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THE OUTPUT CHARACTERISTICOF A PHOTOVOLTAIC ARRAY
UNDER MISMATCHING CONDITIONS

DAC TINH DIEN DAU RA CUA MOT DAN PIN MAT TROI DUGI CAC DIEU KIEN KHONG DONG NHAT

Nguyen Duc Tuyen'’, Le Viet Thinh', Nguyen Quang Thuan?

ABSTRACT

In operating a photovoltaic (PV) system, the mismatching phenomenon is
the most commonly occurring scenario among the PV modules of the PV arrays,
causing the PV cells to operate under different conditions, which leads to
significant power losses in the PV arrays. Prediction of the electrical performance
of a PV array under mismatching conditions can improve the operational
efficiency of a PV system. This paper proposes a simple and accurate method to
extract the output characteristic of a PV array under mismatching conditions. The
current-voltage (I-V) characteristic of a PV cell is represented by evaluating the
single-diode model (SDM). After that, the |-V characteristic of a PV module and a
PV array are simulated on the basis of the SDM. The effectiveness of the method
is verified by an investigation conducted on a polycrystalline PV panel. The
investigated results prove the proposed method is highly effective in simulating
the |-V characteristic of a PV array under mismatching conditions.

Keywords: Photovoltaic; mismatching conditions; I-V characteristic; single-
diode model; partial shading conditions.
TOM TAT

Trong van hanh hé thdng dién mat troi, hién tugng khdng dong nhat
thuong xuyén xay ra doi v6i cac tam pin mat troi (PMT) trong mot dan PMT, lam
cho cac té bao PMT hoat ddng dudi cac diéu kién rat khac nhau, tir d6 cong suat
clia dan PMT bj tén hao rét 16n. Viéc du doan duoc ddc tinh dién cia mot dan
PMT du6i cac diéu kién khong dong nhat gilp ndng cao hiéu sudt cla hé thdng
dién mat troi. Bai bdo nay dé xudt mot phuong phap don gian va chinh xéc dé
tim ra duoc dac tinh dién dau ra ca mot dan PMT dudi cac diéu kién khng dong
nhat. Dac tinh dong dién - dién dp cia mgt té bao PMT dugc trinh bay dudi ca
diéu kién ly tuéng va diéu kién khong dong nhat. Sau d6, dac tinh dong dién -
dién dp cha tdm PMT va dan PMT duoc phat trién trén co s& cda déc tinh dién t&
bao PMT. Tinh hiéu qué ca phuong phap dugc kiém ching trén mot tam PMT
loai polycrystalline. Két qua nghién cGu cho thay phuang phap dugc dé xuat c6
dd chinh xac cao trong viéc mo phong ddc tinh dong dién - dién ap cla dan PMT
dudi cac diéu kién khong dong nhat.

Tir khéa: Pin mat troi; cdc diéu kién khdng dong nhdt; ddc tinh dong dién -
dién dp; M hinh mdt diode; cdc diéu kién che khudt.
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NOMENCLATURE
Symbol Unit Mean
a - Diode ideality factor
I A Current generated by the photovoltaic
(PV) panel
Iy A Shockley diode current
lnpp A Current at the maximum power point
(MPP)
lov A Photovoltaic current
lpvicm A Photovoltaic current at other irradiance
- temperature (T-G) conditions
oot A Reverse saturation current
e A Reverse saturation current at other T-G
conditions
(I A Short-circuit current
K J/K  Boltzmann constant (1.381x102 J/K)
Ki A/°C  Thermal coefficient of the short-circuit
current
K, V/°C  Thermal coefficient of the open-circuit
voltage
N, - Number of series-connected cells
q C  Electron charge (1.60217646x10"°C)
R Q  Shuntresistance
R, Q) Series resistance
\Y V  Voltage generated by the PV panel
Vinop V  Voltage at the MPP
Ve, V  Open-circuit voltage
T K  Cell temperature
Toe K Cell temperature at the Standard Test
Condition (STC): 298.15 [K]
G W/m? Irradiance
Gef  W/m® lIrradiance at the STC: 1000 W/m?
ABBREVIATIONS
PV Photovoltaic
PSCs Partial shading conditions
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I-v Current versus Voltage

