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Received09 June2023 In the present day, a significant portion of the world's energy.del be satisfied through the utilization o
Revised 28 August 2023 renewable energy sources. Solar energy, in particular, hafds Vi position owing to its numerous merits
Accepted14 October 2023 However, it faces a challenge known as mismatch respo the photovoltaic (PV) modules of an array

when subjected to partial shading. This issue restri ut, leads to the formation of local hot spots

and results in the underutilizatiohPV modules withij ne of the most effective solutions to address
KEY_WOTdS_ this problem is optimizing the PV array (PVA) con ign“to maximize output power under partial shading
Partial shading (PS) (PS) conditions. In this research paper, we ¢ a thoromnghical analysis under uniform shading
'_I(f"ta)l'cconf'g_lﬁ'.ra“fl?g_r conditions. Following that, we scrutinize th e of six traditional PVA configurations and three hybrid
L° a Lr1oss TI& PVA configurations under PS conditions resiifts consistently indicate that the Total Cross Tigd (TCT

adderz LD . A . . s R . .
configuration outperforms others in narios in terms of mitigating mismatch power loss, enhancing

Triple CrossTie z Trct % ; N
Mismatch Power Loss. the fill factor, and improving

Doi: https://doi.org/10.30501/jree.2023.400223.1599

tensities change. The mismatching causes a drastic drop in
tput power under reaborld operating conditions. The
amount of power lost due to shading depends on a number of
f variables, incluthg the intensity of shading, where in the PV

1. INTRODUCTION

industrialization and the push toward economic £ sion, the array the shaded panels are located, and, most crucially, the
world has a massive demand for po jese arrangement of the PV panels themselves.

days, consumers around the world are de nterru_ptedoVer the years, many partial shade mitigation strategies have
power supply. Many factors such as lac pad shedding,

internal failures, and many other fact tse disruption in been developed in order to extend the lifetiof PV modules
. ’ many S P as well as to maximize the amount of energy that can be
a conventional electrical system. Jgheref@kg), the integration

renewable resources has becd ore popular, and theirha_rv_ested from solar PV modules. Despite having poor
functions 216 to, meet global d& hna 5013 Al’“nong efficiency, ';hese methods have aIIowed_ the PV system to be
several renewable reso ; energy gains greaterem.ploye.d m_systems fo_r wat(_er pumping, commerc_lal a_md
; ’ d residential buildigs, electric vehicles, etc. There are primarily

importance because of \ifs ike abundance,- eco

friendiness, and cements in semiconductor two categories for partial shade mitigation, which are 1) passive

technolo atabha In soite of these merits. solar mitigation solutions, such as bypass diodes and PV array
9y ! SP X topologies, and 2) active mitigation methods, such as multilevel
systems suffer m efficiency, large susceptance to

environmental [changes, partial shading, and dust deposition inverters, distribted MPPT ~approaches, and static and
: P 9, P *dynamic reconfiguration strategi€g. According to the

whichygads to uction in the output power of the solar literature, the partial shading effects can be mitigated by: (i)
syste NEsE, partial shading createsahuge Impact %"connection of bypass diodeBHadoria 202D i which

the sys s efficiency. The key factors that contribute to partial mitigates the formatio of local hot spots but results in the
shade donditions include tree shadows, towers and other

formation of many peak power points on th® land RV

X . . characteristics. Because of this, conventional maximum power
droppings, and soilind{arish Kumar Varma 2031In arder to point tracking (also known as MPPT) does not successfully

get the correct voltage and current as required by the load, Atrack the global peak value. (i) Usage @fobal maximum

e e o v hower acking techniuebud 2019 - Because of s, e
yS- total number of sensors in the system must be increased, as

unshadeo! panel; differ und_er shading cond|t|on§, m@ . must the cost of these sensors. Furthermore, this raises the
characteristic discrepancy increases as the illumination

mowng clouds, agingelated cell damage, bird
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computational difficulty and memgr necessity. (iii)
Distributed MPPT converter systeriou 202(Q - Each PV
module's power electronic converters with MPPT allow it to
function at maximum power. However, the high number of
converters needed raises the overall systprite. (iv)
Implementing PV array configuration schenkd 2018 7 In

