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Abstract

This paper deals with the development of a photovoltaic (PV) array model under partial shading conditions. Based on the
one diode equivalent circuit of a PV cell, and mathematical developments proposed in literature, the authors propose a
simple and accurate model of PV arrays under partial shading conditions. First, the equations to calculate the needed |-V
curve parameters are presented. Then, the paper synthesizes a simple implementation of these equations on MATLAB
software. In order to validate the author’s propositions, experimental results are carried out on two parallel connected
180 W PV modules. Each module has 72 mono-crystalline cells, connected in series and organized in 3 cell strings. Each
cell string has 24 cells and is protected by one bypass diode. The simulation and experimental results aim to prove the
performances of the proposed modeling methodology of the PV module and/or array when partially shaded.
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1 Introduction

Photovoltaic systems are interesting renewable energy
sources but their performances highly depend on the
external conditions, especially the climate environment
and electric utility quality for grid connected applications.

Many research studies have focused on the impact of
the grid faults on photovoltaic installation performances
[1, 2] and how the environment conditions (dust, tempera-
ture, irradiance, soiling) affect the produced energy [3].
High performance MPPT (Maximum Power Point Track-
ing) algorithms have been proposed [4-8] in order to
solve the stated issues. Furthermore, one can notice that
the photovoltaic system span in low medium and high
voltage, distribution and transport grids have emerged
non negligible effects on the power quality of the electric
utility [9-11]. In the framework of the PEER (Partnerships
For Enhanced Engagement In Research) Project named
‘Impact of rooftop PV system integration on Tunisian

electrical distribution network’[12], the members of the
stated project are collaborating with the authors of this
paper to propose a PV emulator capable of reproducing
a PV system behavior under healthy and partially shad-
ing conditions. The work presented in this paper is the
first step of one of this PEER Project Work Packages since
a PV emulator needs the equivalent PV system |-V curve.
Besides, the determination of the I-V characteristic of a
PV array is difficult since an accurate prediction of the cli-
mate and environmental conditions is intricate and the
behavior of photovoltaic cells makes it nonlinear. This
issue becomes more complicated when the entire PV array
receives non-uniform irradiance, i.e. under partial shading
condition.

All manufacturer’s data sheets cannot provide all the
information required to model the PV array in various
operation conditions. Therefore, a method to obtain the
required parameters from the available technical data is
needed. Although several researchers have studied the PV
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array behavior under partial shading conditions [13-15],
many of them described only the arrays formed by mod-
ulesin series, asin [16, 17].In [18], the authors studied the
PV arrays formed by serial-parallel modules under partial
shade condition but they took into account only one level
of shade (0% insulation).

To reduce calculation tasks, and maintain the accuracy
of PV array’s output reproduction using a small set of tech-
nical data provided by the manufacturer, this paper pro-
poses a simple method to analytically find out the param-
eter values of a PV array model. Also, the paper introduces
an extension of the method presented in [16] in order to
consider series/parallel configurations to model PV arrays
partially shaded with serial-parallel module topologies.
The model presented in this paper is simple and relevant
to any level of shade.

This paper is organized as follows: In the second sec-
tion, the mathematic model of the one-diode equiva-
lent circuit of a photovoltaic cell is detailed. Based on
this model, the authors propose, in section lll, a simple
method to calculate the one-diode parameters under a
given temperature and radiation values couple. The radia-
tion value can change from one cell to another providing
a model suitable for partial shading conditions. In Sect. 4,
the experimental test is described and the obtained results
are discussed in Sect. 5 proving the author propositions
performances and giving the next steps to improve them.

2 Mathematical model for a photovoltaic
cell

2.1 Modeling the photovoltaic cell

In the literature, there are several PV cell models (ideal
model, one-diode and two-diode model...) [4]. The sin-
gle-diode model is one of the most commonly used. The
corresponding circuit equivalent to a solar cell is shown in
Fig. 1, it has four components: a current source, one diode
and two resistors to represent the losses: one in series Rs
and one in parallel Rsh.

