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Optimum Power Extraction from Non-Uniform Aged PV Array Using

Current Collector Optimizer Topology

REFAAT A., OSMAN M.H., KOROVKIN N.V.

Harsh outdoor operating circumstances of photovoltaic (PV) array leads to non-uniform aging
phenomenon among PV panels which in turn reduces the life span of the PV modules and the energy
efficiency of the whole array. Under non-uniform aging conditions for series-parallel (SP) connected PV
modules, the characteristics of the entire PV array are deformed resulting in multiple peaks where one of
them is the global peak. The appearance of such multiple peaks can mislead traditional maximum power
point tracking (MPPT) techniques to get trapped at local peaks, which leads to misleading power losses.
This paper proposes a current collector optimizer (CCO) topology to extract maximum power from a
non-uniform aged PV array. By using CCO topology, the PV array characteristics have a unique maximum
power point (MPP) which easy to follow by a simple MPPT algorithm. Consequently, the proposed topology
does not suffer from misleading power losses. Besides, the CCO topology requires offline rearrangement of
aged modules to obtain the optimal maximum power. A comparative study is conducted to demonstrate the
efficacy of the proposed topology. Ultimately, the paper presents an offline algorithm for rearranging erratic
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aged CCO modules to extract the optimum power from large-scale PV arrays.
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I. Introduction

Over previous decades, an extensive amount of
photovoltaic power plants have been installed
worldwide [1], [2]. Under outdoor operating
circumstances of PV plants, the PV arrays are subjected
to several faults and harsh climate conditions such as
dust, snow, rains, humidity, and temperature as well as
potential risks from bird-dropping, partial shading,
hotspot, or corrosion which affect the life span of PV
panels and reduce their efficiency [3]—[5]. In general,
the aging is often distributed unequally among modules
of a PV array which leads to mismatch problem [1],
[2]. Indeed, non-uniform aging causes mismatching
among PV modules, while mismatching leads to faster
aging, which is a prevalent issue in PV systems [6], [7].

For a non-uniform aging array, the mismatch power
losses can be divided into three categories. The first
category of power losses is due to a current mismatch
between series-connected PV modules in a single string.
In this case, bypass diodes are connected in parallel
across each series module to protect PV panels from
the hotspot effect. Under this situation, it is not
possible to capture the maximum power from all series
PV modules as they have different maximum power
point (MPP) currents [3], [4], [8].

The second category is the power losses due to a
voltage mismatch between parallel-connected PV
modules or strings, which causes circulating currents
between parallel branches. To overcome the presence
of circulating currents, blocking diodes are connected
in series to each PV string or parallel module. However,

there is also power losses in these blocking diodes and
mismatch still exists between parallel branches.
Therefore, it cannot harvest the maximum power from
all parallel branches because of their dissimilar MPP
voltages [3], [4], [8].

The last category is misleading power losses due to
false tracking of global maximum power point
(GMPP), where the electrical characteristics of PV
array exhibit multiple peaks in which one of them is the
global peak. Although these misleading losses can be
mitigated by using advanced maximum power point
tracking (MPPT) algorithms, the MPP tracker cannot
exploit the maximum power generated from
non-uniform aged PV arrays, where a portion of power
is lost in blocking diodes and bypass diode loops [8],
[9].

From an investment perspective, superseding the
aged modules by new ones is not an economical
solution. In addition, PV modules of the same brand
and ratings are not typically symmetrical due to
fabrication tolerances or material imperfections, which
also causing mismatch power losses [1], [2], [6], [10].

The most typical solutions to improve the efficiency
of the non-uniform aging modules are AC-module
inverters, which utilize micro-converters for each
individual PV module to adopt distributed MPPT. The
prime downsides of AC-module inverters are high
expenditure and increased system intricacy since the
number of micro-converters is proportional to that of
PV modules [11], [12].
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Another effective solution to enhance the power
extracted from the non-uniformly aging array is
reconfiguring PV modules as in references [1], [2], [6],
[13]—[17]. However, reconfiguration minimizes the
mismatch power losses but does not eliminate them.
Furthermore, reconfiguration techniques suffer from
misleading power losses, as the characteristics of PV
array manifest multiple MPPs and need to adopt an
advanced MPPT algorithm to track the GMPP [8],
[11].

