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Solar photovoltaic (PV) modules consist of solar cells connected in
series to provide the required output power. The solar PV system is
experiencing major challenges, which are mainly due to the partial
shadows on the photovoltaic modules leading to mismatching power loss
and hot spot problems. Hotspots have become a major cause of PV
module failure. The Cell Partition Technique (CPT) is proposed to reduce
hotspots and minimize mismatch losses caused by partial shadings.
Specifically, each solar PV cell (Full cell) in a solar PV module is divided
or partitioned into two half cells (known as Half-Cut Cells or HC) and
three equal cells (known as Tri-Cut Cells or TC) in accordance with the
proposed technique. The HC and TC types of cells are connected in a
strings of series-parallel connection, and bypass diode is placed in
middle of the solar PV module to ensure proper operation. The primary
aim of this research is to model, evaluate, and investigate the
performance of solar PV arrays using new PV modules are developed
based on Cell Partition Technique (PVM-CPT), such as half-cut cell
modules (HCM), and tri-cut cell modules (TCM) and compared with full-
sized cell modules (FCM). These PVM-CPT are connected in Seriesi
Parallel (SP), Total-Cross-Tied (TCT), and proposed static shade
dispersion based TCT reconfiguration (SD-TCTR) for the array sizes of
3x4, 4x3 and 4x4, respectively. The purpose is to select the most
appropriate solar PV array configurations in terms of the highest global
maximum power and thus the lowest mismatch power losses under short
and narrow, short and wide, long and narrow, long and wide type of cell
level partial shadings. The Matlab/Simulink software is used to simulate
and analyze all of the shading cases. The results show that, when
compared to conventional module configurations under different shading
conditions, the proposed static SD-TCTR arrangement with TC modules
(SDTCTR-TCM) exhibits the lowest mismatch power losses and the
greatest improvement in array power.

Keywords: SolarPV module Full cell; Half cell; Tri cell; Array configurations
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1. Introduction

Static

Solar PV power generationis universallyavailable,virtually endless pollution

free, and simple to utilize[1]. The global photovoltaic (PV) mar

ket projection (2019

2023 anticipateda demandto rise by 12%to 144 GW in 202Q 10% to 158 GW in
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20217% to169GW in 2022,and6% to180GW in 2023.We anticipate that the world's
total installed capacity might reach as much as 1,610 GW by the end of 2023 under
optimal conditiong2].

While thereare a variety of problemsthat areimpedingthe advancemenof PV
generatingechnologytheinherentgeneratiorefficiencyof PV cellsin partialshadowing
conditionsis one of the most significant[3-6]. Controlling PV moduleswith maximum
power point tracking (MPPT) technologyis a key strategyfor maximizingthe efficiency
of a particularPV array [7-8]. The hotspot effect happens when the maximum current
generation capacity of one or more cells in a sersected solar cell string is dropped
to values below the module's operational current. In this situation, reverse bias across
cells with lesser auent induces heat dissipation. Although bypass diodes are extensively
utilized to safeguard the cells, the hotspot effect remains a key failure mode for silicon
solar modulesilt is possible to reduce resistive losses in a solar module by cutting solar
cdls into two, and three parts which reduces the amount of current flowing in each cell.
That's why PV module efficiency can be improved by reducing the amount of power loss.
New technique,to improve efficiency and reduce overall power losseg a hotspo
effecta solar cell is split into two halves three equal parissing a laser cutting known
as the Cell Partition Technique (CPT), is introduced in this WolRKl hasbeenproposed
for the developmenbf new solar photovoltaicmodules.Thesesolar PV moduleshave
beennamedas PV moduledlevelopedased on the cell partition technigi®/M-CPT).

CPT usesconventionalsolar cells that have beencut in half and onethird to generate
electricity (i.e., full cell is equally divided into two and three equal parts). Insteadof

having a single solar PV modulewith 36 or 60 or 72 full cells, the module could be

dividedinto 72 or 120 or 144 half-sizedcellsand 108 or 180 or 216 tri-sizedcells while

maintainingthe samedesignand dimensionsas traditional modules,accordingto the

manufacturer.

Electricallossesarecalculatedusingthe formula PessI.Rs, Which is equalto the
squareof the electricalcurrentmultiplied by theresistanci®-10]. If asolarcell is cutinto
half or onethird, it will producehalf or onethird of the current andthe resistance is
reduced tdalf or onethird of the full cell resistanceDueto the fact thatthe powerloss
is proportionalto the current The half-cut cell modulesminimize the power loss by a
factor of four, resultingin an increasein the power produced.However,therewill be
twice asmanyof them.As aresult,if they areconnectedo operatein the samemanner
asa conventionakolarmodule,the currentwould be the same but the resistancevill be
reducedby half. Becauseof the lower resistanceglectricallossesare reduced,and the
moduleefficiencyis increasedThus, half-cut andtri-cut cells improvethe performance,
longevity,andshadetoleranceof the PV moduleWhena solarcell in a modulestringis
shadedthe energyproducedby the un-shadecellsis transferredasheatinto the shaded
cell. This createsa hot spotthat can damagethe solar moduleif it persists.lt canuse
twice as many module cell stringsto reduceheat. The lower heat productionshould
reducedamageto the solar PV modulefrom hot spotsand boostmodulelongevity. In
half-cell and tri-cell modules, bypassdiodes are used to prevent power loss from
occurring from the shadedarea of the module rather than the complete module. It
providesa replacementpath for the currentto travel in the un-shadedportion of the
circuit and preventsthe currentfrom passinghroughthe shadedoortion of the circuit. It
minimizesthe impact of shadeand improvesthe performanceof the solar PV system
undershadingconditions[11-14].
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In aconventionakolarPV module,a numberof solarcellsareconnectedogether
to form a solarmodulewith a predeterminedavattage In the Half-cut cell andTri-cut cell
type of partialcell modulesthefull cells arecutinto half andonethird, respectivelyand
thenassembledo form the modulewith the specifiedwattage Generally, hecellsarecut
with the help of lasertechnology.Losseshat occurwhencurrentis transferredrom one
cell to anotherwithin a modulearereducedasa resultof this procedure Cutting a solar
cell into half or onethird pieces minimizes the resistanceloss acrossthe entire
interconnectedstring of solar cells in a module, resulting in increasedefficiency and
power output. However, power loss is proportionalto the squareof the current. As a
result,the powerlossin a half cell and tri cellis decreasedby a factor of four and nine
respectivelyBy loweringthe powerloss,thefill factorcanberaisedwhichincreaseshe
cell's ability to generatemore current from the availablelight [15-17]. By using the
proposed CPThe standard 36, 60, T@imber of full size cell modulewe converted into
72, 120, 144umber of half cell moduleand 108,180216 number of tri cell modules
The new designdecreasesternallossesyesultingin enhancegerformancen termsof
energyyield, particularlyduringtimesof highirradiance.

Finally, the standardfull-sized cell modules(FCM) and cell partition technique
(CPT) basedpartial cell modules,i.e., half-cut cell modules(HCM) and tri-cut cell
modules(TCM) areconnectedn 3*4, 4X3, and 4*4 array sizes witkerie$ parallel(SP)
TotalCrossTied(TCT), and proposed static shade dispersion based TCT
reconfigurationg SD-TCTR) arrangementgndthe performanceaundervariouscell level
shading conditions is investigated. T h e ASol ar Cell o package
Matlab/Simulink (version 2018a, MathWorks, USA) was built and proven to operate
basic PV mdules under normal conditions (STStandard Test Conditions). To simulate
partial shade of a module comprised of half cut cells, Tri cut cells this study only uses the
Matl ab/ Si mul i nk component ASol ar Cell 0. Th
componentbecause it was built on the validated doutilede replacement PV cell
model. The literature has numerous concepts for modelling PV cells/modules.

