2 filter, fault-tolerant operation cannot
be realized because the shunt capacitor cannot decouple from the faulty inverter.

4.3. Summary and Discussion

The designed parameters of the three kinds of filters, as well as the applicability of the presented
fault-tolerant scheme on the filters, are summarized in Table 2.

Table 2. Comparison of the three kinds of filters.

Filters Type-1 Filter Type-2 Filter Type-3 Filter
. 0.02845 p.u. x 2 0.0569 p.u. Tr leakage inductance
Inverter-side Inductor with 2 magnetic cores with 1 magnetic core 0.06 p.u.
Grid-side Inductor Tr leakage inductance Tr leakage inductance 0.0237 p.u.
0.06 p.u. 0.06 p.u.
Shunt CapacitoR 0.0208 p.u. 0.0208 p.u. 0.0416 p.u.
Total Inductance 0.1169 p.u. 0.1169 p.u. 0.0837 p.u.
Fault-tolerant Yes No Yes

applicability

Note: Tr represents the OEW transformer.

From analyzing the table, the followings can be seen.

(1) The Type-1 and Type-2 filter have the same filter parameters, but the inverter-side inductor of
the Type-1 filter needs two magnetic cores while the Type-2 filter only needs one, which means the
Type-2 filter has a smaller size and cost than the Type-1 filter.

(2) Besides the transformer leakage inductance, the value of the extra inductance requirement of
the Type-3 filter is reduced by a factor of 58.35%, while the capacitance requirement is increased about
50%, compared to the Type-1 and Type-2 filter.

(3) The total inductance of the Type-1 and Type-2 filter is more than 10% of the system base
inductance, which may cause a larger fundamental voltage drop across the inductor and increase the
DC voltage lower limit value.

(4) Unlike the Type-1 and Type-3 filter, the DI-OEWT topology with the Type-2 filter cannot realize
fault-tolerant operations with the presented fault tolerate scheme.

(5) In terms of the inductance requirement, magnetic cores numbers and the fault-tolerant
applicability, the proposed Type-3 filter has a certain advantage over the existing Type-1 and Type-2 filter.

5. Experiment Results

5.1. Experiment Setup Description

To verify the above analysis and design methodology, a 30 kW three-phase D3L inverter fed
open-end winding transformer prototype based on DSP TMS320F28377D controller is constructed,
as shown in Figure 17. The D3L inverter is supplied by two rectifiers (DC Source 1 and 2) with the
DC voltage vq. = 850 V. The switching frequency of the inverter is 5 kHz. For the OEW transformer,
the phase voltage ratio is 364 V/380 V, the leakage inductance is about 0.025 p.u., we compensate it to
0.06 p.u. through adding extra inductors.

The designed parameters of the three kinds of filters tabulated in Table 2 are tested by experiment.
Here the D3L inverter with different filters are divided into three cases, where Case-1 represents the
D3L inverter with the Type-1 filter, Case-2 represents the D3L inverter with the Type-2 filter, and
Case-3 represents the D3L inverter with the Type-3 filter. In addition, the experimental analysis is
carried out in two operating modes. One is the two inverters of the D3L inverter working at the power
balance mode. Another one is the two inverters of the D3L inverter working at the power unbalance
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mode. Here, the power ratio of the two inverters is chosen as 3/2, corresponding to a relatively large
imbalance ratio of 33.33%. Besides, to suppress the resonance caused by the high order filter, the filter
based active damping method [36] is used here.

Isolation '

Transformers
for DC Source
1&2

OEW
Transformer
& Filter

Figure 17. Experimental platform of the DI-OEWT grid-tied system.
5.2. Inverter-Side Current Analysis

Figures 18-20 show the experimental measured inverter-side currents and the corresponding
fast Fourier transformation (FFT) waveforms of the three cases in power balance mode, respectively.
From Figure 18a, Figure 19a, and Figure 20a, the inverter-side current ripple at the rated load in the
three cases are around 14.9%, 14.6%, and 14.1%, respectively, which are roughly in agreement with the
value calculated by Equations (14) and (15). From the FFT waveforms of the inverter-side currents
as illustrated in Figure 18b, Figure 19b, and Figure 20b, it can be noticed that the current harmonics
around the switching frequency are roughly canceled out in Case-2 and Case-3, but still exist in Case-1.
The results demonstrate the analysis in Section 3 that the two individual sets of shunt capacitors of
the Type-1 filter break the harmonic cancelation loop, causing the harmonics which should have been
canceled still exist in the inverter-side current.
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Figure 18. Inverter-side current experimental waveforms of Case-1 in power bal