P-v Power versus Voltage

MPP Maximum power point

MPPT Maximum power point tracking
GMPP Global maximum power point
LMPP Local maximum power point
SS Simple series

SP Series parallel

BL Bridge-linked

HC Honey comb

TCT Total-cross-tied

SDM Single-diode model

1.INTRODUCTION

The fast-paced growth of photovoltaic (PV) system has
brought a lot of opportunities to develop sustainable
energy in the world, but it also comes up with plenty of
challenging problems baffling both operators and
researchers. Indeed, operation a PV system, in reality, has to
deal with many obstacles, including which come from the
uncertainty of meteorology [1]. Non-uniform illumination
becomes one of the most aspects can cause detrimental
influences to PV arrays [2, 3].

For building-integrated PV and solar power plants in
small spaces, the cells might be shaded by neighbouring
cells [4]. These cases are referred as static shadows.
Meanwhile, the dynamic shadows are phenomena such as
the moving clouds, snow, bird dropping, leaves, etc.[5 [5,
6]. Operating a PV plant under partial shading conditions
(PSCs) causes power losses of the system. In addition, the
cells in the shaded areas cause hotspots in PV arrays,
therefore the PV arrays can be damaged [4].

To mitigate these phenomena, a bypass diode is
connected in parallel with a PV cell block to transfer the
current through the shaded areas [3]. But this solution
causes the power-voltage (P-V) characteristics of PV arrays
have multiple maximum power points (MPPs), which is
considered difficult for maximum power point tracking
(MPPT) algorithm to track the global maximum power
point (GMPP) [3].

To overcome this problem, this paper is dedicated to
simulating the output characteristics of PV arrays under
shading patterns to obtaining the GMPP. Simulations are
run on four common PV configurations, which are series-
parallel (SP), bridge-linked (BL), honeycomb (HC), and total-
cross-tied (TCT). Since the single-diode model (SDM) has
proved its advantages on identifying |-V and P-V
characteristics of PV cells, it is developed to simulate the I-V
and P-V characteristics of PV arrays.

2. ELECTRICAL MODEL OF A PV CELL AND PV MODULE

In order to evaluate effectively the behaviour of a PV
cell, it is needed to adapt a model representing the
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electrical characteristics of a PV cell. Figure 1 displays the
equivalent circuit of the SDM, which is frequently utilized in
the field study of PV [7, 8].
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Figure 1. Equivalent circuit of the single-diode model
The behaviour of the solar cell is expressed by Equation

V+IR, o V+IR,
I= lpv _ld - Rsh = lpv _Isat [e _1]_ Rsh )

Where V, is the thermal voltage defined by the
following equation.

v, =X @

q

Five parameters of the SDM, 1, I, a, R, and R, are
obtained from the manufactured datasheet, including the
values of significant points of the I-V curve, (I, 0), (0, V,)
and (I,ppr Vinpp)- Solving Equation (1) is the key to obtain the
I-V characteristic of a PV cell. Herein this task is conducted
in a more general context, that is in a PV module as
represented as follows.

2.1. The |-V and P-V characteristics of a PV module
under uniform condition

PV generators are made of a number of PV cells
connected in series and in parallel, not referred to a single
PV cell. The operating voltage of the PV cell is few hundreds
of millivolts, while the current generated at high irradiation
levels is of some amperes. As a result, to reach the desired
voltage, a number of connected-series cells are arranged
into PV modules. So some approaches, [9] and [10], have
used a modified expression of Equation (1) as follow:

