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A Novel Grid-Connected Photovoltaic Centralized Inverter Topology
to Improve the Power Harvest during Partial Shading Condition

REFAAT A., ELGAMAL M., KOROVKIN N.V.

Grid-connected centralized inverters based on traditional topologies are one of the best solutions for
medium and large-scale photovoltaic (PV) power plants due to their low cost and simplicity. However, the
output power of these conventional topologies is drastically decreased because of partial shading effects or
mismatch between PV panels. This paper proposes a new grid-connected centralized inverter topology based
on a novel photovoltaic current collector optimizer (CCO) to enhance the power yield from PV array in case
of partial shading or PV modules mismatch. The PV modules are stacked by CCOs and then interfaced to
the grid through three phase-two level voltage source inverter (VSI). The CCOs are used to improve the
power harvest from PV array instead of using bypass and blocking diodes which deforms the PV array
characteristics and reduces its output power. The VSI is used to inject a high-quality AC current into the
grid and perform maximum power point tracking (MPPT) together. Computer simulation is carried out
using MATLAB/Simulink in order to test operation of the proposed topology. Simulation results show that
the proposed topology offers an excellent steady-state response, fast dynamic response, perfect and robust
tracking of maximum power point during partial shading condition.

Key words: photovoltaic system, current collector optimizer (CCO), grid-connected centralized
inverter topologies, P&O MPPT, current control VSI, power quality, efficiency, partial shading

I. INTRODUCTION

Over recent years, the problems of energy shortage
and environmental contamination have become critical
research topics worldwide. Thus, the trends of
employing distributed generation systems (DGSs) based
on renewable energy are drawing more and more
attention for reducing energy crisis and carbon
emission. Among all various DGSs, solar photovoltaic
(PV) systems are rapidly growing in electricity markets
and are expected to continue this trend throughout the
near future. Nevertheless, the unit cost of energy
obtained from PV systems is still high compared to
traditional energy sources and other forms of
renewables; accordingly, current research focuses on
decreasing manufacturing costs and increasing the
energy production of the overall PV systems [1], [2].

On the basis of the different arrangements of PV
modules, the grid-tied PV inverter technologies can be
classified into central inverters, string inverters,
multistring inverters, and AC-module inverters or
micro-inverters. Central inverter technology is the most
common topologies of PV installation, which interfaced
a large number of panels that configured in
series-parallel (SP) combination to the grid. The main
technical challenge for central inverter technology is
the absence of a maximum power point operation for
each module due to partial shading as well as bypass
diodes that is used to prevent modules from hotspot
effect deforms the PV array characteristics and exhibits
multiple peaks, including a global and local maximum

power points. That force researchers to look for
different technologies for the interconnections of the
PV modules [3], [4].

The most typical solutions to partial shading effects
and mismatch conditions are AC-module inverters,
which utilize micro-inverters/converters for each
individual PV module to adopt distributed MPPT
(DMPPT). All PV modules have the ability to be
operated at each maximum power point (MPP), even
under partial shading or mismatch conditions, because
of the individual control for each module which
improves the power efficiency of PV system. The major
disadvantages of AC-module inverters are high cost and
increased system complexity since the number of
micro-inverters/converters is proportional to that of PV
modules [4], [5].

Other solutions to eliminate local MPPs and
increase maximum available power are using
differential power processing (DPP) converters and
voltage or current equalizers. With DPP converters or
equalizers, a portion of the generated power of
unshaded modules is transferred to shade ones thus all
the modules operate at the same voltage or even at
each MPP. Several types of DPP converters and
equalizers have been proposed and developed in
literatures [5—16]. Generally, a switch count in a
converter can show a good hint about system
complexity due to each switch requires a gate drive
controller circuit and comprising its individual
electronic components.
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Besides the system efficiency, high-quality injected
power is another essential feature of grid-connected PV
(GCPV) systems. The quality of injected power is
mainly governed by practices and standards on voltage,
frequency, and harmonics. In particular, GCPV
systems should have low current harmonic distortion to
assure that no adverse effects are caused to other
equipment connected to the utility grid. IEEE standard
929 for utility interface of PV systems recommended
that most PV inverters designed for utility-
interconnected service operate close to unity power
factor with total harmonic current distortion not more
than 5% at rated inverter power output[17], [18].

