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Abstract—The building integrated photovoltaic (PV) central
inverter architecture comprises various PV module configurations.
The PV module configurations are vulnerable to shading effects
and cause mismatching power losses. To reduce the detrimental
impact of shading and mismatching on energy production, the PV
distributed-maximum power point tracking (D-MPPT) architec-
ture has been proposed. In this architecture, an individual dc–dc
converter with an MPPT controller is integrated to each PV mod-
ule for extracting the maximum power. This topology is referred to
as module-integrated-converter (M-I-C). In the conventional PV
D-MPPT architecture, the output terminals of M-I-Cs are
connected either in series or parallel configuration only. The
conventional configurations of M-I-Cs have the drawbacks of
cross-coupling effects, lower conversion efficiency, two-stage
voltage conversion, etc. This paper proposes the total-cross-tied
(T-C-T) configuration of string-integrated-converters (S-I-Cs) to
overcome the drawbacks of M-I-C configurations. The detailed
mathematical analysis of the proposed T-C-T configuration of
S-I-Cs is also presented in this paper. The perturb and observe
MPPT technique is used for extracting the maximum power.
The performance of the proposed T-C-T configuration of S-I-Cs
is analyzed under various partial shading conditions and also
compared with the PV central inverter architecture as well as with
conventional M-I-C configurations.

Index Terms—Cross-coupling effects, distributed-maximum
power point tracking (D-MPPT), maximum power point (MPP),
module-integrated-converters (M-I-Cs), partial shading, perturb
and observe (P&O) MPPT, string-integrated-converters (S-I-Cs),
total-cross-tied (T-C-T) configuration.

I. INTRODUCTION

THE utilization of renewable energy sources has enticed
more and more courtesy due to its sustainability and envi-

ronment friendly nature. Among the various renewable energy
sources, the power generated by solar photovoltaic (PV) systems
has been raised 20%–25% per annum over the last 20 years due
to reduction in the cost of PV modules, government incentives,
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and also inventive business models in the grid integrated and
stand-alone PV system applications [1], [2]. The power rating
of PV installation systems ranges from few kilowatts to several
megawatts. Generally, the performance of PV system depends on
the PV system architectures [3]–[5], PV module configurations
[6], [7], maximum power point tracking (MPPT) techniques [8]–
[10], dc–dc converter topologies [11]–[13], and inverter topolo-
gies [14], [15].

The PV module is an important device of a PV system, typi-
cally composed of 30–50 PV cells connected in a series connec-
tion. The PV system architecture depends on the arrangement of
PV modules, number of converter stages, and the type of MPPT
techniques used for extracting the maximum power [3]. Gener-
ally, the building integrated PV systems have the central inverter
architecture [16], [17]. The PV central inverter architecture com-
prises various PV module configurations, such as series, parallel,
series-parallel, total-cross-tied (T-C-T), series-parallel-T-C-T,
bridge-linked-T-C-T, honey-comb-T-C-T, [6], [7]. The output
power from the PV module configurations decreases consider-
ably due to mismatching and partial shading conditions (PSCs)
[18]. The PV module configurations have several connections
among the PV modules, hence it brings more complicacy in ad-
dition to the mismatching power losses. This architecture has an
additional problem in maintenance and control operations since
a failure in one PV module placed at a big facade or rooftops
is difficult to detect. The problems due to mismatching power
losses have been addressed by connecting a bypass diode in anti-
parallel to each PV module [19]. However, the bypass diode con-
nection results in multiple maximum power points (MPPs) in the
nonconvex output power versus output voltage characteristics
[20]. There are numerous optimization techniques available in
the literature for tracking the global maximum power, but they
are complex and may fail in tracking the maximum available
power under some instances [9], [10].

The PV distributed-MPPT (D-MPPT) architecture is an effec-
tive solution for building integrated PV systems to overcome the
problems of mismatching and PSCs [21]. The PV D-MPPT ar-
chitecture has an advantage of quick detection of failures in PV
module operation and would avoid power losses due to malfunc-
tioning of PV systems. In this architecture, the output terminals
of the M-I-Cs are connected either in series or parallel configura-
tion as shown in Fig. 1 [22]. In a series configuration, the output
terminals of the M-I-Cs are connected in series. Thus, the dc-link
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Fig. 1. Conventional configurations of M-I-Cs. (a) Series configuration. (b) Parallel configuration.