I
. —_ 1
o I Ig l I, 1 R
<¢ ! Rsh v

Fig. 1 One diode equivalent circuit of a PV cell
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The output voltage V and the load current | are related
as:

Vi V+R
|- (1

=1, —1,— h:lh—l[e7—1
P oo Rsp

where: az%;l : Photocurrent (A); I.: saturation current

ph*
(A); R,: series resistance (Q); Ry,: shunt résistance (Q); a:
modified ideal factor (V); A: diode ideal factor; T: cell tem-
perature (K); g: electron charge (1602 x 107'° C); k: Boltz-

mann constant (1.38 x 10723 J/K).

2.2 Parameter calculation

The five parameters (lph, I, Ry, Ry A) must be determined
to construct the |-V curve. They are obtained using
Egs. (2)-(6) and they depend on irradiance, temperature,
manufacturer data and reference parameters [16, 19-21].

G

lph = G_ : [Iph_ref + Hisc (T - Tref)] (2)

ref
3 [(ef). (22
IS = /S_ref . <TL> . e[( A-K) (T,gf T)] (3)
ref

Gier

Ry = g ) RSJef 4
G f

Rsh = g ' RSh_ref (5)

T
A=Ay — (6)

ref

In these equations, the following five reference parame-
tersarerequired:/,, ,I; . Awr Rs  €tRg, whichare deter-
mined under standard test conditions. It is important to
use the Eq. (1) and the available manufacturer data: the
open circuit voltage Vco, the short circuit current, the volt-
age, V,pp, and the current, /55, at the Maximal Power Point
(MPP). Procedures for determining the five parameters are

given herewith:

e For short circuit current: (I=lcc, V=0), the %ioo}e cur-
rent can be negleted (I_(ph) > I_(s)) and Rf—cc <1

shref
leading to:

lphref = ICC (7)

e For open circuit voltage: (I=0, V=Vco):
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e At the maximum power point: (I=lypp V=Vypp)

a

by Ve TR e ALV
MPP = "ph - R - Sref -
Shref

(10
Since the value of Rs,ef is low, the limited developments
given by (11) and (12) are possible.

efer m 1 4 R, (10)

, I
(1+R, )e ~1+R, -2 (11)

Sref a

In addition, considering (12), we can deduce (13)

Vmpp+Rs ¢ Impp Vipp
e a

Rsyer Impp Vvee Impp
=€ a -@€ a = “a (1 2)

_ Vi _ Vmep
lphref /MPP RSh,ef +/Sref 1 € a

ref 15,of Vmep 1
e - (P20 + 25

(13)

S,

o The slope of the I-V curve at the short circuit point given
by (14).

dicc _ -1
dV ~ Rsh_ref

(14)

Calculating the slope between the short circuit point and
the maximum power point gives the expression of shunt
resistance:

0—-Vmp

Rshyer = " lec — Imp

(15)

¢ The diode ideality factor A, takes a value of the interval
I=[1, 2]. The choice based on empirical analysis (=2 for
crystaline, < 2 for amorphous)

3 Modeling a photovoltaic array
under partial shading

3.1 Modeling a PV array under partial shading
conditions

Several cells associated in series and protected by bypass
diodes form a PV module. In order to obtain a higher
power, several modules can be connected in series and/
or parallel to construct a PV array. Figure 2 shows a PV
module containing an n cell string, each one is protected
by a bypass diode and contains m cells in series.

The modeling of the PV module or array consists in
determining the |-V characteristic. According to Eq. (1), it
is difficult to directly get the relationship values between
| and V. This difficulty is resolved by neglecting the cur-
rent in shunt resistance. Hence, the simple relationship
equation between | and V for a PV cell, module or array
can be described as follows:

|, —1
V=a-|n<phl +1>—Rs/ (16)

s

Consequently, the output voltage of the module hav-
ing n.m PV cells connected in series, is given by (17)

lop =1
Vm=n>x<m>kV=n*m>x<<a-In< ; +1—RSI>>

’ a7)

To determine the characteristic I-V of a PV array, it is neces-
sary to determine at first the characteristic I-V of the PV
module under partial shading conditions. The following
development are based on the analysis of Y. Cao et al. [16],
considered as a pioneer in modeling the PV modules.
Assume that the no 1_1 cell in the no 1 cell string is
shaded, which is protected by a bypass diode (Fig. 3). The
photocurrent of the no 1_1 cell 1, which is propor-
tional to solar irradiance, will be less than that of the
other cells in the no 1 cell string /,

hi_i=2m)”

cell string 1 cell string n

i Pt
oo e oo 0l

11 12 1-m

L 1
Y

PV Module

Fig.2 PV module with n bypass diodes
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n_1
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Fig. 3 PV module partially shaded

The PV cell has two operating modes [22]:

* In the first case, 0<I</,,,;_;, the current conducted
through the module is smaller than the photocurrent
of the n° 1_1 cell. The shaded cell produces power nor-
mally and the state of the bypass diode is non-conduct-
ing.