This paper aims at evaluating the performance of
100 kW GCPV system by using a new centralized
inverter topology based on a novel photovoltaic current
collector optimizer (CCO). The main objectives are to
improve the power extracted from PV array during
partial shading condition, avoid the misleading power
loss due to local MPPs, eliminate the power loss
associated with circulating currents between parallel PV
generators, and inject a high quality AC current into
the grid to meet the standard IEEE 929.

II. SYSTEM DESCRIPTION

The schematic diagram of the proposed grid-tied
centralized inverter based on current collector
optimizer (CCO) is depicted in figure 1. The power
circuit consists of a 100 KW PV array with CCOs,
DC-link capacitor, three phase-two level voltage source
inverter (VSI), LC filter, low-frequency step-up
transformer, and grid. The utility grid is modeled by

Iccn Ii"i

| ccol[m] }--| CCO.[nm] |

7] 3

Thevenin equivalent circuit as a three-phase voltage
source and series impedances, while the PV module is
represented by a single exponential model (aka one
diode model) as described in the literature [18]. As can
be seen in the diagram, every eight modules or
substrings are connected to CCO as a single stack and
then these stacks may be connected in series-parallel
combination to the grid through an inverter. For
control schemes, two control circuits are employed for
the grid-connected centralized inverter. The first
control circuit regulates the H-bridges of the CCOs to
enhance the output power of the PV array under partial
shading condition, which is not shown in the diagram.
The second control circuit regulates the VSI to extract
maximum power from CCOs as well as controls the
current injected into the grid to meet the standard
IEEE 929.

A. Control of Current Collector Optimizer (CCO)

The main idea of the current collector optimizer
(CCO) is to find a way to harvest the currents from PV
modules or substrings at approximately maximum
power point (MPP) voltages during shading condition.
Hence, there is no need for the shaded module or
substring to be short-circuited through bypass diodes.
The circuit diagram of the CCO is as shown in figure 2.
This circuit is a modified circuit that is used to collect
the current from magnetohydrodynamic generator
electrodes’ which have different voltages and it can be
found in the literature [19].

As depicted in Figure 2, all PV generators negative
terminals’ are connected to a common negative line
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Figure 1. The schematic diagram of the proposed topology
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Figure 2. Circuit diagram of the CCO

thyristor-bridge and then all bridges are gathered in
common  positive line. The  H-bridges are
interconnected with each other through eight capacitors
(C; —Cg) and transformers (74 —Tr) which act as
self-commutation circuit and compensate the voltage
difference between parallel PV generators. The bridge
thyristors’ are controlled so that at first half cycle two
diagonally opposite thyristor 7; &7, are forward biased

Time

while the other two thyristors 7, &T5 are reversed
biased and vice versa at the second half cycle.
Therefore, the upper and lower capacitors between
adjacent PV generators alternatively change their
polarities every half cycle. Forced commutation of
thyristors is carried out during discharge of coupling
condensers. Figure 3 shows the voltage waveforms
across upper and lower capacitors and the
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Figure 3. The voltage across condensers and the corresponding current and voltage waveforms of the SCRs
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corresponding current and voltage waveforms of the
SCRs during steady-state operation of the CCO.
The coupling transformers are symmetrically linked
to each other concerning the power production section
center. Their function is to compensate the voltage
difference between PV modules; under shading
condition, to a current consolidation point v . The
transforms are represented by inductances and mutual
coupling with approximately unity coupling factor (k)

as given below.
R, = k‘/Rissz ; (1)
L,=kJLyL,, & 0<k<l 2)

Where R, &R, are the self-resistance of primary
and secondary w1nd1ngs Ly &L, are self-inductance
of primary and secondary windings, R,&L, are
mutual resistance and inductance of the transformer.