voltage is distributed between the output terminals. In a parallel
configuration, the output terminals of the M-I-Cs are connected
directly to the dc-link. Therefore, each M-I-C has to endure a
full dc-link voltage. The series and parallel configurations of
M-I-Cs are having certain drawbacks [23]. In a series config-
uration, the operating points of M-I-Cs deviate from the MPP
due to cross-coupling effects and hence the output power of the
PV system reduces [24]. The cross-coupling effect is an unde-
sired phenomenon of cascaded converters, causing disturbances
in the M-I-Cs operation and power generation. The parallel con-
figuration of M-I-Cs is free from cross-coupling effects, but the
drawbacks of parallel configuration are two-stage voltage con-
version, use of isolated converters, higher duty ratios, higher
voltage stress on the switches, and lower conversion efficiency.
To overcome the drawbacks of series and parallel configuration
of M-I-Cs, this paper proposes T-C-T configuration for string-
integrated-converters (S-I-Cs).

The proposed T-C-T configuration of S-I-Cs is a subset of
the hybrid configuration and also considered as one of the full-
power processing structures [25]. Here, a dc–dc boost converter
along with the MPPT controller is integrated to few number
of PV modules which are connected in series connection (re-
ferred to as PV short-string) and is designated as S-I-C. The
proposed configuration extracts the maximum power from PV
short-strings by minimizing the cross-coupling effects. The per-
formance of the proposed configuration is compared with the
PV central inverter architecture and conventional series config-
uration of S-I-Cs under various partial shading patterns, such
as uneven row, uneven column, diagonal, and long and narrow.
The advantages of the proposed configuration are single-stage
voltage conversion, use of nonisolated S-I-Cs, lower duty ra-
tios, the lower voltage stress on the switches, higher conversion
efficiency, etc. In view of an economic aspect, the proposed
PV system requires 16 number of S-I-Cs, voltage sensors, and
current sensors. Whereas, in case of conventional M-I-C con-
figurations, the cost of the components will increase by five
times.

The remaining of this paper is organized as follows.
Section II describes the PV short-string I − V and P − V char-
acteristics, the design of S-I-Cs, the implementation of perturb
and observe (P&O) MPPT technique in MATLAB/Simulink en-
vironment, and the proposed PV D-MPPT architecture with the
T-C-T configuration of S-I-Cs. The modeling and description
of various shading patterns under PSCs are given in Section III.
Section IV describes the performance of proposed T-C-T config-
uration of S-I-Cs and its comparison with the PV central inverter
architecture as well as with the series configuration of S-I-Cs. Fi-
nally, Section V highlights the relevant conclusions of this paper.

II. MODELING OF PROPOSED PV D-MPPT ARCHITECTURE

The proposed PV D-MPPT architecture with the T-C-T con-
figuration of S-I-Cs is modeled for a power rating of 4.96 kW at
standard test condition (STC) and is driving a resistive load as
depicted in Fig. 2. It comprises of PV short-strings, S-I-Cs, and
P&O MPPT controllers.

A. PV Short-String Characteristics

The PV short-string has a series connection of five number of
PV modules (model no: SHARP-ND-62RU2). For implement-
ing the proposed PV D-MPPT architecture, 16 PV short-strings
are considered. At STC, a single PV short-string generate the
power of 310.03 W at the MPP voltage and current (43 V, 7.21 A).
Fig. 3 shows the I − V and P − V characteristics of a single
PV short-string under various solar insolation levels [26]. At an
insolation of 800, 600, 400, and 300 W/m2, the PV short-string
generate the power of 251.60, 190.80, 127.90, and 95.850 W,
respectively. The corresponding operating voltage and current
are (43.47 V, 5.78 A), (43.88 V, 4.35 A), (44.07 V, 2.90 A), and
(43.95 V, 2.18 A), respectively.

B. Design of S-I-C

Fig. 4 shows the circuit connection of a single S-I-C (non-
isolated dc–dc boost converter) which ensures an efficient MPPT
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Fig. 2. Proposed T-C-T configuration of S-I-Cs.

and it is also used to boost the output voltage of the PV short-
string. The PV short-string output voltage (Vpv) and current (Ipv)
at MPP are considered as the input parameters to the S-I-C. The
components of the S-I-C are, main MOSFET switch (SWb), out-
put diode (Db), inductor (Lb), input capacitor (Cpv), and output
capacitor (Cb). The design parameters of the S-I-C are given as
follows [27].