So that, the relationship equation between | and V
1.1 for ashaded PV cell n° 1_1 is described as follows:

/ -1
Vii=a;_;-In <ph}L+1> (18)

511

Thus the voltage of the no. 1 cell string can be pre-
sented as per the following:

m
| —
ph,1_1
Vi=V,,+ Z Vij==a,_;-In </—
i=2 5,11

I Ly —1
+1> —Rey 4+ (m=1)- <a-|n<ph/
s

+ I_Array
I_ms nmp g A\

2
g

H
H H
v
g2 82
5 5

Vms_nmp)|
vms_1

H
g

-

_|

Fig.4 PV array partially shaded

The relationship between /and V; for a shaded PV module,
for different operating modes of a PV cell, is summarized in
(21). The characteristics of a PV array get more complicated
under a partial shading condition and the output voltage
equation of PV array shown in Eq. (21) is not suitable for
hybrid configuration of cells. A model of a partially shaded
PV array having different configurations (series and/or par-
allel) of PV modules is proposed in the following.
Considering the partial shading condition, as shown
in Fig. 4, a photovoltaic array is formed by nmp series
strings of PV modules in parallel; each module string
formed by nms PV modules in series. After determining

1 —RSI>> (19)

¢ In the second case, I, 1_1</<ly,;_;, the current con-
ducted through the module is larger than the pho-
tocurrent of the n° 1_1 cell. The shaded cell is reverse
biased and its voltage becomes negative. The state of
the bypass diode depends on the threshold value Vdb
(itis equal to 0.7 Vin silicon case) and the value of the
whole cell string.

Thus, the voltage of the n° 1_1 cell can be written as
in (20):

Via= =0 =11 DRsp1 1 — Rsq ol (20)

Furthermore, the voltage of the n° 1 cell string pro-
tected by the n° 1 bypass diode is given by (21):

m m
Vi=Via+ Z Vii=~(/=lon11) *Rpa1 = Roqal + Z Vi
i=2 i=2
(21)
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the characteristic I-V of a PV module partially shaded, it
is possible to generalize this method to obtain the char-
acteristic I-V of a PV module string. The procedure to
obtain the characteristic I-V of the whole PV array con-
sists in the segmentation of all the characteristic I-V of
module strings according to different voltage values and
summing the currents at each of the characteristic of the
module string for the same value of voltage. Therefore,
all the operating points of the |-V curve of the PV array
are known.

The voltage of the module string n° j where j=[1;nmp]
is the sum of the voltages of nms modules constituting
this chain as shown in (22):

nms

Vms_j = Z Vj_i (22)
i=1

The current of the array under partial shading con-
ditions is the sum of current products in each module
string. For each value v of the voltage interval, the use of
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the segmentation method is necessary to determine the
current of every string of modules connected in series.
The current of the PV array is described by (23)

nmp

lArray(V) = 2 lmsj(v)'

=

Isc, Voc,
Impp,Vivpp

Iph_ref, aref, ls-ref
Rsh-ref, Rs-ref

lph, @, Is, Rs,Rsh

Array
containing
shading

Module
string

containing

shading

(23)

3.2 Implementation of the proposed method
to model a PV array under partial shading
conditions

Figure 5 shows the procedure to determine the I-V curve

of a PV array under partial shading conditions.