[E. Belhachat 2015 Comprehensive research on S, P, SP,
TCT, BL, and HC topologies has been presented by the authors.
Under condition®f partial shading, the authors found that the
results unequivocally demonstrate that the performances of the
various PV array configurations are variable and strongly
depend on the intensity of shading, the shading pattern, the
location of the shading patn, and the type of shading that is
affecting the PV array. It is concluded i@Kan Bingol 2018

that the TC-T PV array topology generates the maximum
power by mitigating the mismatching power losses due to a
smaller number oferies interconnections compared with S, P,
SP, T-C-T, B-L, and HC topologies under uniform and
various shading patterns like uneven row, uneven column,

diagonal, and random shading patterns. The authoriBrefi{
kumar 2020 discussed the performance of the conventional
and hybrid topologies and came to the conclusion that the TCT
configuration was superior to the other topologies in terms of
delivering the highest output powén.this paper, Conventional
and Hybrid configuratiom are analyzed using a 6 x 6 PV array
using the SunPower SPFSRBLK-U PV module, and
specifications are mentioned in Tabl&é. The main objective
of this research work is,

Mathematical representation of conventional and hybrio
topologies in partial shaa.

Analyze conventional and hybrid topologies by shading

different shading conditions. Section\4 compares conventional
and hybrid PV array configuration steshading (b) TCT
n

conditions, including performan onomic analysis.

Finally, section 5 ends with a ¢ . | ! ! ! !
-BLK-U PV module

Table 1 Specifications of Su r bt 7 13 10 25 31
S. no Specifications Values
1 Peak Powerd ) 76.275 (W) R A R R R R
2 Open circuit voltagef ) 16.2 (V) 2 8 14 20 26 32
3 Shortcircuit current) ) 6.02 (A)
4 Peak power point voltagé ( ) 13.5 (V)
5 Peak power point current () 5.65 (A) 3 9 21 33
6 Module area (A) 0.54(m?)

2. CONRIGURATIONS AND SHADING PATTERNS
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Figure 1 PV Array Configurations



(a) Diagonal (DIA)

(b) Short Narrow (SN)

(SN), 300 | 1000 | 1000 | 1000 | 1000 | 1000 short
wide 1000| 400 | 1000| 1000| 1000 | 1000 (SW),
long 1000| 1000| 500 | 1000| 1000 | 1000 narrow
(LN) [ 1000] 1000] 1000 600 | 1000| 1000| and long
wide 1000 | 1000| 1000| 1000| 700 | 1000 (LW)

1000 1000 1000] 1000 1000] 800 | ~ ghagding
conditions, as shown in Fig 2.
2.1 1000 | 1000| 1000| 1000| 1000 | 1000

1000 | 1000| 1000| 1000 | 1000 1OOQ

1000 | 1000| 1000| 1000 | 1000

1000 | 1000 | 1000| 1000 | 1000

200 | 400 | 1000 | 1000

600 | 800 | 1000 | 1000 [®000

1000 | 1000 | 1000 | 1000 | 1000 | 1000
1000 | 1000 | 1000 | 1000 | 1000 | 1000
1000 | 1000 | 1000 | 1000 | 1000 | 1000
1000 | 1000 | 1000 | 1000 | 1000 | 1000
200 | 400 | 600 | 800 | 1000| 1000
100 | 300 | 500 | 700 | 1000 | 1000

(c) Short Wide (SW)
1000 | 1000 | 1000 | 1000 | 1000 | 100
1000 | 1000 | 1000 | 1000 | 1000 | 1000
200 | 300 | 1000| 1000| 1000| 100
400 | 500 | 1000 | 1000 | 1000
600 | 700 | 1000| 1000| 1000 00
800 | 900 | 1000| 1000 0