Thefollowing is the structureof the paper.Section2 describs the mathematical
modelingof doublediodesolarPV cell andmodule.Section3 presentghe performance
investigationsof partial solar cell modulesusing the cell partition techniqueundercell
levd shadingconditions,Section4 discusgsthe proposedshadedispersionbasedTCT
reconfiguratiofSD-TCTR) usingPVM-CPT in different arraysunderSW, SN, LW and
LN shadingsFinally, conclusionsaredrawnin Section5.

2. Mathematical Modeling of the Solar PV Cell and Module

2.1 Modeling of a Double Diode PV Cell and Module

Figure 1(a)illustratesthe equivalentmodel of the doublediode photovoltaiccell.
Therearetwo anti-paralleldiodesin the model,aswell asseriesresistanceand parallel
resistanceFigure-1(b) showsthe constructionof a solarPV array,depictingthe number
of modulesand the numberof seriesconnectedsolar PV cells in eachmodulein the
array.
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Figure 1. (a) Equivalent Double diode PV cell model. (b). Solar PV array with modules and cells

By applyingKi r ¢ h buadnttaw fer the PV cell model,the PV cell currentis
givenin equation(1) [18].

whereiy is the photocurrentwhenthe PV cell is exposedto sunlight, the anti-parallel
diodecurrentsareiq; andiq,, andi, representshe parallelresistorcurrent.Substitutethe
expressiorfor i, igz andiqy in Equation(1). Thereforethe cell currentis derivedas per
Equation(2).

Temo a8l Temo a8y T—o =8|y

T m® —Ta. vy m® BEX>E R °

whereis; andis;arethe reversesaturationcurrentsof the diodeD1 andD2, respectively.
V¢ is the module thermal voltage and calculatedas V=kT/q, where q is the electron
chargewith a valueof 1.60%10"° C, Boltzmannconstaniask = 1.3806503x 1023 J/K,
andT is the cell temperatureR, and Rs are paralleland seriesresistancesiespectively.
The a; and a, arethe quality factorsof the two diodesD; and D, usedin the two-diode
mode| respectively

The PV moduleis madeup of solarPV cells which are connectedn seriesand
indicatedby the symbolNse WhenNge cellsarelinked in seriesthe outputcurrent(iy,) of
the PV moduleis expressedn termsof the outputvoltage (V). Equation(3) represents
thetotal currentdrawnfrom a PV module[12].

S |

A - =| v o Ao = =| v o =| & mg

iy I’—Tgv ] iy I’-Tv ] Jvd_

2.2 Solar PV Cell Parameters

The parameterf solar cell are given in Table 1. In this paper,the solar PV
modulesbased orcell partition techniqu@®VM-CPT) aredevelopedy usingtwo diode
solarcellsin the MATLAB -Simulink software.For designinga 40 W solarmodulewith
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36 numberof solar cells (full sizedcell), the opencircuit voltage V. and short circuit

currentlsc of eachsolarcell is takenas0.6083V and2.45A, respectively A solar cell's
series resistance (Rs) i's 0.0079 (defa@tnd i t
value)in simulink tool @sshownin Figure?2). Half cut cell (HC) andTri cutcell (TC) in

the MATLAB -Simulink is develoged by consideringthe short circuit currentof each

partition cell which is half andonethird of full sizedcell (FC). Characteristicaregiven

in Tablel.

Table 1. Characteristics of Solar cell used in a FC,HC, and TC PV modules

SNO Parametersof cell FCPV | HCPV | TCPV | Solarfull cell
Module | Module | Module | in simulink
1 Shortcircuit current,ls (A) 2.45 1.225 0.8166 v oe
2 Opencircuit voltage,V ¢ (V) 0.6083 | 0.6083 0.6083 =
3 Irradianceusedfor 1000 1000 1000 —_
2
measurements;r (W/m?) T
Solar Cell
4 Temperature] (°C) 25°C | 25°C 25°C ol
5 Quality factor, N 1.5 1.5 1.5
Block Parameters: Solar Cell Iéj
Solar Cell
This block models a solar cell as a parallel combination of a current source, two exponential diedes and a parallel resistor, Rp, that are
connected in series with a resistance Rs. The output current 1 is given by
1 = Iph - Is*(e~{(V+I"Rs)/(N*VE)-1) - Is25(e~{({(V4+I"Rs)/(N2*VL))-1) - (v+I*Rs)/Rp
where Is and Is2 are the diode saturation currents, Vtis the thermal voltage, N and N2 are the quality factors (diode emission
coeffidents) and Iph is the solar-generated current.
Models of reduced complexity can be specified in the mask. The quality factor varies for amorphous cells, and typically has a value in
the range of 1 to 2, The physical signal input Ir is the irradiance {light intensity) in W/m~2 falling on the cell, The solar-generated
current Iph is given by Ir*=(Iph0,Ir0) where Ipho is the measured solar-generated current for irradiance Ir0.
Settings
SO I a r Ce I I | cell characteristics | configuration ! Temperature Dependence |
(I n M atla b/si mu |-| n k) Parameterize by: IBy sfc current and ofc voltage, 5 parameter et |
Short-dircuit current, Isc: 2.45 A ad
Open-drcuit voltage, Voc: 0.6033 W -
Sym b0| Irradiance used for measurements, Ird: 1000 Wim~2 i
4 Quality factor, N: L5
Series resistance, Rs: 0.0079 Ohm =
[ Ok ] | Cancel | | Help | ‘ Apply

Figure 2. Parameters of Solar PV Full Cell in the MATLAB-Simulink software

3. Performance Investigations of Partial Solar Cell Modules Using Cell
Partition Technique under Cell Level Shading Conditions

3.1 Methodology: Cell Partition Technique (CPT)

In general,a solar PV moduleis madeup of a numberof solarcells (full-sized
cells)thatareconnectedogetherin seriesA cell stringis formedwhena numberof solar
cells areconnectedn series(creatinga so-called cell string), andthe sumof the single
cell voltagesresultsin a string voltagethatis equalto the sumof the singlecell currents.
As a result, when dividing or partitioning a full-sized cell into two or three equal
portions,this techniquds referredto asCell Partition Technique(CPT). This partitioning
resultsin a 1/2 or 1/3 reductionin current,aswell asa reductionin ohmic losses.The
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ohmic lossis dependenbn the equationPonric 10s= 1A B which describeshe effect of
currenton the ohmic loss.Becausethe squaredcurrent has the greatesteffect on the
ohmicloss,while the seriegresistivity'Rs' hasa linear effect. Electricalcurrent'l' flowing
on busbaris halved'l/2' in HCM and|/3 in TCM, andResistivelosseg¢ohmic lossesin a
HCM and TCM is 1/4 and 1/9 of a FCM resistive lossesespectively.The Full cell is
partiotionednto atwo andthreeequalpartsusingCPT, asshownin Figure3.