In the first half cycle, the current and voltage
equations of a single stack CCO are as follows:

diy diy
e] _2Rsll 2L _R l L __R l
S dt m-dt (3)
dig
Ly var ™ Vi =0
—2R iy —2L, ! —R L, —R i
12 d l4 d m’6 (4)
dig
L Ve 7 Vi =0
diy diy
e3—2Rsz3 2L d —R mi — L d——Rl )
di;
_LmE_VC3_ Vst i =0;
. dl . .
e4_2Rsl4_2Ls__Rm12_Lm?_RmIS_ (6)
dig
Ly Ves T Ve =0
. dis . diy )
eS_ZRsls_stE_lel_LmZ_le7_ (7)
di;
Ly Ves T Vi =0
. dig . .
e6_2Rs’6_2LsE_le2_Lm 7 R,,ig — ®
dig :
Ly Vee ™ Vari =0
di7 : diy .
di5

_Lm E_ Ye7 ~ Vst =0;

dig
€8 2R 18 2L

d —-R 14—L

—R i —
B dt m'6 (10)
i
6 —0-
_Lm E_ Ves T Vari =0;

igr=2i (11)

Where lst , is the stack current, v, i is the stack
voltage, i ; are the currents generated by PV modules,
e; are PV modules voltages and the voltage across
coupling capacitors.

In the second half cycle,

e, —2R i, —2L di—R in—L i—
1 ! St m'3 m- m"5 (12)
di5
_LmE_VCZ = Vst =0;
. diy . diy )
62_2Rs12_2LsE_le4_Lm " mi6 13)
di6
L ver T Vi =0
—2R i—2L dQ—R o — L i—R [ —
€3 si3 S gt mhl m mt7 (14)
di7
—Ly, ar Vea = Vst i =0
e4_2Rsl4_2Ls__Rm12_Lm? m'8 ™ (15)
di8
Ly Ve T Vi =0
d dll
di7
—L, E_ Ve6 ~ Vst =0;
. di . diy .
e6_2Rs’6_2Ls__Rm’2_Lm? R,,ig an
dl'8
_Lm E_ Yes ™ Vi =0;
. diq : diy
di5
_Lm I_ Ve T Vst =0;
—2R ic—2L dL—R i, — L ﬁ—R o —
€g 58 K m'4 m- m'6 (19)

dig
Ly Ve~V =0

The overall circuit current, voltage and power are
given by the following equations:
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n

Vdc = E Vst ) (20)
i=l
m

leco = E Tt r (21)
r=1

Pae =Vaclcco- (22)

Where n and m are the number of stacks connected
in series and parallel respectively.

B. Control of Voltage Source Inverter (VSI)

A current controlled sinusoidal PWM (SPWM)
technique is used to control the VSI in d-g synchronous
reference frame (SRF). The main target of the control
strategy is to regulate the inverter output current to
follow a specified reference signal. This technique
includes multi loops control. The outer loop regulates
the DC link voltage to track the MPP voltage of the
CCOs, while the inner loops control the direct and
quadrature currents that aligned the grid voltage vector.
The phase-locked loop (PLL) is used to extract the grid
voltage vector angle (6).

In order to determine the MPP voltage of the

CCOs, the DC link reference voltage (V;c) is adjusted

by using perturb and observe (P&0) MPPT technique.
The flowchart of the P&0O MPPT algorithm is as shown
in figure 4. The PI controller output of the DC link
voltage dynamics is used as the reference of direct

*
current component (/). The reference command

direct current can be written as:
;= Kp(Vdc V)t Ky f(VdC =Vt (23)

Where K » and K are the PI controller parameters.

It is worth mentioning that, the low-frequency
step-up transformer can contribute in harmonics
filtering, where LCL filter is formed if the leakage
inductance of the transformer is referred to primary
side (PV array side). The line LCL filter is designed
according to reference [20].

To design the inner loops controller it is
recommended to neglect the filter capacitor using the L
approximation of the LCL filter [21]. This is possible
because the low frequency behavior of the LCL filter is
similar to an L filter as can be seen in figure 5.