(d) Long T L
1000 | 1000 | 10001 000 | 1000
1000 | 1000 10 0 00| 1000
200 | 30 400 | 500 | 1000 | 1000
600 0 900 | 1000| 1000
200 00, | 400 | 500 | 1000| 1000
600 800 | 900 | 1000| 1000

(e) Long Wide (LW)

Figure 2 Shading Patterns

In this work, six conventional PVA configurations such as
Series Parallel (SP), Total Cross Tied (TCT), Bridge Link (BL),
Honey Comb (HC), Ladder (LD), Triple Cross Tied (TrCT) and
three hybrid PVA configurations such as Seriasalel- Total
Cross Tied (SPTCT), Bridge LinkTotal Cross Tied (BLTCT),
Honey Comb- Total Cross Tied (HCTCT) configurations are
considered, as shown in Fig 1. The mentioned PVA
configurations aranalyzed under diagonal (DIA), short narrow

Numerical representation of TCT Cg
under uniform shading

The equivalent photo curre nde®thinshaded condition
h s expressed as
) =) —a) (= 1)

where) ' . Ph
Conditions (STC) &
on the module
current of t

current'and Irradiance in Standard Test
1000 W/nd; ' : Irradiance falling
hading conditign,: Short circuit

le.

The ival
is expr S

—=) — ) — ) @
herer : Shading factor and it is expressedq as p
. Irradiance on shadingpndition

hoto current under the shaded condition

— and

2.1.1 TCT configuration under the Diagonal (DIA)
shading condition:

As can be seen in Fig. 3, diagonal modules, i.e., 1,8,15,22,29

and 36, are under the shading condition and it is assumed that
shading intensity is 600 WApmeaning that T8&8
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Figure 3TCT configuration under diagonal shading

From the equivalent circuit of PV modul8.R.Pendem 2018

@

[AA. Desai 202] the unshaded module curreht (and shaded

module current @) are expressed as
) ) ) Agb—— p (3)

Where (V, l)usn = Voltage & Currents of the Unshaded

modules = (V, )6, 7,912, 13,14, 148, 1921, 23,24, 258,30, 3135(4)

Similarly, ) ) )y Agb— p (5

Where (V, I)su = Voltage & Currents of the Shaded
modules = (V, 1),8,15,22,29,36 (6)

From Fig (4), the array currentr{) is expressed as:

) ) ) ) ) ) ) (")

where

) ) ) ) ) ) )y ) ) )
) ) ) 3) ) ) ) ) )

;)) ) ) ) ) ) ) ) )

) ) ) (8)
and the row voltages can be expressed as,

6 6 6 6 6 6 6 ;6 6

6 6 6 6 6 ;6 6

6 6 6 ;6 6 6 6 6 6
6 ; 6 6 ;

6

6 6 6 6 9)

From Eq. (7) and Eq. (8), @

) ) ) ) & (10)
=) ) AgBb— p +)

)AQB h h hh

p+) —

=)
) AD B—QQ (11)
From 9) an . (11), the modififde) is given as

=) — ) ¢ Agp— p (12

Similarly

— 11 p (13)

2.1.2 TCT configuration under Short Narrow (SN)
shading condition:

_ Blocking Diodes

s

Reale

Based on the shaging ¢onditishown in Fig. 4, the total array
current can iv into unshaded row currerjuéhand
shaded rof.cur sh

] ) ) ) ) )

A P (14)

— ) )y Agb— p + )
) ) Agp— p +) — )
) Agb— o + ) — )
) Agp— + ) — )
) Agp— + ) — )
)y Agpb— »p

From Eqg. (9))  can be rewritten as
) F =0 — ) 9 Agp— o (15)

Similarly, from Eg. (14) and Eq. (15), we have:

6 6 6 6 — 11— " 5 (1)

6 6 — i1 " ) 17)

From Egs. (12,13) and Egs. (1%), the short circuit current
(Is) and the point at which-V curve changes its pathcg),
number of maximum values fpr= 0.4 and G = 1000 W/hare
mentioned in Table 2 and simulated results are shown in Fig. 5.
In addition, the same analysis is extendedthe remaining
shading patterns.