In references [11], [18], the authors proposed a
newly centralized inverter topology based on a novel
photovoltaic current collector optimizer (CCO) to
improve the power yield from PV array and avoid the
misleading power losses under partial shading or
mismatch conditions. In this paper, the performance of
the PV array with CCOs is evaluated in order to extract
the maximum power under non-uniformly aging
conditions of PV modules.

II. Current Collector Optimizer (CCO) topology

Figure 1 shows a schematic diagram of the proposed
CCO topology. As can be seen, every eight modules or
substrings are grouped to CCO as a single stack and
then these stacks may be connected in series-parallel
configuration to the grid via an inverter. Figure 2
illustrates the circuit diagram of the CCO. This circuit
is a modified circuit that is used to harvest the current
generated from MHD-generator electrodes’, that have
different voltages [19]. The main idea of the CCO is to
find a way to harvest the currents from PV modules or
substrings at approximately MPP voltages under
non-uniform aging conditions.

As depicted in figure 2, all PV generators negative
terminals’ are gathered to a common negative line
while each positive terminal is connected to
thyristor-bridge and then all bridges are collected in a
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Figure 1. A schematic diagram of the CCO topology

interconnected with each other through eight capacitors
and transformers. The bridge thyristors’ are triggered as
in ordinary H-bridge. Thus, 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 capacitors and the
corresponding current and voltage waveforms of the
SCRs during steady-state operation of the CCO (Note:
the voltage waveforms across lower capacitors are
out-of-phase with upper ones).

The coupling transformers are symmetrically linked
to each other concerning the power production section
center. Their function is to compensate the voltage
difference among parallel PV modules; under mismatch
condition, to a current consolidation point Vorack
During steady-state conditions, the total power of a
single stack CCO is defined by the sum of all PV
generator current and the average voltage of the PV
modules, further details about operation of CCO can be

common  positive  line. The  H-bridges are found in [11], [18].
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Figure 2. The circuit diagram of the CCO
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In this section, a case study is performed on
MATLAB/Simulink to compare the performance of
CCO topology and central SP array topology under
non-uniform aging conditions of PV modules. For
simplicity, assuming that all PV cells in the PV module
are subject to uniform aging to represent the entire PV
module by a single short-circuit current and a single
open-circuit voltage. For all simulations, the whole PV
array is operating under standard test condition (STC)
in order to eliminate the mismatch power losses due to
partial shading.

Consider a small size SP photovoltaic array with
bypass diodes composed of 40 aged modules. The PV
array consists of 8 parallel strings each comprised of 5
series modules. The PV module is represented by one
diode model as described in reference [21]. For
simulation purposes, a commercial PV module, i.c.
Suntech Power PLUTO250-wdb, has been picked. The
most significant specifications of this module are given
in table 1.

Table 1. Module Parameters

I I I ) S ) I ) I ) N N Parameter Value

t T Output power at MPP 250 W

[ Voltage at MPP 30.8 V

I Current at MPP 8.12 A
Time Open circuit voltage 37.1V

Figure 3. The voltage across upper condensers and the corresponding Short circuit current 875 A

current and voltage waveforms of the SCRs

1 8
Vstackzg EKocpep; (D
n=I
8
Lstack = 2 Kscp ps (2)
n=1
P stack = Vstackistack : (€)

Where v is the stack voltage, i is the stack
stack stack

current, Ps rack 18 the stack power, are the currents

generated by PV modules, and e p are the voltage across

PV modules. While K,. and K, are the aging

coefficients for the open—circui"f voltage and

short-circuit current.

III. Performance of Non-Uniform Aged PV Array

Once a PV cell is exposed to aging, the electrical
parameters of the PV module are changed from their
nominal values. Because of the p-n junction properties
of the PV cell, the short-circuit current has a
substantial degradation level compared to a small one
for open-circuit voltage when PV module undergoes
outdoor aging experiments [20]. In other words, the
degradation rate of the maximum power of the aged PV
module is close to the rate of change of short-circuit
current.