1) Selection of Input Capacitor: The input capacitor (Cpv)
is directly interfaced between the output terminals of the PV
short-string and the input terminals of the S-I-C to smoothen the
output voltage. The capacitance Cpv of the input capacitor can
be calculated by

Cpv =
ΔIL

8×ΔVpv × Fsw
(1)

where ΔIL is the inductor current ripple, ΔVpv is the PV short-
string output voltage ripple and Fsw is the switching frequency
of the main switch (SWb), respectively.

2) Selection of Inductor: The inductor has continuous cur-
rent from the output terminals of PV short-string and is used to
smoothen the current. Its current rating is always higher than the
short-circuit current of the PV short-string. The inductance (Lb)

of the inductor can be calculated by

Lb =
Vpv ×D

2×ΔIL × Fsw
(2)

where Vpv is the output voltage of the PV short-string and D is
the duty ratio of the main switch (SWb), respectively. The rela-
tion between the input voltage (Vpv) and output voltage (Vb) of
S-I-C is expressed by (3). Similarly, the relation between the in-
put current(Ipv) and output current (Ib) of the S-I-C is expressed
by (4)

Vb =
Vpv

1−D
(3)

Ib = Ipv (1−D) . (4)

3) Selection of Output Capacitor: The output capacitor is
used to smoothen the output voltage of the S-I-C. The capaci-
tance (Cb) of the output capacitor can be calculated by

Cb =
Vo ×D

2×ΔVo ×Rb × Fsw
(5)

where Vo is the output voltage, ΔVo is the output voltage ripple,
and Rb is the load resistance of each S-I-C.

4) Selection of Power Devices: The MOSFET power electronic
switch (SWb) has been chosen based on the PV short-string

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on November 29,2025 at 09:09:37 UTC from IEEE Xplore.  Restrictions apply. 



PENDEM et al.: PV DISTRIBUTED-MPP TRACKING: TOTAL-CROSS-TIED CONFIGURATION OF STRING-INTEGRATED-CONVERTERS 1049

Fig. 3. PV short-string characteristics under various insolation levels.
(a) I − V characteristics. (b) P − V characteristics.

Fig. 4. Circuit connection of an S-I-C (nonisolated boost converter).

output voltage and current rating. The specifications of SWb

should be higher than the PV short-string output voltage and
current ratings.

The reverse voltage rating is the main characteristic for se-
lecting the power diode (Db) and it is decided by the output
voltage of S-I-C. The current rating of Db is lower than the PV
short-string output current.

C. Implementation of P&O MPPT Technique

The P&O MPPT technique is the simplest and classical
method to extract the maximum power from PV short-strings.
Fig. 5(a) shows the functional block diagram of the PV fed S-I-C.
As shown in Fig. 5(a), Vpv and Ipv are given as input parame-
ters to the MPPT controller, and it generate the control signal at
the output. The control signal is compared with the saw-tooth
waveform of frequency 10 kHz for generating the PWM signal.
The generated PWM signal is fed to the S-I-C for extracting the
maximum power. The flowchart of the P&O MPPT algorithm
and its implementation in MATLAB/Simulink environment are

Fig. 5. P&O MPPT controller implementation. (a) Block diagram of PV fed
S-I-C. (b) P&O MPPT algorithm and (c) MATLAB/Simulink model of the P&O
MPPT algorithm.

shown in Fig. 5(b) and (c), respectively [28]. In the P&O MPPT
technique, a voltage perturbation (ΔVpv) is provided with re-
spect to the change in the power of the PV short-string (ΔPpv),
and the corresponding perturbation in the duty ratio (ΔD) of
the S-I-C is expressed by

Dnew =

⎧
⎪⎨

⎪⎩

dP
dV = 0, Dold

dP
dV < 0, Dold −ΔD
dP
dV > 0, Dold +ΔD.

(6)
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The two important parameters for implementing the P&O
MPPT technique are selection of perturbation step-size (ΔD)
and perturbation step-time (Ta). The perturbation step-size
(ΔD) determines the efficiency and convergence speed of the
MPPT algorithm. The convergence speed of MPPT algorithm
can be improved by selecting larger perturbation step-size,
which depreciates the efficiency of MPPT controller, and vice-
versa. The perturbation step-time (Ta) should be greater than
the settling time of a system for a step change in the duty cycle.
In this paper, for implementing the P&O MPPT technique, ΔD
and Ta are selected as 0.01 and 25 ms.