Pra—
Solar cell
L J
Bus bar

(a) Full-Cell (FC) (b) Half-Cut Cell (HC)  (c) Tri-Cut Cell (TC)
Figure 3. Partial Solar Cells using CPT

Utilizing halved and tri cells in solar photovoltaic modules (i.e. partial cell
modules)effectively reducesresistive power loss. Halved and Tri cells are createdby
lasercutting the standardull-size cells cut into half and onethird, perpendiculato the
busbarsThe halvedandtri cells arethenjoined andpackagednto a single photovoltaic
module.We outline the theory underlyingthe benefitsof utilizing HCM andTCM in a
silicon waferbasedphotovoltaic module and conducta performanceanalysisof PV
modules developed based on CPT techniguiiegthe matlab/simulinksoftware

3.2 Performance Investigations of proposed partial cell modules based on CPT
SolarPV Modulesbased orCPTPVM-CPT)

The standardsingle PV modulewith 36 numberof seriesconnectedrull cells
(FC) to form full cell module(FCM) asshownin Figure4(a). Thefull sized36 cellsare
partitionedinto 72 half cellsandonepartof 36 seriesconnectedalf cellsis connectedn
parallelto otherpartof 36 seriesconnectedalf cellsto form Half cell module(HCM) as
shownin Figure4(b). Thefull sized36 cellsarepartitionedinto 108tri cellsandonepart
of 54 seriesconnectedri cellsis connectedn parallelto otherpartof 54 seriesconnected
tri cellsto form a Tri cell module (TCM) as illustratedin Figure 4(c). Bypassdiodes
(BD's) are connectedn eachsolar PV moduleto bypassthe solar cells undershading
cases.The electrical power generatedoy the FCM, HCM and TCM is approximately
40.02W, 40.75W, and W respectivelywith an open circuit voltage of 0.6083V.
Standard=CM and partial cell PV modules,i.e., HCM and TCM, with representative
currentflow throughcell strings(1, 2, 3, 4) and bypassdiodes(a, b), asillustratedin
Figures 5(a),5(b),and5(c)[19].

A standardsolar module (developedn this paperis a 40W modulewith 36 full
cells) hastwo internal cell strings. The HCM and TCM, on the other hand, have four
internalcell strings,makingit a four stringmoduleinsteadof two strings.A singleminor
spotof shadeon a module (suchas a leaf or bird dropping)will disablethe entire cell
string, but will haveno effecton the others.This is dueto the bypassdiodes(shownin
black color in Figure5). Partially shadedcells arelessseveren the half-cut and Tri-cut
cell modulessincethey havemore strings. The internal cell stringsof FCM is 2, while
theinternalcell stringsof HCM andTCM are4 (with only two bypassdiodes),resulting
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in improvedpartiatshadeolerance Evenif half of the moduleis shadedthe otherhalf is
still capableof operatingandgeneratingelectricity

ShadingLoss, Resistiveoss andHotspotHeatingin Partial Cell Modules

Due to thedifference in current between the two parts of the cell, the shading loss
in half-cut cells and trcut cells is insignificant. If half of the string cells are shaded, that
region is affected, and the bypass diode for that half of the string cells veititivated
Mearwhile, the other half of the string cells is still in action, and the bypass diode for that
half of the string cells will be inactive. The power generated by the other half of the cell
is unaffected by this event. With reference to TéhMhich depicts bypass diodeand
b as a white triangle, and internal cell strings as 1, 2, 3, and 4, this becomes &sdent.
result, halfcut or tricut cells are favoured over conventional cells in order to reduce
shading losses. The use of sepasllel-series connections in hattit and tricut cell
modules (HCM and TCM) significantly reduces the amount of heat lostcdiHdnd tri
cut cells, for example, have a lower temperature rise in a hotspot cell thantfaélls,
which reduces the degtation caused by such a situation. In partial shading, the module
can save up to 50% of its power because the strings are configured in parallel. It is also
less likely that there will be hotspots due to shading in the future. With regard to the
series reistance of a module made of silicon wafer solar cells, it can be divided into two
categoriesFirst, there is the series resistance of the cell (which includes bulk silicon
resistance, metal semiconductor contact resistance, and resistance of metaleslectro
and second, there is the series resistance of the ribbons (which includes resistance of the
ribbons and metal electrode resistan@éle relationship between ohmic loss and current
iS Poinic oss = 1A B and the ohmidoss of partial cell modules is lower than that of a
normal full cell PV module.

9 10 | 27 | 28 14 ] 15 a1 a7
1 18 13_| 186 a0 | a3
7 12 25 30 11 18 38 45
2 17 20 35 6 13 24 31 10 9 37 46
7] 0 36 Z
5 14 23 32 8 1 35 48
3 |116| 21|34 2 1 22 1 33 Z 2z | 3 :3
3 16 21 34 24 32 51
4 |15| 22|33 > 171 20 | 35 - 25 T o1 2
1 18 | 19 36 2 7 29 54
5114 |23]| 32 TR | 28 |1
37 94 55 72
6 |13 | 24| 31 38 | 53 | 56 | 71
39 52 57 70
7 | 12| 25|30 40151158 ]69
41 | 50 | 50 | 68
8 |11 (26|29 42 | 40 | 60 | 67
43 | 4ag | 61 | 66
(o] 10127128 44 47 62 65
45 46 6.3 64
(a) 36 Full Cells with 2 BD's (b) 72 Half Cells with 2BD's (c) 108 Tri Cells with 2BD's

Figure 4. lllustration of Standard 36 Full Cell module and Proposed PV modules using 72 Half
Cells, and 108 Tri Cells with two BD's

Tr Ren Energy, 2022, Vol.8, No.1, 1-27. doi: 10.17737/tre.2022.8.1.00134 7



Peer-Reviewed Article Trendén RenewablEnergy8

%

%
bl
Pt

(@)

A

(a) 32 Full Cells: FCM (b) 72 Half Cut Cells: HCM (c) 108 Tri Cut Cells: TCM
Figure 5. lllustration of Standard FCM and Proposed Partial Cell Modules with two BD's

3.3 Effect of Internal Cell String Shading in FCM, HCM and TCM

The amountof powerthata single solar PV modulecanproducein the Smulink
softwarewith 36 full cells, 72 half-cut cells and 108 tri-cut cells are approximately
40.02W, 40.75W, and 4. The standarddOW FCM hastwo internal stringsof cell but
HCM, andTCM hasfour internal stringsof cells asexposedn Figure5. Onestring is
madeup of atotal of 18 cellsthatareconnectedogetherin a series.Thevoltage,current,
andpowerof a solarFCM, HCM, and TCM underdifferentinternal cell string shading
atirradiance of0 W/n? aregivenin Table2.

Operationof FCM, HCM and TCM underCell Siring Shadings

Figure 5 illustrates the 36 full cell module,72 half-cell module and 108 tri-cell
module.The poweroutpu(Wp means watts peak) standardsinglefull cell moduleis
approximatelyaOW. The operationof FCM, HCM and TCM with two bypass diodes (a,
b) at irradiance of 0 W/fare clearly elaboratedn Table 2. It should be noted that all
modules receive full irradianag 1000 W/nfin the uniform irradiancease and imases
1 to 6, the modules receive irradiarsaaf 0 W/n and 500 W/, The simulationresults
for shading casek to 6 aregivenin tables 3 to 8.
Under uniform irradiance case (CaseU): All modulesof FCM, HCM and TCM are
generatng full output power of approximately40.02W, 40.75W, and 4 respectively.
In this casejwo diodesland?2 areinactive.
Undershadingcasel: In this casefirst stringof half cellsis shadedin FCM, thediode
a is activeandit bypassingshadedstring-1 and diodeb is inactive.ln HCM and TCM,
diode2 is inactiveanddiodea is active Soshadedstring3 is bypasse@ndpoweris still
beingproducedoy top string-1.
Undershadingcase?2: In this casecellsin bottomleft stringareshadedThediode ais
active i.e., bypassinghadedstringanddiode b is inactivein FCM, HCM andTCM.
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Undershadingcase3: In this case half cellsshadedn two strings.Thediodea is active
diode b is active andit bypassinghadedstringsin FCM, HCM andTCM.
Undershadingcase4: In this case pottommodulecellsareshadedThediodea is active
diode b is activein FCM, HCM andTCM, andit bypassinghadedstrings

Under shadingcase5: In this case,one cell shadedin string. The diodea is active:
bypassingshadedstringanddiode b is inactivein FCM, HCM andTCM.
Undershadingcase6: In this case pottomcells shadedn solarPV module.Two diodes
areactivein FCM. Thediode a is active:bypassingshadedstringanddiodeb is inactive
in HCM andTCM.