Assuming that the short-circuit current is used to
evaluate the aging status of the PV module, while the
open-circuit voltage is kept constant for different aging
conditions (i.e. the maximum power of the PV panel is
impacted only by the change in the short-circuit
current). Supposing the open-circuit voltage and
short-circuit current equal to 1 per unit (p.u) for a
healthy module under STC. Therefore, the open-circuit
voltage is set to 1 p.u for each module, while the
short-circuit current is changed as a result of the aging
process. Figure4 illustrates the effect of change of
short-circuit current on the I-V characteristics of the
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Figure 4. The module I-V characteristics for different short-circuit
current aging factors at STC
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PV  module. For each aging situation, the g)urrem’ A
five-parameters of PV single exponential model are sol
adjusted so that the change of short-circuit current and
open-circuit voltage are proportional to the change of 40
the MPP current and MPP voltage, respectively. 30|
As shown in table 2, the digits in the PV array stand 20 | |7"CCO before reconfiguration
A . CCO after reconfiguration
for the different aging factors of the PV modules that ol |+ omeer
are proportional to the short-circuit currents. It should g
be noted that the expected maximum power that can be 0 50 100
obtained from the array is equivalent to only 26 a)
. . Power, W
modules (i.e. the maximum power equals 6.5 kW 5 , , ,
instead of 10 kW for the 40 healthy modules), which is 6000 | N
the sum of all the aging coefficients of the short-circuit 5000 | ]
current. 4000
Table 2. 3000 o :
Distribution of the short-circuit current ~CCO before reconfiguration| |
aging factors along the array 2000 o atsssssd
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The I-V and P-V characteristics of the entire SP
array topology are shown in figure 5 by the dotted lines.
As can be seen from curves, the -electrical
characteristics are deformed and multiple MPPs are
observed. The voltage and current coordinates for the
global MPP (GMPPI1) are (163.05 V, 31.11 A) with
maximum output power equals 5072 W. That means
the mismatch power loss of the non-uniform aged PV
array equals 1428 W, which is a significant power loss
approximately 22% of the expected output power.
Moreover, if the MPP tracker fails to track the global
MPP, a misleading power loss is added to the
aforementioned mismatch losses.

In fact, due to a current mismatch among series PV
modules under this situation, each PV string current is
limited by a minimum current of the un-bypassed
module of those strings. Reconfiguration methods can
be used to improve the performance of the
non-uniform aged PV array by relocating the PV
modules so that the rate of change of current in each
string is small. Although reconfiguration techniques can
mitigate these mismatch power losses, they do not
totally eliminate them in case of SP array topology.

Now consider the (548) non-uniform aged PV array
is stacked through 5 series-connected CCOs. To
demonstrate the feasibility and the effectiveness of the
proposed topology, its performance is re-evaluated
under the same assumptions. The I-V and P-V
characteristics of the CCO topology during the
simulation run are shown in figure 5 by dashed lines.

0)

Figure 5. The characteristics of the PV array for both topologies: (a)
the I-V curves and (b) the P-V curves

As can be seen, the PV array curves have a unique
MPP which easy to follow by a simple MPP tracking
algorithm. The global MPP (GMPP2) is located at
coordinates of (159.13 V, 38.74 A) and the maximum
output power is 6165 W. This means the maximum
output power is increased by 1093 W compared to SP
array with bypass diodes topology (i.e. the power loss
reduced to only 5% of the total expected output
power). However, there is a power loss equals 335 W
due to a current mismatch between series-connected
CCOs.

Table 3
Illustration of the rearrangement process of the aged
PV panels
Before Rearrangement Kq
09 0.7 |07 0.6 0.6 0.5 0.5 0.8 5.3 pu
0.8 0.8 0.6 0.5 0.7 0.7 0.4 0.6 5.1 pu
0.5 (04 04 | 0.6 0.8 0.6 0.5 0.8 4.6 pu
0.7 0.6 0.7 | 0.7 0.9 0.9 0.8 0.7 6.0 pu
09 0.8 0.6 0.8 | 0.5 0.5 0.4 0.5 5.0 pu
After Rearrangement Kq
0.9 | 0.7 0.7 0.6 0.6 0.5 0.4 0.8 5.2 pu
0.8 0.8 | 0.6 0.5 0.7 0.7 0.5 0.6 5.2 pu
0.5 0.4 0.4 0.6 0.8 0.9 0.8 0.8 5.2 pu
0.7 106 | 0.7 0.7 0.9 0.6 0.5 | 0.5 5.2 pu
0.9 0.8 0.6 0.8 0.5 0.5 0.4 0.7 5.2 pu