D. Proposed T-C-T Configuration of S-I-Cs

The proposed PV D-MPPT architecture comprises 16 number
of PV short-strings and S-I-Cs. Each S-I-C along with a MPPT
controller is integrated to a PV short-string. Initially, the output
terminals of the S-I-Cs are connected in a series configuration
and divided into four rows and four columns. The rows of the
S-I-Cs are represented by R1, R2, R3, and R4, respectively;
and columns are represented by C1, C2, C3, and C4, respec-
tively. There by, the cross-tied connections (represented by red
colour lines) between the rows R1, R2, R3, and R4 forms the
T-C-T configuration of the S-I-Cs. The cross-tied connections
also establishes the series connection between the rows. Each
row comprises the parallel connection of four S-I-Cs. The rows
R1, R2, R3, and R4 comprises the parallel connection between
the S-I-Cs (11, 12, 13, 14), (21, 22, 23, 24), (31, 32, 33, 34), and
(41, 42, 43, 44), respectively.

Therefore, the T-C-T configuration of S-I-Cs output volt-
age (VL) is equal to sum of the output voltages of
S-I-Cs across the rows R1, R2, R3, and R4, respectively,
(i.e., VR1

+ VR2
+ VR3

+ VR4
). Similarly, the output current

(IL) is equal to sum of the output currents of S-I-Cs in any
one of the row (∵ IR1

= IR2
= IR3

= IR4
). Hence, the output

power (PL) of the T-C-T configuration of S-I-Cs is expressed
by

PL = VL × IL. (7)

The T-C-T configuration of S-I-Cs output voltage (VL) in terms
of row voltages is expressed by (8). The row voltages in terms
of output and input voltages of the S-I-Cs are expressed by (9)

VL =

4∑

i=1

VRi
where i represents the no. of rows (8)

where
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

VR1
= Vo,j =

Vpv,j

1−Dj
where j = 11, 12, 13 and 14

VR2
= Vo,k =

Vpv,k

1−Dk
where k = 21, 22, 23, and 24

VR3
= Vo,l =

Vpv,l

1−Dl
where l = 31, 32, 33, and 34

VR4
= Vo,m =

Vpv,m

1−Dm
where m = 41, 42, 43, and 44.

(9)
Similarly, the T-C-T configuration of S-I-Cs output current

(IL) in terms of row currents is expressed by (10). The row
currents in terms of output and input currents of the S-I-Cs are

expressed by (11)

IL = IRi
where i = 1 to 4 (10)

where
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

IR1
=

∑14
j=11 Io,j =

∑14
j=11 Ipv,j × (1−Dj)

IR2
=

∑22
k=21 Io,k =

∑24
k=21 Ipv,k × (1−Dk)

IR3
=

∑34
l=31 Io,l =

∑34
l=31 Ipv,l × (1−Dl)

IR4
=

∑44
m=41 Io,m =

∑44
m=41 Ipv,m × (1−Dm) .

(11)

The variables represented in (8)–(11) are defined as follows.
1) VR1

, VR2
, VR3

, and VR4
are the voltages across the rows

R1, R2, R3, and R4, respectively.
2) Vo,j , Vo,k, Vo,l, and Vo,m are the output voltages of the

S-I-Cs in the rows R1, R2, R3, and R4, respectively.
3) Vpv,j , Vpv,k, Vpv,l, and Vpv,m are the operating voltages

of the PV short-strings in the rows R1, R2, R3, and R4,
respectively.

4) IR1
, IR2

, IR3
, and IR4

are the currents through the rows
R1, R2, R3, and R4, respectively.

5) Io,j , Io,k, Io,l, and Io,m are the output currents of the S-I-
Cs in the rows R1, R2, R3, and R4, respectively.

6) Ipv,j , Ipv,k, Ipv,l, and Ipv,m are the operating currents of
the PV short-strings in the rows R1, R2, R3, and R4, re-
spectively.

7) Dj , Dk, Dl, and Dm are the duty ratios of S-I-Cs in the
rows R1, R2, R3, and R4, respectively.

III. MODELING OF PARTIAL SHADING PATTERNS

One of the important aspects of this paper is to analyze and
investigate the performance of PV central inverter architecture,
series configuration, and T-C-T configuration of S-I-Cs under
various partial shading patterns, such as an uneven row, uneven
column, diagonal, and long and narrow. The shading patterns
and the corresponding insolation levels on the PV short-strings
are represented in Fig. 6. The x-axis, y-axis, and z-axis of Fig. 6
represent the number of rows of PV short-strings (or S-I-Cs),
the number of columns of PV short-strings (or S-I-Cs) and solar
insolation levels, respectively.

Each shading pattern comprises five various solar insolation
levels, i.e., 300, 400, 600, 800, and 1000 W/m2 which represent
the most dark cloud, dark cloud, cloud center, clear cloud, and
full insolation, respectively. The description of each shading
patterns is given as follows.