\%

3 V+IR,

I=1, —1, | e™*% —1|- 3)
Rsh

Applying Equation (3) under three remarkable points,
such that the short-circuit point, the open-circuit point, the
maximum power point (MPP), produces the following
equations:

o At short-circuit point (I =1, V =0)):
ISCRS

I =1 I | ex Rl 1_
sc pv sat p aNSVt Rsh

e At open-circuit point (I =0,V =V,):

0=I I | ex Voc 1 Voc 5
pv sat p aN V Rsh ( )

st
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o Atthe MPP (I =1, V=V,

V +R | V__ +RlI
| =l I exp( j 1} TP (6)
i g ' |: Nsvt Rsh

Since these equations contain the exponential functions
and five variables, it can not be solved straight away. To
deal with this problem, an iterative method is proposed as
follow. The second term in (3) is assumed can be neglected
[8], the photovoltaic current is rewritten as in Equation (7).

0 R, +R,, 7

pv sc
Rsh

mpp):

The parallel resistance is calculated by substituting
Equation (7) into Equation (6), as in Equation (8).

R — |SCRS - Vmpp - ImppRs (8)

sh
Voo +liooRs
[ [exp(p"aN Vp" ]—1}4“

st

By assuming the denominator of the right side of
Equation (8) is zero, the maximum value of the series
resistance is calculated as in Equation (9).

|SC - ||T\
aNSVtIn[ | 2R —1]—Vmpp
Rs,max = lsat (9)

mpp

After that, the photovoltaic current, the reverse
saturation current and the diode’s ideality factor are
calculated by equations (4)-(6), respectively. This process
continues with the value of the series resistance ranging
from [0, R; .-

For two points in the P-V curve of a PV panel, one is on
the left side and another is on the right side, the value of
the slope of the P-V curve respect to the point at the left
side is greater than zero and for the point at the right side
would be smaller than zero.

300r MPP
EZOO r 1\
g 0.366 ol1s
(o]
o 100 R, increasing 0
0 ‘ ‘
0 10 20 30 40

Voltage[V]
Figure 2. P-V curves with different values of R
As can be seen in Figure 2, when the series resistance
increases, the peak of the P-V curve will shift from the right
side of this fixed point to the left side. Consequently, the
derivative of the power with repect to the voltage will
monotonically decrease from the positive to negative.

As a result, the process stops until the condition (10) is
satisfied.
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(dP] (de (10)
dv ) \dv
Using the interpolation method,
calculated as Equation (11).
&)
v,

o) lo)

Where i is the number of points, in which derivative of
the power with respect to the voltage is greater than zero.

2.2. The |-V and P-V characteristics of a PV module
under PSCs

In the previous section, the SDM is scaled up under the
hypothesis that all the cells operate in the same condition.
However, this situation is far further from what happens in
real life since the PV array is greatly affected by external
aspects. Nonuniform illumination causes the cells of a PV
module operating in very different irradiance levels. By
considering the effects of new T-G conditions on the
operation of a PV cell, the photovoltaic current and
saturation current are calculated as in Equation (12) and
Equation (13), respectively.

the value R; is

R, = Rs,i + (Rs,i - Rs,i—] )

S

(1)

L (G.T)=[1,, +K (T Tref)]GG

ref

(12)

I +K (T-Ty)
L (6 T) =y "
e aVy -1

Where 1,(GT), 1.,(G,T) are the photovoltaic current and
saturation current at other T-G conditions, respectively. K;
and K, are the thermal coefficient of the short-circuit
current and the open-circuit voltage, respectively. Three
other parameters of PV cell (R, Ry, a) are assumed to be
unchanged at other T-G conditions. Consequently, the
corresponding SDM for a shaded PV module is represented
as in Figure 3.
N(R; 1

— —
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Figure 3. Equivalent circuit of PV module of N series-connected PV cells

Equation (1) now becomes Equation (14).