This current mismatch can be treated by relocating
the PV modules such that all CCOs get the same sum
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of current aging coefficients (K, = Z K. ). A set of

p=1 7
optimal solutions can be acquired, one of which is
illustrated in table 3. As shown below, the is identical
for all optimizers, so the optimal maximum output
power is obtained. Figure 5 shows the corresponding
I-V and P-V characteristic curves after rearrangement
of PV panels by solid lines. The new global MPP
(GMPP3) coordinates become (153.98 V, 42.17 A)
with a maximum output power of 6493 W, which is
approximately the total expected maximum output
power from the aged PV array.

IV. Reconfiguration algorithm for CCO topology

This section presents a simple reconfiguration
algorithm for extracting optimum power from CCO
topology and eliminating mismatch power losses for
large-scale non-uniformly aged PV plants. This
reconfiguration strategy requires information about the
per unit value of K . of each PV module which is
proportional to the short-circuit current. The idea of
the proposed algorithm is to keep swapping PV
modules from one CCO to another until all CCOs have
the same K. At this point, the optimal solution is
obtained as there is no current mismatch between
optimizers. The flowchart of the proposed CCO
topology reconfiguration strategy is as shown in figure
6. The algorithm can be described throughout the
following five steps.

Step 1: Calculate the optimal value of K for all

CCOs as given in (4)
« 1 X
n:

Where n is the number of utilized CCOs.

Step 2: Select the two PV modules to be replaced in
order to obtain a better equalization of K.

a) Calculate K for each CCO from 1 to N and
arrange them in descending order (for n=1,_N).

b) Identify the two CCOs with the highest and
lowest value of K.

c) Swap all PV modules one by one in the two
identified CCOs that have the highest and lowest value
of K.

Step 3: Minimize the difference between K of the
two selected CCOs.

a) At each swap, the new value K for both CCOs
will be calculated and the swap will only be approved if
the CCO with the lowest K, does not exceed the

optimal value (Kg ).

Step 4: Repeat the process to minimize the
differences between the K, for all CCOs.

a) If a swap is approved, repeat step 2 and step 3
until the CCO with the lowest value of K is reached

to the optimal value Ké.

b) Otherwise, go to the next CCO with the
second-highest (then third-highest, fourth-highest, etc.)
value of K until no swap can be approved.

Step 5: Check if all CCOs have the optimal value

(Kg)-
a) If the number of the CCOs (N), that have Ké is

less than the total number of CCOs (n), go to step 3(b).
b) Otherwise, optimum CCO topology
configuration is achieved.

Start

A 4

/ Insert Ksc for all modules /

A 4
Calculate KG™

A 4

<
<

A 4
Calculate K¢ for each CCO
from 1 to Nand arrange them
in descending order
n=1,2 .., N-ILN

>
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Figure 6. The reconfiguration strategy flowchart
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V. Conclusion

This paper proposed a CCO topology to extract
maximum power from a non-uniform aged PV array
without replacing the aged panels by new ones.
Computer simulations on Matlab/Simulink have been
carried out in order to confirm the performance of the
proposed topology. According to simulations results,
the power extracted from non-uniformly aged PV array
based on CCO topology is significantly increased
compared to conventional SP array topology with
bypass diodes. With CCO topology, the percentage of
power saving compared to SP array topology before
rearrangement of PV panels is 16.82% and after
rearrangement is increased to 21.86% (i.e. about 99.9%
of expected power is extracted). Finally, the paper
proposed a simple reconfiguration algorithm to extract
optimum power from non-uniformly aged modules for
large-scale CCO  topology applications.  This
reconfiguration strategy requires inexpensive
instruments to periodically perform short-circuit
current inspections of PV modules during maintenance.
Thus, the proposed algorithm can substantially improve
energy efficiency as well as profitability for any PV
system scale.
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OnTumajbHOe U3BJIeYeHHEe SHEPrud U3 HEOTHOPOIHO CTAPEIOIIEro
(h0TO2/IEKTPHIECKOr0 MACCHBA C HCII0JIb30BAHMEM CYMMATOPA TOKA

PE®AAT A., OCMAH M.H., KOPOBKIH H.B.