At point of common coupling (PCC), the voltage
and current vectors are measured and transformed in
d-q reference frame. By adopting decoupled control,
the command voltage equations by the inverter in d-q
reference frame can be described as:

+K, [, -1 )dt;
L , (24)
Vy=RI,+V, +wLl +K, (I, —1,)+

+K [, =1 ).
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Figure 4. The flowchart of the P&O algorithm
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Figure 5. Bode diagram of line filters

Where V; and V; are the d-g reference voltages, V;

and V, are the d-g voltages at PCC, I ; and [ g are the
d-q currents, (R=R,+R,.) is the equivalent resistance
of the control loop, (L=L f +L,.) is the equivalent
inductance of the control loop, R, and L, are the
filter resistance and inductance, R, and L, are the
transformer resistance and inductance referred to
primary side.

In order to control the active and reactive power
injected in the grid, the PLL is adjusted so the g-axis
component of the grid voltage vector (Vq) equal to
zero. The power equations can be written as:

P=V I
4 (25)
0=-V,I,.

Thus, the active and reactive power can be
controlled independently by controlling the direct and
quadrature current. For unity power factor, it is
required to force the reactive power to zero, thus the

* .
reference command quadrature current (/ q) is set to

zero. Finally, the command voltages are transformed
back to abc frame and normalized with respect to the
DC link voltage to be used as reference signals to
generate the inverter switches trigger pulses based on
SPWM technique.

III. SIMULATION RESULTS

In order to validate the feasibility and the
effectiveness of the proposed grid-connected
centralized inverter topology, a numerical model of the
entire system is simulated for 100 KW PV array farms
of 320 modules by using Matlab/Simulinksoftware
environment. The most important parameters of the
system are given in Table I. For all simulations, the
temperature is assumed constant at 25 °C.

First of all, to demonstrate the effect of partial
shading on the characteristics of PV array let us
consider the following two scenarios. The first scenario
is a conventional 10x32 series-parallel (SP) array with

bypass diodes every 5 series modules (i.e. 2x32
series-parallel strings). While in the second scenario,
the PV array is stacked through 2x4 series-parallel
CCOs (i.e. each H-bridge is connected to a substring of
5 series modules), which is equivalent to the first
scenario. For both scenarios assume that 50% of
substrings are illuminated by irradiation level of
0.6 kW/m2 while the other 50 % are fully illuminated
with irradiation level of 1 kW/mz. Figure 6 shows the
corresponding P-V characteristics of the two scenarios
during partial shading and in case of clear sky (note:
both scenarios have the same characteristics under clear
sky condition). The output characteristics of PV array
farm in both cases are obtained by sweeping the
terminal voltage from 0 to array open circuit voltage
that is 646 V.

As can be seen from figure 6, in case of
conventional SP array with bypass diodes, the P-V
characteristics exhibit multiple MPPs, involving a
global MPP and local MPP, which increases the
probability of false tracking of MPP and need to an
advanced MPPT algorithm to track the global MPP.
On the other hand, in the case of CCO, the P-V
characteristics have a unique MPP which easy to follow
by a simple MPPT algorithm. The maximum powers
generated in case of clear sky, shaded CCO, and
shaded SP array are 100 KW, 90 KW, and 81.5 KW at
MPP voltages 547 V, 545 V, and 554 V respectively.
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Figure 6 shows the P-V characteristics of the two scenarios during
partial shading and clear sky
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This means that 9,4% of expected power is lost in
bypass diodes of conventional topologies in this shading
situation.

In order to investigate the effectiveness of the
controllers, a dynamic simulation is done with partial
shadow discussed earlier for 50% of substrings as shown
in figure 7(a). Simulation results under transient
condition are shown in figure 7(b) through figure 7(/).
Figures 7(b, c) show the output power of shaded and
unshaded substrings during the simulation run. As can
be seen, the irradiation level dropped at 1 second and
has an immediate effect on the substring output power.

The voltage magnitude across coupling condensers
of CCOs is dropped to compensate this situation of
partial shading and collect the total power from shaded
and unshaded substrings at approximately MMP
voltage. The voltage across the upper condensers is as
shown in figure 7(d), while the voltage across the lower
condensers is out-of-phase with upper condensers.