V(G.T)
I(G,T)=N,[l, (GT)-N], (G,T)[e N —1}

V(G,T)+I(G,T)NR,
NsRsh

Where (G, T) and V(G,T) are the output current and
output voltage of the PV module, respectively. In Figure 4,

(14)
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the polycrystalline Kyocera KC175 GHT-2 PV module
composes of the first 16 PV cells operating at 1000W/m?,
the 16 sequential PC cells operating at 600W/m? and the 16
final PV cells operating at 300W/m? By connected three
strings of 16-series-connected PV cells in Matlab/Simulink,
the |-V and P-V characteristics of this PV module are
demonstrated under uniform condition and PSCs as in
Figure 5. The output characteristics have more than one
MPP caused by the insertion of bypass diode, and the
maximum output power also decreases.

1000W/m2 600W/m?2 300W/m?2
[ [ [
16 PV cells 16 PV cells 16 PV cells

Figure 4. Model of a PV module with bypass diodes under partial shading
conditions
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Figure 5. I-V and P-V characteristics of Kyocera K(175 GHT-2 PV module
under the uniform condition and PSCs

3. PV ARRAY SIMULATION ON MATLAB/SIMULINK
3.1. Effects on the |-V and P-V characteristics of a PV array

When considering the effects of PSCs on a PV array,
besides irradiance and temperature, the PV array
configuration and shading pattern also have significant
impacts on the |-V and P-V characteristics of a PV array. In
practical situations, the shading pattern is random, so the
only thing can be controlled to mitigate effects of PSCs is
the PV array configuration. Analyzing the I-V characteristic
of PV array for each PV array configuration is the key to
choosing suitable PV array configuration. However, since
Equation (1) is an implicit equation and each PV module
operating under various T-G conditions will have different I-
V characteristics. Therefore, to obtain the equivalent I-V
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characteristic of a PV array under mismatching conditions,
a Matlab/Simulink-based model is established. This PV array
model composes a number of PV modules applied SDM.
Four PV array model with different configurations, e.g., SP,
BL, HC, and TCT, are used. The T-G values of these model
are changeable.

The PV array configuration is the way of arranging the
PV modules in a PV array to mitigate the partial shading
losses. In [11], different PV array configurations are
analyzed, including SS, SP, TCT, BL and HC, which are
represented in Figure 6. Among these PV configurations,
SP, BL, HC and TCT have been proved to be their
superiorities on reducing the power losses caused by
partial shading. Therefore, in this paper, these four array
configurations are chosen to apply SDM in simulating the I-
V and P-V characteristics of a PV array.

MM E
111}
a) b) 0 d) e)

Figure 6. Five PV configurations: a) SS; b) SP; ¢) BL; d) HC; €) TCT

In addition, the shading pattern is important to evaluate
the performance of a PV array under PSCs. Herein five
shading topologies are considered with the shading area is
V4 the total area of PV array, including row shading, column
shading, diagonal shading, block-shaped shading and
random shading. These PV shading patterns are illustrated
asin Figure 7.

L e

VZ[]SV‘I M 600W/m?
111

dM B . 1000W/m?
1
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Figure 7. Shading patterns of a PV array: a) uniform; b) column shading;
¢) row shading; d) block-shaped shading; e) diagonal; f) random shading

3.2. Simulation results and discussions

Four PV array configurations, which are SP, BL, HC, and
TCT, are simulated with six afore-mentioned PV patterns on
the Kyocera KC175 GHT-2 PV array. The |-V and P-V
characteristics of this PV array in all scenarios are plotted as
in Figure 8.

As can be seen from Figure 8, in six scenarios, under the
PSCs, the P-V curves have two local maximum power
points, expect under the column shading and diagonal
shading by BL and TCT configurations. The I-V curve under
random shading varies a lot when changing the PV
configuration. The output power of the PV array under row
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shading is the most detrimental since its GMPP is lowest in
all situations. The column shading is the most beneficial
since it's I-V and P-V curves have one MPP and the output
maximum powers are highest. The I-V and P-V curves of PV
array by three configurations, that are BL, HC and TCT, have
many similarities. This can be explained by the correlation
between these PV configurations since the BL and HC can
be considered as subsets of TCT configuration.

w
o
L

+—Uniform
—Column
---Row
Block-shaped
---Diagonal
Ranqom

N
o

Current [A]

-
o

0 20 40 60 80

3000

—Uniform

Voltage [V]
—Column
---Row

F—Block-shaped ~ /?\\
---Diagonal /<// e

Random
40

P

0 20

60 100

Voltage [V]
a)

80 120

w
o

— Uniform N
| |—Column
---Row
| _|—Block-shaped
---Diagonal

Random
0 .