Crooicnble ycaogus dKCnAyamayuu homosneKkmputeckoll Mampuybl Ha OMKPbIMOM 8030yXe NPU8oOsm
K HepasHOMepHOMY CMAapeHur0 (omosNeKmpuveckux nameneil, 4mo cokpauwaem cpok cayxucovl omosnex-
mpuyeckux Mooyaei u sHepeemu4ecKyio sggexmuenocmo éceil mampuybl. Ilpu HepagHOMEPHbIX YCAOBUSX
cmaperus 045 nocaed08amenbHo COeOUHeHHbIX QOoMmoINeKmpu4ecKux mooyaeil XapaKkmepucmurku eceii ¢o-
MO3NEKMPUYECKOU MAMPUUbL USMEHSIIOMCS, YMO NPUGOOUM K NOSIGAEHUN) MHORUX NUKO8 HA KPUBOL Onmu-
MaAbHO20 0MOOPa MOWHOCMU, AUULL O0UH U3 KOMOPbIX coomeemcmeyem enobarvHomy onmumymy. [lose-
AeHue 00NOAHUMENbHbIX NUKOG 8bi3bleaem OWUOKU 6 pabome mpaduyOHHbIX U WUPOKO UCNOAb3YEMbIX Me-
mo008 OMCAHCUBAHUSL MOUKU MAKCUMAAbHOU MOWHOCMU, YMO NPUEOOUM K OONOAHUMEAbHbIM NOMEPIM
MowHocmU. Dma cmamopsi npedadaeaem UCHOAb308AHUE CYMMAMOPA MoKa 05 U36Ae4eHUs. MAKCUMAAbHOU
MOWHOCMU U3 HEOOHOPOOH020 (homoasekmpuueckoeo maccuga. Ilpu ucnoav3oganuu cymmamopa moxka xa-
PAKMEPUCMUKU MACCUBA (DOMOINEKMPUHECKUX MAMPUy nNpuodpemarom YHUKAAbHYH Gopmy, baaecodaps
KOMOPOU MAKCUMANbHAS MOWHOCMb Onpedeasemcs 00HO3HAYHO, 0adce ecau CAedo8amv Npocmomy an2o-
pummy ee onpedenenus. CredogamenbHo, NPedrodceHHoe peuleHue no3eoasem u3oexncamos nomeps MOULHO-
cmu. Ilpogedeno cpasnHumenvroe uccaedosanue 041 OeMOHCMPayuu dPPeKmusHocmu npeoaodceHHO20 pe-
wenus. B koneunom umoee, 6 cmamoe npedcmasnen agMOHOMHbLI AA20PUMM NEPeCMAHO8KU YCIMAaPesuIuxX
Mooyaell 045 U36AeueHuUss ONMUMAAbHOU MOUWHOCMU U3 KPYNHOMACUMAOHBIX (OMOINEKMPUHECKUX MACCU-
608.

KniodyeBble CJOBa: ¢omossekmpuieckas cucmema, Cymmamop moxd, HepasHomMepHoe cma-
peHue, XapaKmepucmuxku omosneKmpu1eckoll Mampuybl, nomepu MOWHOCMU, NepecmaHosKka modyeil,
Memoobl peKoHueypayuu

A e mo p v Pepaam A. — Cankm-IlemepOypeckuii Koposxun H.B. — Jlokmop mexH. Hayk, npogheccop
noaumexuuueckuii  yHugepcumem Ilempa Beauxoeo. Canxm-IlemepOypeckoeo noaumexHu4eckoeo yYHUGepCu-

Ocman M.H. — Canxcm-IlemepGypeciuii noaumexu- mema Ilempa Beaukoeo, C.-Ilemepbype, Poccus.

yeckuti yHugeepcumem Ilempa Beauxoeo.