Table 2 Numerical analysis results of TCT configuration in the
uniform shading condition

Shadin Maximum

Topology Patterng e (A) leo (A) Values
DIA Blsc- 2 [ Isc == 1
SN 6lsc 6lsc- 2 [ Isc 2
TCT SW 6lsc Blsc- 471 lsc 2
LN 6lsc 6lsc- 2 [ Isc 2
LW 6lsc 6lsc- 4 [ Isc 2
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3. NUMERICAL ANALYSIS OF PV ARRAY CONFIGURATIONS UNDER PARIHADING CONDIDNS

6 X 6 PVA topologies are simulated in the MATLABmMulink multiple modules connected in series. This configuration
software under 5 partial shade situatiomsid numerical reduces the impact of shading on the entire array. If one sub
analysis isconductedn terms of the working modules, peak array is shaded, only that sabray's performance is
voltage (M), peakcurrent (b, and peak power (B as significantly affected, while other swdrrays continue to

mentioned in Table [31].

3.1 Series-Parallel (SP) Configuration:

operate at a higher efficiency. This allows the unaffected sub
arrays to contribute more to the overall power output, reducing
the performance loss caused by shading. The MATLAB

and parallel connections. The array is divided into smaller sub V and PV curves ar@resentedn Fig. 7.

This configuration aims to balance the benefits of both series simulation connectiors shown in Fig 6, and the%tedl

arrays connected inapallel, with each suhrray having

P

LU L

0o

Oy @0

ynfiguration of the SP PV array

P Configuration under various stadiitpns

Shading
Scheme Itage, Current and Power change

DIA 5VpeO 10 BV
Working 1,8,15,22,29,36
modules

VTe 6 VPe

|Te 3.3|Pe

Pre . 19.8Vrelre -

SN B OV AcV WNVpeO WO  BeV[ 5Vp0 1O 6o\
Working 1-4,7-10,1336 2,12,1336 5,11, 1336
modules

VTe 4VPe 5 VPe 6 VPe

ITe \ 6 lpe 5.4 lpe 4.4 lpe

Pre 24‘VP52| Pe 27 Vel Pe 26‘.4 VPeJ Pe

SW R 0 @OV AV WVpeO WO  BeV| 5VpeO 80 6o
Working v 1-4,7-10,1316,1922,2536 511,17,23286 | 6,12,18,24,286

4VPe 5 VPe 6 VPe
6 lpe 4 lpe 3.6 lpe
24 Veelpe - 20 Vedpe 21.6 Vpelpe
0 @OV &V 2VeeQ 130 3VeeO WO | 4o O BV| 5VReO 18O 6o
3Vpe 4Vpe
Working 1,2,7,8,1336 1.2.6,7812.13 | 561112136 4,10,1336 3,9,1336
modules 36

VTe ZVPe 3 VPe 4 VPe 5 VPe 6 VPe

ITe 6 Ipe 5.8 Ipe 5.4 lpe 5 lIpe 4.4 lpe

PTe 12\VP?|Pe 17.4 VP|P i} i} 21.6 VPe|Pe 25 VPe|Pe ) ) 26.4 W9|Pe

LW 0 GOV &V 2VreO 180 AV 4VpO O BV
Vﬂ‘q’g;'ﬂlne% 1,2,7,8,13,14,19,20,236 4,6,10,12,16,18,22,24,255 3,5,9,11,15,17,21,23,2%

VTe 2VPe 4 VPe 6 VPe




ITe 6 Ipe 5.1lpe 3.4 lpe
PTe 12 VPelPe 20.4 VPelPe 20.4 \If’el Pe
2500 [ pia S L e Lw] 40 f——pia SN SW —— LN LW
~__ — .
= 2000 Mﬁ/ < a0l
~ : z
[ — N
= 1500 P s \ E
z S 2 20
O 1000 | 7 =)
== &
> NETY!
&~ 500} 2
0 ' ' ' ' 0 ' ' ' ‘
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PV VOLTAGE (V) PV VOLTAGE ( \% )
@
Figure 7 (a) OutputPower- Voltage Curve (b) OutpuEurrent- Voltage Curve uration