1) Uneven row shading: The cloud is spread unevenly over
first row of PV short-strings and is moving from left to
right as shown in Fig. 6(a). The PV short-strings 11, 12,
13, and 14 are covered by most dark, dark, cloud center,
and clear cloud, respectively. The full insolation covers
remaining PV short-strings.

2) Uneven column shading: The cloud is spread unevenly
over first column of PV short-strings and is moving from
top to bottom as shown in Fig. 6(b). The PV short-strings
11, 21, 31, and 41 are covered by the most dark, dark, cloud
center, and clear cloud, respectively. The full insolation
covers remaining PV short-strings.
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Fig. 6. Representation of moving cloud over the PV short-strings with different insolation levels. (a) Uneven row. (b) Uneven column. (c) Diagonal. (d) Long
and narrow shading pattern.

3) Diagonal shading: The cloud is spread unevenly over di-
agonally placed PV short-strings and is moving from top
to bottom as shown in Fig. 6(c). The PV short-strings 11,
22, 33, and 44 are covered by most dark, dark, cloud cen-
ter, and clear cloud, respectively. The full insolation covers
remaining PV short-strings.

4) Long and narrow shading: The cloud is spread unevenly
over first and second column of PV short-strings, and it
is moving from top to bottom as shown in Fig. 6(d). The
PV short-strings (11, 12) are covered by most dark cloud,
(21, 22) are covered by dark cloud, (31, 32) are covered
by cloud center (41, 42) are covered by clear cloud. The
full insolation covers remaining PV short-strings.

IV. RESULTS AND DISCUSSIONS

This section describes the simulation results of PV central
inverter architecture, series configuration, and T-C-T configura-
tion of S-I-Cs under various shading patterns, as mentioned in

Section III. The specifications of components required for the
implementing proposed PV D-MPPT architecture are listed in
Table I. Initially, from t = 0 to 0.3 s, all PV short-strings in the
three PV system architectures operate at STC. At this condition,
each PV short-string generate the power of 310.03 W at an op-
erating voltage and current of 43 V and 7.21 A, respectively.
The corresponding steady-state duty ratio of the S-I-Cs is 0.57.
Afterward, various partial shading patterns have been applied to
the PV short-strings.

A. PV Central Inverter Architecture

The PV central inverter architecture [29] comprises the
T-C-T configuration of PV strings, boost converter with an
MPPT controller, and a resistive load (RL). A bypass diode
is connected in anti-parallel to each PV string, to protect from
hot-spot effects. The simulation results of the PV central inverter
architecture under various shading patterns are shown in Fig. 7.
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TABLE I
SPECIFICATIONS OF PV D-MPPT ARCHITECTURE

Under uneven row shading pattern, from t = 0 to 0.3 s, each
PV short-string in the rows R2, R3, and R4 is generating the
power of 309.95 W at an operating voltage and current (42.87 V,
7.23 A), respectively. Therefore, sum of voltages across the rows
R2, R3, and R4 is equal to 128.61 V (i.e., VR2

+ VR3
+ VR4

=
3× 42.87V ) and each row is operating at a current of 28.92 A
(i.e., IR2

= IR3
= IR4

= 4× 7.23A), respectively. From t =
0.3 to 1.5 s, the rowR1 is unevenly shaded. At this condition, the
PV short-strings 11, 12, 13, and 14 are operating at a current of
2.18, 2.90, 4.34, and 5.78 A, respectively. Therefore, the shaded
row current, IR1

is equal to 15.20 A (i.e., Ipv,11 + Ipv,12 +
Ipv,13 + Ipv,14 = 2.18A+ 2.90A+ 4.34A+ 5.78A). Due to
the series connection between all the rows, each row should
be operated at the same current. Therefore, the bypass diodes
across the PV short-strings 11, 12, 13, and 14 are short-circuited,
and the currents flowing through them are equal to 5.05, 4.33,

Fig. 7. Results of PV central inverter architecture under various partial shad-
ing patterns. (a) PV voltages. (b) PV currents. (c) PV powers. (d) Duty ratios.
(e) Output powers.

2.89, and 1.45 A, respectively. Hence, voltage across the row
R1 is equal to −0.8 V. Therefore, the operating power of
this architecture is equal to 3696.26 W at a voltage and cur-
rent of 127.81 V (i.e., VR1

+ VR2
+ VR3

+ VR4
= 128.60V −

0.8V ) and 28.92 A (∵ IR1
= IR2

= IR3
= IR4

), respectively.
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The corresponding steady-state duty ratio of the boost converter
is 0.63 and produces the output power of 3673.49 W. The power
loss of the boost converter is 22.77 W.