Table 2. Effect of internal cell string shadings at irradiance of 0 W/m?in FCM,
HCM, and TCM with bypass diodes (a, b)

Shading | Standard PV module | PV modulewith Half PV module with Tri
Cases | with Full Cells: FCM Cut Cells: HCM Cut Cells: TCM
( 2 internalstringsof cells) (4 internalstringsof cells) (4 internalstringsof cells)
CaseU I ' -
(Un- .
Shade)
Diode-a: inactive Diode a: inactive Diode- a: inactive
Diode-b: inactive Diode-b: inactive Diode- b: inactive
Voltage(V) 100% Voltage(V) 100% Voltage(V) 100%
Current(A) 100% Current(A) 100% Current(A) 100%
Power(Wp)  100% Power(Wp)  100% Power(Wp)  100%
Shading | | uuse e S8 e
Casel: I | EE
1/4 Cells II I e
Shading 1 i .
in I Wi iSRS
Bottom H ! i=
String T I - !.
Diode a: active Diode ais active, Diode a: active
Shaded String iy Shaded  String is | Diode- b: inactive
bypassed. bypassedPoweris still \éO“age((X)) Igg://o*
H .3 H H urrent 0
Diode- b: inactive lsater:zg producedby top Power(Wp)  ~66%"
Voltage(V) 50% ST . * i
Dlode_ b- Inactlve Dependlng on the MPP
Current(A) 100% tracking, the diode will turn
Power(Wp)  50% Voltage(V) ~ ~66%* on to enable excesscurrent
Current(A) 100% to passthrough.
Power(Wp) ~66%*
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Shading
Casez:
1/2 Cells
Shading
in R e = -
Bottom I
String 75
L ) 1] L 1
Diode a: active Diode a: active Diode a; active
Diode b: inactive Diode b: inactive Diode b: inactive
Voltage(V) 50% Voltage(V) 66% Voltage(V) 66%
Current(A) 100% Current(A) 100% Current(A) 100%
Power(Wp)  50% Power(Wp)  66% Power(Wp) 66%
Shading B
Cases:
3/4Cells
Shading
in =
Bottom
Strings
Diode a: active Diode a: active Diode a: active
Diode b: active Diode b: active Diode- b: active
Shaded String{ Shaded String bypasse{ Shaded String
bypassed. Voltage(V) ~ 100% bypassed.
Current(A) 50%
Voltage (V) 0% Power(Wp)  50% Voltage(V) 100%
Current(A) 0% Current(A) 50%
Power(Wp) 0% Power(Wp) 50%
Shading | [ mms i i B T
Case4: I
Bottom It
Half T
Module - > -
Shading

Diode- a: active
Diode- b: active

Diode- a: active
Diode- b: active

Diode- a: active
Diode- b: active

Shaded String; Shaded String} Shaded String
bypassed. bypassed. bypassed.
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Voltage(V) 0%
Current(A) 0%
Power(Wp) 0%

Voltage(V) 100%
Current(A) 50%
Power(Wp)  50%

Voltage(V) 100%
Current(A) 50%
Power(Wp)  50%

Shading
Caseb:
OneCell
Shading
in
A String

= = T -+

Diode- a: active
Diode- b: inactive

50%
100%
50%

Voltage(V)
Current(A)
Power(Wp)

I
I
f
I
I
f
I
I
e
l
|
[
[
[
[
I
[

Diode- a: active
Diode- b: inactive
66%

100%
66%

Voltage(V)
Current(A)
Power(Wp)

Diode- a: active
Diode- b: inactive

66%
100%
66%

Voltage(V)
Current(A)
Power(Wp)

Shading
Caseb:
Bottom
Cells
Shading
in Strings

Diode- a: active
Diode- b: active

Shaded String
bypassed.

Voltage(V) 0%
Current(A) 0%
Power(Wp) 0%

Diode- a: active

Diode- b: active

Diode- a: active
Diode- b: active

Shaded Stringy Shaded String
bypassed. bypassed.

Voltage(V) 100% Voltage(V) 100%
Current(A) 50% Current(A) 50%
Power(Wp)  50% Power(Wp) 50%

The simulationresultsof a single FCM, HCM and TCM undersix internal cell
string shadingconditions(shownin Table 2) with irradianceof 0 W/m? and 500 W/m?
aretabulatedn Tables 3 to 8. Themismatchossandfill factorformulasaregivenbelow.
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Where,GMPR,;; is the global maximumpeakpower (in watts)at uniform irradianceof
1000 W/m?, GMPPyis the global maximumpeakpowe(in watts)in shadingcasesVn
and I, are the maximum voltage (in Volts) and the maximum current (in Amperes)
respectively.Vy is open circuit voltage (in Volts) and I is short circuit current (in
Amperes)of solarPV module.

Table 3. Performance of 36 cell FCM with 2BD's under irradiance of 0 W/m?

Shadin Standard-ull Cell Module (FCM) with 36 Full Cells
g Cases| pmax(W| Vmax(V | Im(A | Voc(V | IsoqA | ML(W) | ML(% | FF
) ) ) ) ) )

CaseU | 40.02 17.72 2.258 | 21.9 2.45 0 0 0.7%6

Casel |29.82 13.26 2.248 | 16.72 | 2.45 10.20| 25.49 0.78

Case2 | 18.83 8.402 2.241 11045 | 2.45 21.19| 52.95 0.735

Case3 |0 0 0 0 0 40.02 100 0

Cased4 |0 0 0 0 0 40.02| 100.00 0

Case5 | 18.83 8.402 2.241 11045 | 2.45 21.19| 52.95 0.735

Case6 |0 0 0 0 0 0 0 0
Table 4. Performance of 36 cell FCM with 2BD's under irradiance of 500 W/m?

Shadin Standard-ull Cell Module (FCM) with 36 Full Cells
g Cases Pmax(W| Vmax(V | Im(A | Voc(V | IsqA | ML(W) | ML(% | FF
) ) ) ) ) )

CaseU | 40.02 17.72 2.258 219 2.45 0 0| 0.7457

Casel |29.9 13.34 2.242 | 21.76 | 2.45 10.12| 25.29| 0.5610

Case2 |22.94 19.19 21.61 | 2.45

1.195 17.08| 42.68| 0.4331

Case3 | 22.1 18.68 1.183 | 21.49 | 2.45 17.92| 44.78| 0.4197

Cased | 21.34 18.27 1.168 | 21.36 | 1.225 18.68| 46.68| 0.8155

Caseb | 24.88 20.35 1.222 | 21.86 | 2.45 15.14| 37.83| 0.4643

Case6 | O 0 0 0 0 0 0 0
Table 5. Performance of HCM with 2BD's under irradiance of 0 W/m?