The number of local peaks generated is 1, 2, 2, 4, and 2 underused in photovolt
DIA, SN, SW, LN, and LW shading conditiongspectively, each module i

and the global peak of 30 ¥ is produced by the SP neighboring
configuration under diagonal shading conditions, as mentioned multiple
in Table 3. i

stems. In a TCT configuration,
ed in both series and parallel to its
a TCT configuration, each module has
aths, and bypass diodes are often

nn
ule

3.2 Total Cross Tied (TCT) PV array configuration:

The Total Cross Tied (TCT) PV array configuration also
known as Full Cross Tied or Fully Cross Tied, is a lay

Figure 8 Simulink® connection diagram for the configuration of TH&T PV array

Table 4 Representation of PV array parameters for TCT Configuration under various shading conditions

Shading Interval at which Array Voltage, Current and Power change
Scheme
S A S A 2VpOVT1e O 3 VpeOV1e O 4VpeOVT1eO 5 5 VpeOVTeO
DIA 0 V@O p¥ | VPOVTeO 2o\ 3 Ve 4 Ve Vre 6 Voo
Working 6,12,18,24,30, | 5,11,17,23,29, | 4,10,16,22,28, 3.0.15.21,27.33 2814202632 | 1713192531
modules 36 35 34




Ve Vpe 2 Vpe 3 Vpe 4 Vpe 5 Vpe 6 Vpe
ITe 5.8 lpe 5.7 Ipe 5.6 lpe 5.5 Ipe 5.4 Ipe 5.3 Ipe
PTe 5.8VPe|Pe 11.4VPe|Pe ] 16.8VPe|Pe 22VPe|Pe 2?VPe|f’e 31‘.8VPe‘|Pe
SN 0 GeOV AV AVpeO O B\ 5VrD 100 6o
Working 6,12,18,24,30, 5,11,17,23,29,
odulos 1-4,7-10,1316,1922,2528,3134 36 35
VTe 4 VPe 5 VPe 6 VPe
|Te 6 |Pe 56 |Pe 48 |Pe
PTe 24 VPe|Pe 28 VPe|Pe 288 \If’el Pe
SW 0 @OV AV 4VpeO MO  bBe g .
Working 5,11,17,23,29,
odulos 1-4,7-10,1316,1922,2528,3134 35
Ve 4 Vpe 5 Vpe
|Te 6 |Pe 4.2 |Pe .
PTe 24 VPe| Pe \ \ 21 VPe|Pe
LN 0 GOV &V ZVPE?/P O T 3Vped O V| 4VeeO MO B
e
Working 1,2,7,8,13,14,19,20,25,26,31,32 | 012182430, | 51917930935 | 4101 3,9,15,21,27,33
modules 36
VTe 2VPe 3 VPe 4 VPe A 6 VPe
ITe 6 lpe 5.9 Ipe 5.4 lpe ‘ % 4.6 lpe
PTe 12 VPe|Pe 17.7\\/Pe|Pe\ 21.6 VPe|Pe . e|Pe 27.6 \If:’e| Pe
LW 0 GOV 2V ZVPE?/P;A’O VO 1A W O B\ 5Vrd 0 6
ergg'ﬁ?egs 1,2,7,8,13,14,19,20,25,26,31,32 | 4,6,10,12,16,18,22,24,28 3 3,5,9,11,15,17,21,23,27,29,33,35
Ve 2Vpe - 6 Vre
ITe 6 lpe 3.4 Ipe
Pre 12 Vpelpe 20.4 \pelpe
2500 | DIA SN SW - LN - LW] 40 1)],\‘ SN SW LN LW
. _
—_ F « e — —
Z 2000 | - 30| \ “‘*\__
= V ; ...“i =
5 1500 | \\ § \
3 \ \ 20+ i
2 =~
S 1000 | = \
> > |
s 107
& 500 e
0 : : : : 0 : ' ' '
0 20 40 60 80 0 20 40 60 80
PV VOLTAGE (V) PV VOLTAGE (V)
V @) (b)

The nu

DIA, SN,J)8SW, LN, and LW shading conditions, respesdly,
and the global peak of 30 ¥ is produced by the SP

in Table 3.