0 20

N
o

Current [A]

-
o

40 60

Voltage [V]

80

3000

— Uniform
—Column
---Row

[ |—Block-shaped

---Diagonal /

Random/ <

0 . .
0 20 40 60 80

Voltage [V]
b)

100 120

— Uniform
—Column
---Row B\
—Block-shaped A
---Diagonal
Random
0 ! , ,
0 20 40 60 80
Voltage [V]

201

Current [A]

100 120

Website: https://tapchikhcn.haui.edu.vn

3000 \
—Uniform
—Column
---Row
2000 | —pjock-shaped
E‘ ---Diagonal
g Random ~
o 1000 - 7
=
0 ‘ : :
0 20 40 60 80 100 120
Voltage [V]
0
30} N
\ N \
3 \
= 20+ —Uniform | N
g —Column R
3 ---Row R\
10+ |—Block-shaped
---Diagonal 3
Random Modules \
0 ‘ ‘ e
0 20 40 60 80 100 120
Voltage [V]
3000 — Uniform
—Column
---Row
£72000 |—Block-shaped e R B
= ---Diagonal )
2 Random Modules | ~Z<_—"] k\
3 < b\
@ 1000 -
0 . 1 b I
0 20 40 60 80 100 120
Voltage [V]
d)

Figure 8.1-Vand P-V characteristics of the Kyocera KC175 GHT-2 PV array by
four configurations: a) SP; b) BL; ¢) HC; d) TCT

Figure 9 illustrates the power losses among five shading
scenarios, which is calculated by Equation (15).
AP, =PM;J.100

M

(15)

The row shading causes the highest power losses in
almost cases, above 25%. The block-shaped and random
shadings are the second and third highest power losses,
upper 15%. The least affected scenarios are the column
shading with the power losses above 10%.

Shortly, the data in Figure 9 illustrate that at least above
10% of the output power of a PV array losses by the partial
shading effection. This is a significant loss in operating a PV
system. Demonstrating the I-V and P-V characteristic is the
first step in detection the partial shading losses [4, 12]. The
results of this research are vitally important in studying
advanced MPPT algorithm to optimize the output power of a
PV array [13-15]. This method can be used as an alternative
method to track the GMPP of a PV array as it provides all the
values of power-voltage for each T-G conditions. This
approach is more straightforward than the conventional
MPPT algorithms, Perturb and Observe and Incremental
Conductance, as the conventional methods can be
misleading to track the MPP of a PV array under PSCs [15].
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Figure 9. The power losses of PV array under five shading patterns: a. SP
b.BLc. HCd. TCT

Since the partial shading closely relates to the fast-
changing irradiance and temperature, obtaining I-V and P-
V characteristics of a PV array in a specific period when
changing both irradiance and temperature is an essential
work in the future. When it comes to this work, forecasting
the meteorology of the PV array location is needed, as well.

4. CONCLUSIONS

In this paper, the SDM is introduced to obtain the I-V
and P-V characteristics of a PV module. By employing this
model, the |-V and P-V characteristics of a PV array are
simulated under both uniform and PSCs on
Matlab/Simulink. The data shows the large impact of partial
shading on a PV array since the power losses are at least
above 10%. After analyzing five common shading patterns,
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the column shading is considered the most beneficial
scenario for a PV array under PSCs. Since the proposed
model has proved its effectiveness, it can be applied to
forecasting the output power of a PV array.
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