The DC link voltage is monitored to verify the
operation of the DC link controller and make sure it
tracks the MPP voltage. As can be seen in figure 7(e),
the DC link voltage kept tracking the MPP provided by
P&O algorithm and decrease from 547 V to 545 V. This
was expected where the P-V characteristics in figure (6)
confirm this result. The dg components of the injected
current are shown in figure 7(f). The direct component
of the injected current is controlled to follow the new
reference value dictated by the DC link controller at
0.9 p.u, which is dropped from 1 p.u in case of clear
sky. The reference for the quadrature component,
however, stayed at zero to maintain unity power factor
operation. It is significant to note that, the response of
controllers are suffered from some transients at the
beginning of simulation as the PLL synchronized with
grid voltage angle and due to charging of DC link
capacitor.

The dynamic behaviors of three-phase grid voltage
and grid current at PCC are shown in figure 7(g, /). As
also expected, the grid voltage waveform does not
change during the transient since it is set by the AC
network, whereas the grid current amplitude decreases
in response because of partial shadow. Fig. 7(i)
illustrates the phase angle between phase current and
phase voltage at PCC, where the grid current is in
phase with the grid voltage (i.e. unity power factor).

The active and reactive powers transferred to the
grid at PCC are shown in figure 7(j). The active power
is initially at 100 kW before dropping to 90 KW after
occurs of partial shading, while the reactive power
injected into the grid is kept at zero Kvar. The total
harmonic distortion of the current (THDC) at PCC in
time domain as well as in frequency domain is shown
in figure 7(k, /). As can be seen, the THD of the
injected current does not exceed the 5% limit set by
IEEE standard 929.

Parameters for simulation

PV module type SPR-315E-WHT-D, SunPower
Module output power at MPP 315 W
Module output voltage at MPP 54,7V
Module output current at MPP 5,76 A
Module open circuit voltage 64,6 V
Module short circuit current 6,14 A
CCO components
CC(:lfggri]tsaer;(S:e of coupling 500 uF
Indciane o coln s o
Restnce of ouning 50 mi
Switching frequency of SCRs 340 Hz
Switching frequency of VSI 99x50 Hz
;z;paacciit?rnce of DC link 5000 uF
LC filter
Filter inductance 500 uH
Filter capacitance 180 pF
Damping resitance 143 mQ
PV interfacing transformer
KVA rating 100 KVA
Transformation ratio 285V/6 KV
Per unit impedance (0,123 + j1,23)%
Grid voltage 6 KV
Grid frequency 50 Hz
Short circuit level 500 KVA
X/R ratio 7

IV. CONCLUSION

This paper proposed a new centralized inverter
topology based on a novel CCO for application in DG
system. The main targets were to improve the power
harvest from PV array during partial shading condition,
avoid the misleading power loss due to local MPPs,
eliminate the power loss associated with circulating
currents between parallel PV generators, and inject a
high quality AC current into the grid to meet the
standard IEEE  929. Simulation results on
MATLAB/Simulink software environment have been
carried out in order to confirm the proposed topology
operation under partial shading conditions.

Simulation results show that the proposed topology
offers an excellent steady-state response, fast dynamic
response, low total harmonic current distortion, perfect
and robust tracking of maximum power point during
partial shading condition. Furthermore, the current
injected into the grid was in phase with the grid voltage
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(i.e. unity power factor). Therefore, the
performance met the standard IEEE 929.

According to results, the maximum power generated
by using CCOs was significantly increased compared to
conventional topology with SP array under partial
shading pattern. In addition, local MPPs that found in
case of SP approach were successfully eliminated by
using the CCO circuit. Hence, the optimizer did not
suffer from misleading power loss and only required a
simple MPPT algorithm to follow the MPP. Moreover,
the voltage difference between parallel PV generators;
due to partial shading, PV modules mismatch, or PV
modules aging were compensated through the optimizer
to a current consolidation point. Therefore, the
circulating currents between parallel PV generators
were eliminated.

system
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HoBasi neHTpaM30BaHHAS TONOJIOTHA (POTOIJIEKTPHIECKUX
npeooOpa3oBareieii, padOTaOIIKUX C CETbI0, ONTHMU3UPOBAHHASA I
YCJIOBUM YACTUYHOI0 3aTEHEHMS

PE®AAT A., DJITAMAJI M., KOPOBKHIH H.B.