Shadin Half Cell Module(HCM)with 72 Half Cells

g Cases| pmax(W/| Vmax(V | Im(A | Voc(V |Iso(A | ML(W) | ML(% | FF

) ) ) ) ) )

CaseU | 40.75 18 2.264 | 21.9 2.45 0.00 0.00| 0.7595

Casel |22.28 18.97 1.174 | 21.6 2.45 18.47| 45.33| 0.4208

Case2 |21.83 18.54 1.177 | 21.4 2.45 18.92| 46.43| 0.4162

Case3 | 19.88 17.61 1.129|21.11 | 1.225 20.87| 51.21| 0.7688

Cased4 | 19.46 17.23 1.13 |20.92 |1.225 21.29| 52.25| 0.7597

Caseb |22.3 18.98 1.175|21.82 | 2.45 18.45| 45.28| 0.4172

Case6 | 20.38 18 1.132|21.89 | 1.225 20.37| 49.99| 0.7599
Tr Ren Energy, 2022, Vol.8, No.1, 1-27. doi: 10.17737/tre.2022.8.1.00134 12
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Table 6. Performance of HCM with 2BD's under irradiance of 500 W/m?

Shadin Half Cell Module(HCM)with 72 Half Cells
g Cases| pmax(W/| Vmax(V | Im(A | Voc(V |Iso(A | ML(W) | ML(% | FF

) ) ) ) ) )
CaseU | 40.75 18 2.264 219 2.45 0.00 0.00| 0.7595
Casel |33.02 18.71 1.765| 21.79 | 2.45 7.73| 18.97| 0.6055
Case2 | 32.33 18.42 1.755|21.69 | 2.45 8.42| 20.66| 0.6083
Case3 | 30.62 17.93 1.708 | 21.58 | 1.838 10.13| 24.86| 0.7721
Case4 | 30.02 17.71 1.695|21.49 | 1.838 10.73| 26.33| 0.7803
Caseb |33.12 18.82 1.759 | 21.88 | 2.45 7.63| 18.72| 0.6175
Case6 | 20.38 18 1.132 (21.89 | 1.225 20.37| 49.99| 0.7599
Table 7. Performance of TCM with 2BD's under irradiance of 0 W/m?
Shadin Tri Cell Module(TCM)with 108 Tri Cells
g Cases| pmax(W/| Vmax(V | Im(A | Voc(V |IsoA | ML(W) | ML(% | FF

) ) ) ) ) )
CaseU |41 27.27 1.503 | 32.84 | 1.633 0.00 0.00| 0.7643
Casel |22.37 28.61 0.782 | 32.42 | 1.633 18.61| 45.41| 0.4226
Case2 |21.89 27.96 0.783 | 32.11 | 1.633 19.09| 46.58| 0.4175
Case3 | 19.98 26.38 0.757 | 31.7 0.816 21.00| 51.24| 0.7717
Cased4 | 19.52 25.75 0.758 | 31.38 | 0.816 21.46| 52.37| 0.7618
Case5 |22.39 28.62 0.782 | 32.74 | 1.633 18.59| 45.36| 0.4188
Case6 | 20.5 27.05 0.757 | 32.84 | 0.816 20.48| 49.97| 0.7641
Table 8. Performance of TCM with 2BD's under irradiance of 500 W/m?
Shadin Tri Cell Module(TCM)with 108 Tri Cells
g Cases| pmax(W/| Vmax(V | Im(A | Voc(V |Iso(A | ML(W) | ML(% | FF

) ) ) ) ) )
CaseU |41 27.27 1.503 | 32.84 | 1.633 0 0| 0.7643
Casel |33.17 27.91 1.188 | 32.66 | 1.633 7.81| 19.06| 0.6217
Case2 |32.48 27.62 1.176 | 32.52 | 1.633 8.50| 20.74| 0.6116
Case3 | 30.78 26.89 1.145| 32.38 | 1.225 10.20| 24.89| 0.7762
Cased4 | 30.16 26.62 1.133 | 32.22 | 1.225 10.82| 26.40| 0.7641
Case5 | 33.27 28.47 1.169 | 32.83 | 1.633 7.71| 18.81] 0.6208
Case6 | 20.5 27.05 0.757 | 32.84 | 0.816 20.48| 49.97| 0.7641

Basedon the findings of the simulationspresentedibove, it canbe deducedhat
the performanceof HCM andTCM is bettercomparedo FCM underinternalcell strings
shadingconditions.

3.4 Effects of Cell Level Shadings on PVM - CPT
Shadingoccursdueto severalfactorslike clouds,trees,nearbybuildings etc. It
effects the output power of an solar PV module. In the literature, all researchers
elucidatel modulelevel partial shadingconditionsonly not cell level shadingconditions.
The novelty of this researchis in the investigationof the performanceof PVM-CPT
undervariouscell level shadingconditions.Figures6, 7, and 8 displaythe FCM, HCM,
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and TCM modules,which representlifferent cell level shadingcases.The performance
of PVM-CPT areanalyzedundertwelve cell level shadingswith differentirradiancesand

oneuniform case(CaseU) with irradianceof 1000W/m?. The performancef a standard
FCM with 36 cellsis studiedusing12 shadingsatthecell level, asexposedn Figure6.
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Figure 6. Different Cell level Shadings Considered in a 36 Full Cells Module
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Figure.7. Different Cell level Shadings Considered in a 72 Half Cells Module
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Figure 8. Different Cell level Shadings Considered in a 108 Tri Cells Module

3.5 MATLAB-Simulink model of PVM-CPT

The MATLAB -Simulink modelof a standardull cell module(FCM) for shading
casel( shownin Figure 6: casd) is depictedin Figure9. As illustrated in Figure 6, the
36 cells of an FCM are shaded in accordance with the shadings addressed at the cell
levels.The PVM-CPT subsystem1 consists @nventionalFCM andpartialcell modules
suchasHCM and TCM, which is shownin Figure 9(a). Thesimulink model of PVM
CPT Subsysteml1 and Subsystem?2 for a 36 cell FCM is illustrated in FigurerBéo)
terms 'V, | and P are the solar PV module voltagdV), currenfA) and powelW),
respectively. The output (VI and RV) characteristics of PVMCPT andFCM are
obtained from V, I, and W.