Under uneven column and diagonal shading pattern, from t
= 0.3 to 1.5 s, the PV short-strings in the row R1 decides the
operating current. The PV short- strings 12, 13, and 14 are op-
erating at a current of 7.46 A, and PV short-string 11 is oper-
ating at a current of 2.11 A. Therefore, the operating current
IR1

is equal to 24.49 A [i.e., Ipv,11 + Ipv,12 + Ipv,13 + Ipv,14 =
2.11A+ (3× 7.46)A]. The corresponding operating voltages
of the PV short-strings are 40.85, 42.94, 44.83, and 45.87 V, re-
spectively. Therefore, the operating power is equal to 4273.26 W
at a voltage and current of 174.49 V and 24.49 A, respectively.
The corresponding steady-state duty ratio of the boost converter
is 0.53 and generate the output power of 4252.68 W. The power
loss of the boost converter is 20.58 W.

Similarly, under long and narrow shading pattern, from
t = 0.3 to 1.5 s, the PV short-strings in the rows R1, R2, R3,
and R4 are operating at a voltage of −0.8, 39.76, 45.74, and
47.26 V, respectively. The operating current of each row is equal
to 21.11 A. The operating power is equal to 2785.67 W at a
voltage and current (131.96 V, 21.11 A), respectively. The cor-
responding steady-state duty ratio of the boost converter is 0.56
and generate the output power of 2768.72 W. The power loss of
the boost converter is 16.95 W.

B. Series Configuration of S-I-Cs

In this configuration, the output terminals of the S-I-Cs shown
in Fig. 2 are connected in series connection (no cross-ties are
presented). Therefore, the output current (IL) of the series
configuration of S-I-Cs is same as the output current of any
single S-I-C ( i.e., IL = Io,11 = Io,12 = · · · = Io,14 = Io,21 =
Io,22 = · · · = Io,24 = Io,31 = Io,32 = · · · = Io,34 = Io,41 =
Io,42 = · · · = Io,44). The output voltage (VL) is equal to sum of
the output voltages across all the S-I-Cs (i.e., Vo,11 + Vo,12 +
· · ·+ Vo,14 + Vo,21 + Vo,22 + · · ·+ Vo,24 + Vo,31 + Vo,32 +
· · ·+ Vo,34 + Vo,41 + Vo,42 + · · ·+ Vo,44). The simulation
results of the series configuration of S-I-Cs under various
shading patterns are shown in Fig. 8.

Under uneven row, uneven column, and diagonal shading
pattern from t = 0.3 to 1.5 s, the output current is equal to
2.75 A. Therefore, to maintain each S-I-C output current of
2.75 A, the PV short-strings receiving an insolation of 1000, 800,
and 600 W/m2 are operating at a voltage and current (42.80 V,
7.21 A), (43.79 V, 5.74 A), and (44.09 V, 4.32 A), respectively.
The corresponding operating powers of PV short-strings are
308.59, 251.41, and 190.51 W, respectively. The duty ratios of
S-I-Cs integrated to above-referred PV short-strings at their op-
erating powers are 0.62, 0.51, and 0.35, respectively.

The S-I-Cs integrated to PV short-strings which are receiving
an insolation of 400 and 300 W/m2, generate the power of 3.44
and−1.88 W, respectively. The corresponding operating voltage
and current are (1.1 V, 3.13 A (nearest to short-circuit current))
and [−0.8 V, 2.35 A (short-circuit current)]. Here, it is observed
that the operating voltage and current of S-I-Cs are deviated from

Fig. 8. Results for series configuration of S-I-Cs under various partial shad-
ing patterns. (a) PV voltages. (b) PV currents. (c) PV powers. (d) Duty ratios.
(e) Output powers.