3.3 Bridge z Link (BL) PV Array Configuration

multiple parallel

paths,

e 9 (a) OutputPower - Voltage Curve; (b) OutputVoltage Curve of TCT Configuratio

er of local peaks generated is 1, 2, 2, 4, and 2 undereach module is connected in both series and parallel to its
neighboring modies. In a TCT configuration, each module has
and bypass diodes are often
configuration under diagonal shading conditions, as mentioned strategically placed within each module to allow current to flow
around shaded modules. This helps prevent the shaded module
from significantly affecting thentire string's performance. The
MATLAB simulation connection is shown in Fig. 8, and the

simulated 1V and RV curves are presented in Fig. 9.

The Total Cross Tied (TCT) PV array configuration, also
known as Full Cross Tied or Fully Cross Tied, is a layout design
used in photovoltaic (PV) systems. In a TCT configuration,



The number of local peaks generated is 1, 2, 2, 4, and 2 underconfiguration under diagonal shading conditions, as mentioned
DIA, SN, SW, LN, and LW shading conditions, pestively, in Table 5.
with a global peak of 30 Mpe produced by the BL

W\
&3

Figure 10 Simulink® connection diagram for the configurat@t PV array
Table 5 Representation of PV array parameters for BL Cow r various shading conditions

Shading .
Scheme Interval at which Array \Oltag nd Power change

DIA 00Vt O 5VpeOVTe O Be
Working 2-6,7,912,13,14,1618) 4,288,30, 3135 1,8,15,22,29,36
modules

Ve 5Vp 6Vpe

ITe 6 lp 3.31pe

PTe i} QVPe | Pe ] i} 19‘.8VPe‘| Pe

SN OV HeV A\V/peO TMO  Be\ 5VPeO 1MO 6e
Working 1936 6,12,1618, 5,11,16,17,24
modules ! 19-36 24,2630,31:36

VTe 5 VPe 6 VPe

|Te 56 |Pe 46 |Pe

Pre 24 ‘VP?|Pe 2§ Vpl Pe 27‘.6 VPe‘|Pe

SW 0 @OV 4V 4/pO MO B\ 5VpO 1O 6
Working 5,11,17,23,28, 6,12,18,24,30,
modules ,7-10,1316,1922,2529,3136 203336 36

VTe 4 VPe 5 VPe 6 VPe

|Te 6 |Pe 4.1 |Pe 37 |Pe

Pre 24 Vpelpe _ _ 20.5 Vrelpe 22.2 \pelpe

LN T aovav ZVF’Q?/PETA’O 3Vhe® 1O AoV 4VheO 1O  Be\ 5VeeO 1O 6o
Working ,7,8,13,14,15,192,2529, 6,12,14,15,18,19 51114171936 4,10,1417,1936 3.0,14,15,1%86
m 31-36 -36,

Te 2V/pe 3 Vpe 4 \/pe 5 Vpe 6 Vpe

| 6 Ipe 5.8 Ire 5.4 Ipe 4.7 lpe 4.5 lpe

Pr 12 Vpelpe 17.4 \pelpe 21.6 Vrelpe 23.5 Wpelpe 27 Vpelpe

L 0 @OV 2V 2VpeO 0 4V 4VpeO O BV
\r%vg(rjlﬂlne% 1,2,7,8,13,14,19,20,257,31:34 4,6,10,12,16,18,22,24,280,3136 3,5,9,11,15,17,21,23,280,3136

VTe ZVPe 4 VPe 6 VPe

|Te 6 |Pe 51 |Pe 34 |Pe

Pre 12 Vpelpe 20.4 Vpelpe 20.4 \pel pe























