Llenmpanuzoeannsie uHeepmopsi ¢ cemesvim NOOKAIOHUEHUEM, OCHOBAHHbIE HA MPAOUYUOHHBIX MONO0A0-
eUsX — 0OHO U3 AYMUUX peuleHUll 015 CPeOHUX U KPYRHBIX (hOMOINeKMPU1ecKUX I1eKmpocmanyuil 6aaeo-
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daps ux Huskoi cmoumocmu u npocmome. OOHAKO GbIXOOHAST MOUIHOCIb SMUX MPAOUUUOHHBIX DeUleHUll
PE3K0 CHUMCAemcs Uu3-3a 3Qpekmos uacmuunoeo 3ameHeHus nameneil u(uiu) npu pazopoce napamempos
gomoanekmpuueckux naweneii. B cmamoe npednaeaemcs H08as mononoeus yeHmMpaiu308aHH020 UHEEp-
mopa, NOOKAUYEeHH020 K Cemu, OCHOBAHHAA HA CYMMAmope MoKd, KOmopas No8blulaem 6biXOOHYH MOuj-
HOCMb OMO2NeKMPU1ecKoil Mampuybl 8 cayiae ee 4acmu4H020 3ameHeHuUs Ul HecO8NadeHus napamem-
pos pomosanekmpuueckux modyaei. Pomoanekmpuueckue Mo0yaU YCMAHABAUBANMC 8 CINEK CYMMAMO-
pa, a 3amem NOOKAOUAMCSE K cemu Yepe3 mpexghasnuiil uneepmop Hanpsicenus. CymMmamop ucnoavsy-
romces 045 yayvuieHus coopa sxepeuu om omosnreKmpuieckoil Mampuuybl eMecmo 00X00HbIX U OA0KUPYIO-
wux 0u0008, KOMopble UCKANCAIOM XaApAKmMepUcmuky homoaneKxmpu4eckol Mampuybl U YMeHbUawm ee
8bIXO0HYI0 MouHoCmb. HHeepmop HanpsiceHus npumeHsemcs 045 no0a4yu 6blCOKOKAUeCMBEHHO20 nepe-
MEHH020 MOKA 6 Cemb U COBMECMH020 OMCACHCUBAHUS PEHCUMA MAKCUMAAbHOU MowHocmu. Jl1s nposepKu
pabomovl NPeoNONCEHHOU MONOAOSUU  GbINOAHEHO KOMNbIOMEPHOe MOOCAUPOBAHUE C UCHOAb308AHUEM
MATLAB/Simulink. Pe3yavmambt Mo0eauposanusi NOKA3bl8arOm, Ymo NpeosodceHHas monoaoeus obecne-
yueaem Xopouwluli OMKAUK 8 YCMOUHUBOM COCMOSHUU, ObiCMpblil OUHAMUYECKUI OMKAUK, COBEPUICHHOE U
HaodexcHoe OMCAeHCUBAHUEe MOUKU MAKCUMAAbHOU MOWHOCMU 8 YCA0BUSAX YACMUYHORO 3AMEHEHUS.
KnoueBble cJo0Ba: gomocarveanuveckas cucmema, ONMUMU3AYUs CyMMUpOBanus mokos,
UEHMPAAU308AHHbBIE UHBEDMOPbL, NOOKAIOUEHUE K CemU, YNPAGAAeMbll UHEEDMOD HANPANCEHUs, OMCACHCU-
8aHUe MAKCUMANbHOU MOWHOCIU, KA4ECME0 2AeKMPOIHepeUul, IHeKkmusHocms, YacmuuHoe 3ameneHue
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