To Workspace (Voltage)

‘ 1
in_1 n 2 ¥
n3 cio cf 23
ne
n5
- - ne To Workspace (Current)
. n7 o el ez —
8
no
= i ¥ ¥ N I
11 €12 {3l caol i ——
n 2
®
_' s 3 N ¥
B 13| 2 =] L
p
! N > N
2. ol oy 23 v
L
n,l
-..

b
Subsystem2 [ PV Graph
W W W P
c17 [ 35|
W

N To Workspace (Power)

u

+
BREBREIENENRRENBNREE s a6

e L PVM-CPT Subsystem1
:‘=F
I

Figure 9(a). Matlab-Simulink model of a single PV Module with 36 Full Cells under Case-1
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Figure 9(b). PVM-CPT Subsysteml1 and Subsystem?2 in Matlab-Simulink model of a single PV
Module with 36 Full Cells under Case-1

3.6 Results and Discussions

In orderto explainvariousshadingcaseswe first describethe caseof uniform
irradiance,(i.e,, no shading which meansthat all cells in a PV module get standard
irradiance ofLOOOW/m?. In uniform irradiancecase(caseU), the poweroutputof single
FCM, HCM andTCM is equalto 40.02W,40.75W, and AV respetively. The simulation
results of asinglestandard FCMandPVM-CPT i.e.,HCM, andTCM under different cell
level shadings are presented in Tables 9, 10, amdspkctively

Table 9. Performance of Single Solar PV 36 Full Cells Module with 2 BD Under
Cell Level Shadings

SeriesConnecte®6 Full Cellsin a SinglePV Module

SANG B W) [ VewlV) | 1A | VodV) | dA) | ML(W) | ML (%) | FF

CaseU 40.02 17.72 2.258 21.9 2.45 0 0 0.746
Casel 21.94 18.62 1.178 21.47 | 1.225| 18.08 45.18 0.834
Case2 22.75 18.99 1.198 21.53 2.45 17.27 43.15 0.431
Case3 21.43 18.25 1.174 21.31 | 1.225| 18.59 46.45 0.821
Case4 15.21 16.91 0.8993 20.62 0.98 24.81 61.99 0.753
Caseb5 18.83 8.402 2.241 10.44 2.45 21.19 52.95 0.736
Caseb 18.84 8.348 2.256 21.8 2.45 21.18 52.92 0.353
Case7? 2488 | 2035 | 1.222 | 21.86 | 245 | 1514 | 3783 | 0464
Case8 32.59 19.19 1.698 21.84 | 2.45 7.43 18.57 0.609
Case9 18.83 8.402 2.241 10.44 2.45 21.19 52.95 0.736
Casel0 21.64 18.4 1.176 21.42 2.45 18.38 45.93 0.412
Casell 0 0 0 0 0 40.02 | 100.0 0

Casel?2 21.94 18.62 1.178 21.47 | 1.225| 18.08 45.18 0.834

Table 10. Performance of Single Solar PV 72 Half Cells Module with 2 BD Under
Cell Level Shadings

ParallelConnectedrwo Half of 36 HC in a Single PVnodules
SrANG B W) [ VealV) | 1) | VodV) | 1dA) | MLOW) | ML(%) | FF
CaseU 40.75 18 2.264 21.9 2.45 40.75 0 0.7595
Casel 30.31 17.8 1.703 2152 | 1.838| 10.44 25.62 0.7664
Case2 22.96 19.13 1.2 21.53 2.45 17.79 43.66 0.4352
Case3 22.44 18.77 1.195 21.35 | 1.837| 18.31 44.93 0.5719
Case4 15.32 17.08 | 0.8966 | 20.62 | 0.98 | 25.43 62.40 | 0.7573
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Caseb 22.3 18.98 1.175 21.84 | 2.45 18.45 45.28 0.4168
Caseb 24.52 18.95 1.294 21.86 2.45 16.23 39.83 0.4579
Case? 33.12 18.82 1.759 21.88 2.45 7.63 18.72 0.6175
Case8 36.94 18.5 1.993 21.84 | 245 3.81 9.35 0.6891
Case9 19.19 8.539 2.247 10.45 2.45 21.56 52.91 0.7494

CaselO 21.83 18.6 1.174 21.4 2.45 18.92 46.43 0.4165
Casell 19.46 17.23 1.13 2092 | 1.225] 21.29 52.25 0.7597
Casel?2 30.02 17.71 1.695 21.5 1.838 | 10.73 26.33 0.7596

Table 11. Performance of Single Solar PV 108 Tri Cells Module with 2 BD Under
Cell Level Shadings

Parallel Connected Two Half of 54 TC in a Single R@dules

AN B W) [ VeadV) | 1A | VodV) | LdA) | MLOW) | ML (%) | FF

CaseU 41 27.09 1.513 32.82 | 1.633 0 0 0.7648
Casel 30.45 26.75 1.139 32.3 1.225| 10.55 25.73 0.7700
Case2 23.02 28.67 | 0.8029| 32.29 | 1.633| 17.98 43.85 0.4366
Case3 22.55 27.99 | 0.8036| 32.02 | 1.225 18.5 45.12 0.5734
Case4 15.56 25.61 | 0.5998| 30.92 | 0.653| 25.64 62.54 0.7608
Caseb 22.45 28.62 | 0.7823| 32.77 | 1.633| 18.61 45.39 0.4184
Caseb 24.83 28.55 | 0.8627| 32.8 1.633| 16.37 39.93 0.4598
Case7 33.27 28.47 | 1.169 | 32.83 | 1.633| 7.73 18.85 0.6208
Case8 37.14 27.84 1.334 32.76 | 1.633 3.86 9.41 0.6942
Case9 19.72 13.1 1.505 1591 | 1.633| 21.28 51.90 0.7588
CaselO 21.89 27.96 0.783 32.08 | 1.633| 19.11 46.61 0.4179
Casell 19.52 2575 | 0.7581| 31.38 | 0.816| 21.48 52.39 0.7618
Casel?2 30.16 26.62 1.133 32.23 | 1.225| 10.84 26.44 0.7639

From the simulation results, it can be concluded that:
1 In uniform irradiance case (cakh, the power output of single FCM, HCM and

TCM is equal to 40.02W,40.75W, and 41W respectively.

1 When compare to the conventio®dM, the power output of HCM and TCM is
improved under the consideration of 12 cell level shading scenarios.

1 In one cell shading case (caSg the maximum power of FCM, HCM and TCM
is 18.83 W, 22.3 W and 22.45 W, respectively.

1 Hotspot temperature and tedlamage impact area RVM-CPT are reduced due
to smaller currents, so the risk of miamack propagation is less. Diode
temperature also reduced.

4. Proposed Static SD-TCTR Array with PVM-CPT

Reconfiguration techniques are used to reduce the effects of partial shading on
solar PV arraysReconfiguration is the process of changing the structure of an existing
PV system, which can be accomplished either by modifying the physical positions i.e.,
physical relocation of PV modules or electrical connections i.e., electrical array
reconfiguration. In order to decrease mismatch lossespartial shading conditions,
reconfiguration techniques has been proposed by several auth28§[2Oreposition of
PV modules inside the PV arrayhis work proposes a static reconfiguration technique to
reduce mismatch losses and increase array power under different cell level shading
conditions. The proposed shade dispersion based total cross tied reconfiguration

Tr Ren Energy, 2022, Vol.8, No.1, 1-27. doi: 10.17737/tre.2022.8.1.00134 17



Peer-Reviewed Article Trendén RenewablEnergy8

(SD-TCTR) is a static reconfiguration method and is useddistribute the shading
effectively throughout a PV array

4.1 General Rule for the Proposed Static SD-TCTR Array Connection

The proposedStatic ShadedispersionbasedTotal Cross Tied recorfiguration
(SD-TCTR) array arrangemenadaptableto shadingpatternsof any size,i.e., row and
columnsizescanbe odd or even.The rule for configuringa generalsolar array can be
definedas
e I YégoawQi | plglolrs
e ROIRL 0w ey e 010 plt foft /8
whereny is written for the "™ elementof the r'™ row andc™ columnof a shadingpattern.
Thefollowing equationsanbe consideredor determiningthelogic numberin a column:
Where f, is the maximum number of rows, angis the maximum number of columns in
a ImX Cysolar PV array.
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If any numberis repeagd in a column, just add 1 to the correspondingcolumn, i.e.,
c=cot+l (Co is therepeatedolumnnumber) Alternatively, createa columnwith the same
numbe(c).