MPP due to cross-coupling effects, but to equal the output cur-
rent (IL) to 2.75 A of series configuration of S-I-Cs, the internal
body diode of the MOSFET switch starts conducting and supports
the flow of 0.4 A current. (i.e., 2.75 − 2.35A). Due to the con-
duction of internal body diode of MOSFET switch, the switching
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Fig. 9. Representation of current paths for the series configuration of S-I-Cs.
(a) Current path for the noncross-coupled S-I-Cs. (b) Current path for cross-
coupled S-I-Cs.

action of cross-coupled S-I-Cs does not happen. Therefore, the
duty ratio of cross-coupled S-I-Cs reaches its lower limit. Hence
the operating power of series configuration of S-I-Cs is equal to
4146.56 W [i.e., (12× 308.59W ) + (1× 251.41W ) + (1×
190.51W ) + (1× 3.44W ) + (1×−1.88W )] and produces
the output power of 4072.92 W. The power loss of the S-I-Cs
is equal to 73.64 W. The current path (green colour lines) for
the two unshaded S-I-Cs (noncross-coupled S-I-Cs) is shown in
Fig. 9(a). Here, the switching action of two unshaded S-I-Cs is
happening at their corresponding operating voltage and current.
Fig. 9(b) shows the current path for a single unshaded (noncross-
coupled) and shaded (cross-coupled) S-I-Cs. The flow of current
through internal body diode (ball blue colour line) of the cross-
coupled S-I-C MOSFET switch is equal to ID,2 = (IL − Isc),
where Isc is the short-circuit current of the cross-coupled S-I-C.

Under long and narrow shading pattern, from t = 0.3 to 1.5 s,
the output current of series configuration of S-I-Cs is equal to
2.53 A. Therefore, to maintain each S-I-C output current to
2.53 A, the operating powers of S-I-Cs receiving an insolation
of 1000, 800, and 600 W/m2 are similar to under uneven col-
umn and diagonal shading patterns. The corresponding operat-
ing voltage and current are also the same, but the corresponding
duty ratios of S-I-Cs are equal to 0.64, 0.56, and 0.41, respec-
tively. Here also, the S-I-Cs receiving an insolation of 400 and

300 W/m2 are cross-coupled and generate the power of 3.70 W
and−1.88 W, at an operating voltage and current (1.18 V, 3.13 A)
and (−0.8 V, 2.35 A), respectively. In this shading pattern, the
current through the internal body diode of MOSFET switch (ID,2)
is equal 0.18 A (i.e., 2.53 − 2.35A). Due to cross-coupling
effects, the operating power of this configuration is equal
to 3356.20 W [i.e., (8× 308.59W ) + (2× 251.41W ) + (2×
190.51W ) + (2× 3.70W ) + (2×−1.88W )] and produces
the output power of 3290.46 W. Here, the power loss of S-I-
Cs is equal to 65.74 W.

C. T-C-T Configuration of S-I-Cs

Under uneven row shading pattern, from t = 0.3 to 1.5 s,
the S-I-Cs receiving an insolation of 1000, 800, 600, 400,
and 300 W/m2 are operating at a voltage and current (43 V,
7.20 A), (43.75 V, 5.75 A), (43.70 V, 4.36 A), (44.27 V,
2.87 A), and (44.27 V, 2.17 A), respectively, and are shown
in Fig. 10(a) and (b). The corresponding operating powers
of S-I-Cs 309.85, 251.64, 190.60, 126.97, and 95.865 W,
respectively, and are shown in Fig. 10(c). At this condi-
tion, the T-C-T configuration of S-I-Cs generate the power
of 4383.28 W (= (12× 309.85W ) + (1× 251.64W ) + (1×
190.60W ) + (1× 126.97W ) + (1× 95.865W )). The corre-
sponding steady-state duty ratios of S-I-Cs in the rows R1, R2,
R3, and R4 are equal to 0.24, 0.59, 0.59, and 0.59, respectively,
and are shown in Fig. 10(d). Therefore, according to (9) and
(11), the S-I-Cs output voltage and current in the rows R1, R2,
R3, and R4 is determined as VR1

= 57.57 V, VR2
= VR3

=
VR4

= 104.88 V and IR1
= IR2

= IR3
= IR4

= 11.60 A. The
T-C-T configuration of S-I-Cs output voltage (VL) and current
(IL) according to the (8) and (10) are determined as 372.21 V
(i.e., VR1

+ VR2
+ VR3

+ VR4
) and 11.60 A. From (7), the out-

put power (PL) of this configuration is determined as 4318 W,
and the power loss is determined as 65.28 W.

Under uneven column and diagonal shading pattern, from t
= 0.3 to 1.5 s, the PV short-strings in rows R1, R2, R3, and
R4 receiving an insolation of 1000 W/m2 generate the power
of 309.85 W, but the operating voltage and current are differ-
ent. The operating voltage and current of PV short-strings in
the rows R1, R2, R3, and R4 are (42.97 V, 7.21 A), (43.15 V,
7.18 A), (43.51 V, 7.12 A), and (43.27 V, 7.16 A), respectively.
The operating voltages, currents and powers of PV short-strings
receiving insolation of 800, 600, 400, and 300 W/m2 are same
as under uneven row shading pattern. Therefore, the operating
power of the T-C-T configuration is also the same as under the
uneven row shading pattern. The operating voltages, currents,
and powers of PV short-strings under the uneven column and
diagonal shading patterns are shown in Fig. 11(a)–(c), respec-
tively. The corresponding steady-state duty ratios of the S-I-Cs
in the rows R1, R2, R3, and R4 are equal to 0.5, 0.52, 0.55,
and 0.57, respectively, and are shown in Fig. 11(d). The S-I-Cs
output voltage in the rows R1, R2, R3, and R4 is determined
as VR1

= 85.94 V, VR2
= 89.89 V, VR3

= 96.28 V, and VR4

= 100.62 V. Therefore, T-C-T configuration of S-I-Cs output
voltage (VL) and current (IL) is determined as 372.60 V and
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Fig. 10. Results for the T-C-T configuration of S-I-Cs under uneven row shad-
ing pattern. (a) PV strings voltage. (b) PV strings current. (c) PV strings power.
(d) Duty ratios.

11.59 A. The T-C-T configuration of S-I-Cs under uneven col-
umn and diagonal shading patterns produces the output power,
and power loss as same as that of under uneven row shading
pattern.

Under long and narrow shading pattern, from t = 0.3 to
1.5 s, the operating voltages, currents, and powers of all PV
short-strings in the rows R1, R2, R3, and R4 are same as
under uneven column and diagonal shading patterns, and are
shown in Fig. 12(a)–(c), respectively. Therefore, the oper-
ating power of the T-C-T configuration of S-I-Cs is equal
to 3808.95 W (= (8× 309.85W ) + (2× 251.64W ) + (2×

Fig. 11. Results for T-C-T configuration of S-I-Cs under uneven column and
diagonal shading pattern. (a) PV strings voltage. (b) PV strings current. (c) PV
strings power. (d) Duty ratios.

190.60W ) + (2× 126.97W ) + (2× 95.865W )). The corre-
sponding steady-state duty ratios of S-I-Cs in the rows R1, R2,
R3, and R4 are equal to 0.41, 0.46, 0.52, and 0.58 V, respec-
tively, and are shown in Fig. 12(d). The S-I-Cs output voltage in
the rows R1, R2, R3, and R4 is determined as VR1

= 72.83 V,
VR2

= 79.90 V, VR3
= 92.57 V, and VR4

= 103.02 V. Therefore,
the output voltage and current of T-C-T configuration of S-I-Cs
is determined as 348.32 V and 10.82 A, respectively. The T-C-T
configuration of S-I-Cs produces the output power of 3768.82
W and the power loss of S-I-Cs is equal to 40.13 W. The out-
put power of T-C-T configuration of S-I-Cs under considered
shading patterns are shown in Fig. 12(e).
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Fig. 12. Results for T-C-T configuration of S-I-Cs under long & narrow
pattern. (a) PV strings voltage. (b) PV strings current. (c) PV strings power.
(d) Duty ratios. (e) Output powers.

The output powers of considered PV system architectures un-
der various partial shading patterns are given in Table II. From
these results, it can be inferred that under PSCs, the proposed
T-C-T configuration of S-I-Cs is more efficient compared to PV
central inverter architecture and series configuration of S-I-Cs.

TABLE II
COMPARISON OF THE PV SYSTEM ARCHITECTURES OUTPUT POWER (IN KW)

UNDER VARIOUS SHADING PATTERNS

V. CONCLUSION

This paper focuses on various PV system architectures used
for the building integrated PV systems. First, it illustrates the PV
short-string characteristics, design of S-I-C, and the implemen-
tation of P&O MPPT controller. To overcome the drawbacks of
PV central inverter and conventional M-I-C configuration, this
paper proposes the T-C-T configuration for S-I-Cs to extract the
maximum power. The P&O MPPT controller is used to track the
maximum power. Because of the parallel connections between
the S-I-Cs in a row, the T-C-T configuration of S-I-Cs mitigates
the cross-coupling effects. The performance of the proposed
T-C-T configuration of S-I-Cs has been compared with the
above-reported PV system architectures by considering the vari-
ations in output power. The advantages of the proposed con-
figuration are: improved energy harvest, improved system effi-
ciency, plug- and play-operation, and enhanced flexibility. For
implementing the proposed PV system configuration, the cost
of components is five times less over the M-I-C configurations.
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