4.2 Formation of Proposed Static SD-TCTR Array Connection [13]

The primary objective of an Static SD-TCTR designis to distribute shadows
throughoutthe arrayundershadingsby arrangingar x c arraycolumnlocationwith the
numbersl1 to c as illustrated in Figure 10.The proposedStatic SD-TCTR array is
implementedusingNumberLogic (NL) methodandthis methodis developedor r = odd
or evenfor the column location arrangemenof the r x ¢ solar PV array. A unique
solutionis obtainedby addingl to the precedinglogic numberin a specificcolumn(c)
androw (r) of a solarPV arrayin orderto avoid the numbersrepeatingin that column
androw. The proposechumberlogic methodis applied for any array siz&yhich is used
in this paperfor 3x4, 4xX3, and4*4 solarPV arraysshownin Figure 10. The 1stnumber
in the box represents logic number andthe 2nd numberdenoteshe columnnumber.
Therow andcolumnpositionsin a4>4 arrayarearrangingwith thenumbersl to 4 in the
proposedarrangementasshownin Figure10(a).R1, R2, R3 and R4 representhe rows
numbes, while C1,C2,C3andC4 representshe columnnumbes.
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(2) 4x4 Array modules with (b) 4x3 Array modules with  (C) 3x4 Array modules with
Proposed NL method Proposed NL method Proposed NL method

Figure 10. SD-TCTR arrangement of 4] 4, 4! 3 and 3} 4 arrays with Number Logic(NL) method

4.3 Performance Investigation of 3x4, 4x3 and 4x4 SPV Arrays with Cell Level
Shading
Cell LevelShading(CLS)Conditions

In orderto investigatethe performancef PVM-CPT, we haveconductedhetests
on 344, 4X3, and4*4 solarPV arraysundercell level shading(CLS) conditions.In this
section total four shadingcasesmainly Short Narrow (SN), Short Wide (SW), Long
Narrow (LN), Long Wide (LW) type undercell level are consideredor analyzingthe
performanceof solarPV arrays.Figuresl1l and 12 illustrate the various partial shading
conditionsthatwereinvestigatedn this study.Figurellillustratesthe 3>4, 43, and4>4
SPV arrayswith different cell level partial shadingcases suchas SW, SN, LW, LN
(case:1to case:4) and Figure 12 representshe shadedcells positionsin PVM-CPT of

differentPV arrays.
1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 LWl | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000
1000 | 1000 | 1000 | 1000 5N SN 1000 | 1000 LW1 | 1000 | 1000 | 1000 LN LN LN 1000
SW SW SW SW 5N SN 1000 | 1000 LW2 | LW3 LW3 LW3 LN LN LN 1000
Case-1: 3x4 Array with Case-2: 3x4 Array with Case-3:3x4 Array with Case-&: 3x4 Array with
SW Shading SN Shading LW Shading LN Shading
1000 | 1000 1000 1000 | 1000 | 1000 LW1 | 1000 | 1000 1000 1000 | 1000
1000 | 1000 1000 1000 | 1000 | 1000 LW1 | 1000 | 1000 1000 1000 | 1000
1000 | 1000 1000 5N SN 1000 LW1 | 1000 | 1000 LN LN LN
SW SW SW SN SN 1000 Lw2 | Lw3 LWw3 LN LN LN
Case-1:4x3 Array with Case-2: 4x3 Array with Case-3: 4x3 Array with Case-d: 4x3 Array with
SW Shading SN Shading LW Shading LN Shading
1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 LWl | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000
1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 LW1 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000
1000 | 1000 | 1000 | 1000 SN SN 1000 | 1000 LW1 | 1000 | 1000 | 1000 LN LN LN 1000
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Figure 11. lllustration of solar irradiance levels in 3x4,4x3 and 4x4 SPV arrays under SW,SN,LN
and LW shadings in cell level
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Figure 12. Number of Cells shaded in a single PVM-CPT used in 3x4, 4x3 and 4x4 solar PV
arrays under SW, SN, LN and LW shading cases

4.4 SolarPV Arrayswith TCT and StaticSD-TCTR arrangements

The solar PV modulesare connectedin severalways, there are seriesparallel
(SP), Series(S), total crosstied (TCT), bridgelink (BL) and honeycomb (HC) type of
configurations.In this paper only SP and TCT configurationsare consideredfor
simulationand comparel with static SD-TCTR array underdifferent cell level shading
casesln Figure13: Casesl(a),2(a), 3(a),and4(a) representhe shadednodulesin TCT
configuration In Figure-14: Casesl(b), 2(b), 3(b), and4(b) representhe shadednodules
in static SD-TCTR arrangementusing proposedNL method discussedin the above
section In Hgure 15: Casesl(c), 2(c), 3(c), and 4(c) representhe shadedispersionof
modulesin TCT configurationfor 3x4, 4x3 and4x4 arrays.Partialshadingcasesl, 2, 3
and 4 are shortwide (SW), long-wide (LW), short narrow(SN),and long narrow(LN)

mggm*mwm*mwm*
MEE

-2(a

IEGE ¢
a4 24
X gE
IEGEYS
E G
=424

'-IE—-IE

Case-2 (b) Case-2(c)

5
=
B
;
1]

B Mass NEX MG By
Jres ws X S
\EGRE
BN Ve —
e e e
e e
° |

i
I
E

Case-3(a) Case-3(b) case-3(c) Case-4(a) Case-4(b) Case-4(c)

e e EX
-E@E-
-IELELE—

Figure 13. 3x4 SPV Array with TCT and SD-TCTR arrangements under 4 shading cases
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Figure 15. 4x4 SPV Array with TCT and SD-TCTR arrangements under 4 shading cases

4.5 MATLAB/Simulink model of SP, TCT and static SD-TCTR Array Connections

The developed40 W solar PV modulesusing numberof solar cells which are
connectedn seriesparallel (SP), totalcrosstied (TCT) and proposedstatic SD-TCTR
comections, are modeled and simulatedin MATLAB /Smulink software. Figure 16
showsthe Simulink modelof 3x4 staticSD-TCTR arraywith CPTbasednodules(PVM-
CPT) undershadingcase4. Each solar PV modulein a 3x4 arrayis PVM-CPT and
connectedn staticSD-TCTR arrayconnectiondiscussedn previoussection).The static
SD-TCTR array with PVM-CPT is modeledunder Short Narrow (SN), Long Narrow
(LN), ShortWide (SW), and Long Wide (LW) type in cell level shadings.The power
outputof eachPVM-CPT underuniform caseU is approximately40.75W, and 4W. The
different array sizes 3x4, 4x3 and 4x4 are modeledand simulatedunder cell level
shadingsn MATLAB /Simulink software.Moreover,all shadingcasesare carriedout at
constantemperaturef 25€C. The standard=CM, HCM andTCM type PV modulesare
usedto develop3x4, 4X3 and 4*4 arrayconfigurations.
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Figure 16. Simulink model of a 3x4 Static SD-TCTR array with FCM,HCM, and TCM
4.6 Results and Performance Evaluation of Proposed Static SDTCTR with PVM-
CPT

The obtainedglobal maximum powersof SPand TCT configurationwith FCM
(Full cell module),HCM (Half cell module), TCM (Tri cell module)and proposedstatic
SD-TCTR array with PVM-CPT under different cell level shadings(CLSYor an array
sizesof 3x4, 4X3 and 4*4 aretabulatedn Tables 12, 13 and 14, respectivelySP_FCM
representghe seriesparallel configurationwith FCM, TCT_FCM representshe Total
CrossTied configurationwith FCM, SP_HCMrepresentshe seriesparallelconfiguration
with HCM, TCT_HCM representsthe Total Cross Tied configuration with HCM,
SP_TCM representsthe series parallel configuration with  TCM, and TCT_TCM
representshe Total Cross Tied configuration with TCM. Prop_FCM represents the
proposed static SIDCTR array with FCM, Prop_HCM represents the proposed static
SD-TCTR array with HCM, Prop_TCM represents the proposed statid GIR array
with TCM.

Table 12. Comparison of FCM, HCM, and TCM with 2 BD's under CLS for a 3x4 array

Global maximum powers of a 3x4 array in Watts
3*4 array with FCM | 3>4 array with HCM | 3>4 array with TCM

CASES

SP_ [ TCT_ [ Prop SP_ [ TCT_ [ Prop SP_ [ TCT_ ] Prop BEST
FCM |FCM | FCM |TCM |TCM | HCM |TCM |TCM | TCM
CaseU | 4755 4755 |484.3|484.3 | 4843 488. | 488.
4755 8 8 488.8 | Prop_ TCM
Casel | 306.2 3523 |361.8 | 361.8 | 423.7 364. | 364.
306.2 3 3 427.4 | Prop TCM

Case2 |393.2 | 401.6| 408.3 |396.2 | 404 |411.8 | 399 |407.
5 3 415.3 | Prop_ TCM

Case3 | 275 281| 366.6 | 365.7 | 3655|3975 | 368. | 368.
5 2 401 Prop_TCM

Case4 |313.7| 310|355.3 |319.3]|315.7 |361.4 |32 |322.
4 364.6 | Prop_TCM

Tr Ren Energy, 2022, Vol.8, No.1, 1-27. doi: 10.17737/tre.2022.8.1.00134 22



Peer-Reviewed Article

Trendsh RenewablEnergy8

Table 13. Comparison of FCM, HCM, and TCM with 2 BD's under CLS for a 4x3 array

Global maximum powers of a 4x3 array in Watts

4X3 array with FCM

4X3 array with HCM

4X3 array with TCM

CASES I'spTTCT_[Prop_ |SP_ |TCT_|Prop_ |SP_ |TCT_| Prop_ BEST
FCM | FCM | FCM TCM | TCM | HCM TCM | TCM | TCM
CaseU | 476.7 476.7 | 4855|4855 | 4855 |489. |489.
476.7 5 5 489.5 | Prop_TCM
Casel | 349.1 387.8 [369.2369.2 4396 |371. |371.
349.7 3 3 443.1 Prop_TCM
Case2 |370.4 | 382.3|418.7 |4659 383 |4227 |375 |385.
6 434.5 Prop_TCM
Case3 |296.9 | 296.9(347.1 |3605 |360.4 | 383.4 |362. | 362.
8 8 386.3 Prop_TCM
Case4 |349.7 | 349.7(332.2 [356.3[356.3[337.1 [362 | 362 SP_TCM or
3394 TCT_TCM
Table 14. Comparison of FCM, HCM, and TCM with 2 BD's under CLS for a 4x4 array

Global maximum powers of a 4x4 array in Watts

4x4 array with FCM

4x4 array with HCM

4x4 array with TCM

CASES I'sSpTTCT_[Prop_ |SP_ |TCT_|Prop_ |SP_ |TCT_| Prop_ BEST
FCM |FCM |FCM  |[TCM |[TCM |HCM |TCM |TCM |TCM

CaseU | 635.6 6356 | 647.3 |647.3 |647.3 | 652. | 652.
635.6 8 8 652.8 | Prop TCM

Casel | 466.2 536.6 | 492.3 | 492.3 | 593 494. | 494,
466.2 8 8 597.8 | Prop_ TCM

Case2 |527.4 | 546.6|577.6 |556.4 | 550.6 | 584.6 | 537. | 555.
3 7 589.3 | Prop TCM

Case3 | 4133 | 413.3|499.1 | 4955 | 4954 | 538.6 | 498. | 498.
4 3 542.8 | Prop_TCM

Cased | 477.2 | 470.1| 495.1 | 4857 | 478.7 | 503.1 | 493. | 486.
3 4 506.8 | Prop_ TCM

1

The analysisresultsso far have demonstratedvhat advantagesre availablein
termsof poweroutputandleastmismatchpowerloss whenusinghalf-cells andtri-cells
insteadof full-sizecells (FC) for solarPV modules.Figures17, 18 and 19 representhe
globalmaximumpowersof 3x4, 4x3 and4x4 solarPV arrays respectively.
Fromtheaboveobtainedresultsit canbe concludedhat:
1 Theamountof powerthata 34, 4X3 and 4>4 array can produceunderuniform
irradiancecaseU is 475.5W, 476.7W and635.6W, respectively.
In a 3x4 array, the obtainedmaximumpower of proposedSDTCTR with TCM
(Prop_TCM)is superiorthanthat of FCM and HCM underconsideredshadings

cases.

In a 4x3 array, the obtained maximum power of SDTCTR with TCM
(Prop_TCM)is superiorthanthat of FCM andHCM underfour shadingcases.
In a 4x4 array, the obtained maximum power of SDTCTR with TCM
(Prop_TCM)is superiorthanthat of FCM andHCM underfour shadingcases.
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Figure 17. Power output from a 3x4 solar PV array under Cell Level Shading Cases
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Figure 18. Power output from a 4x3 solar PV array under Cell Level Shading Cases

Maximum Powers of 4x4 Array (W) msp TCT

700 mTCT_FCM
600 W Prop_FCM
500 M 5P_HCM
400 B TCT_HCM
300 W Prop_HCM
200 W SP_TCM
100 W TCT_TCM

0 M Prop_TCM

Case-U Case-1 Case-2 Case-3 Case-4

Figure 19. Power output from a 4x4 solar PV array under Cell Level Shading Cases
5. CONCLUSIONS

In this study, a simulation model for solar photovoltaicmodulesbased on cell
partition techniqug?VM-CPT) was developed.The use of PVM-CPT can provide a
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significantadvantageaswell asincreasegerformancen cell level shadowecdtonditions.
Aligned with other energygenerationadvancement#n half-cut and tri-cut cells, it is
possibleto achievea largeimprovementn overall energyyield, makingthe new module
basedon CPT,a more attractive option for rooftop as well as grid connecteghergy
generationWhen the PVMCPT is sed, the current flow in a cell is reducedhich
helps to eliminate th@otspot problems and r@ductionin mismatch power loswhile
also improvingoverall performanceWhen comparingthe Matlab/simulation results of
HCM andTCM to full-sizecell modules(FCM), we noticedanincreasen fill factorand
anincreasdn the maxmum power.The HCM and TCM has a reduced power loss than a
full-sizecell module with the same shade arEar solar cells with high short circuit
currentdensity of FCM, our modeling resultsdemonstratehat employing PVM-CPT
ratherthanFCM is evenmoreadvantageous:inally, the performanceof FCM, HCM and
TCM connectedn a 3x4, 4x3, and 4x4 array sizes W8R, TCT andproposedSD-TCTR
connectionsare investigatedndthe resultsshowthatthe proposedSD-TCTR with TCM
is superiorto standardfull cell module (FCM) under all possiblecell level shading
conditions.
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