Using the manufacture data of the module PV (Is¢, Vq,
ImpeVivpp) is Necessary to determine the reference param-
eters (Aref, Ipn refs Is reriRsn refiRs rer) Which are primordial to
compute the parameters of PV cells (a, I, I, Ry, €t R;) at

Module
containing
shading

cell string
containing
shading

Vms=ams.IN((Iph_ms-1)/ 1s_ms+1)-1.Rs_ms

Ves=acs.In((lph_cs-1)/ Is_cs+1)-1.Rs_cs

Va-aa.In((lph_a-1)/ Is_a+1)-1.Rs_a

1a=3 7 Ing j = NMp.Ims

\ 4

Vimzam.In((loh_m-1)/ Is_m+1)-1.Rs_m

containing
shading

cell

VeaIn((lpre1)/ Is+1)-LRs

Veer(I- Ton).Ret-1.Rs

e
K 2

Ve V,

<

\4

Va3 Vi,

<
v

la=

Segmentation according voltage V

nmp
=1 Ims]'

Fig. 5 Diagram of the procedure to determine the characteristic I-V of a PV array under partial shading conditions
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different conditions of temperature and solar irradiance.
The following parameters dy, l,, 4 ls 4 Rsp 4 Rs 4are the PV
array parameters on which are based the nmp modules
string that has the following five parameters a,, I, ms
lsfms' Rshfms' Rs?ms'

Each module string consists of nms modules that have
the following parameters: a,,, / I, .,R R, .. The

m? 'ph_mr 's_mr sh_mr "'s_m-
parametersdc, Iy o ls oo R R, . are the five parameters

cs! sh_cs' "'s_cs
of the cell string in the PV module.

4 Experimental results

In order to verify and validate experimentally the sug-
gested modeling methodology of the PV array partially
shaded, we consider two parallel-connected 180 W PV
modules. Figure 6 describes the configuration of the tested
PV array. It can be seen that there are two modules in par-
allel, each has 72 mono-crystalline cells serially connected,
three cell strings and three bypass diodes. Each cell string
has 24 cells and is protected by one bypass diode.

The specifications of the PV modules in STC used to
obtain the simulation of the characteristic I-V are shown
inTable 1.

The |-V characteristic was measured by changing the
impedance of seven resistances of 4.7 Q connected in series
in order to obtain several operating points (voltage V, current

,r I_Array

I_module 1 I_module 2
1 1
cell string1_1 2K 2 cell string2_1 7 ¥ 2

24 24

oy

cell string 1_2 cell string2_2 Z%
24 24
1 1
cell stringl_3 2K 2 cell string2_3, 2
P 24 24

Fig. 6 The configuration of the experimental PV array
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Table 1 Manufacturer data of one 180 W PV module

Pupp lmep Viep Isc Voc

180 W 5A 36V 529A 448 A

). The use of digital multi-meter is helpful for more accuracy
of measurement. During the measurements, the average
irradiance and temperature were 420 W/m? and 60 °C for
the sunny cells. In order to create a partial shadowing con-
dition, one cell in the cell string is covered with a sheet of
cardboard, which makes the shadowing close to 100%, i.e.,
near zero solar irradiation on the covered area.

Three shading schemes for testing the characteristic
output of the PV array under partial shading conditions
were conducted (Table 2). Figures 7, 8 and 9 show the |-V
characteristic curves of the tested PV array under three
partial shading schemes. It is clear that under the shading
conditions the |-V curves have multiple local maxima.

Figure 7 shows the |-V curve under the partial shading
conditions of the testing scheme 1, at which only the 3 cell
strings in the PV module 2 are partially shaded. The state
of the three bypass diodes protecting the cell strings of
module 2 are all in the non-conducting state.

The aim of the partial shading conditions of the testing
scheme 2 is to test the -V curve when one bypass diode
is affected by the shaded cell string in the PV module 1.
As shown in Fig. 8, the I-V curve is deformed. For voltage
values higher than 2/3 Vco, the total current decreases by
50% because the PV array behaves as a single PV module.

Figure 9 shows that for the |-V characteristic, simulated
with Matlab, the current is almost zero. Also, the operating
points of the |-V characteristic obtained experimentally,
have a low value of current because of the conducting
states of all the diodes bypass. It is to be noted that the
current scale used for Fig. 8 (1 A/div) is ten times higher
than the one used for Fig. 9 (0.1 A/div). This underlines the
quite absence of output current both with simulation and
under experimental tests.

Figures 7, 8 and 9 show the simulated and experimental
[-V curve of the PV array partially shaded. Consequently,
the high consistency between simulated and experimental
I-V curves can be proved.

5 Result analysis and discussion

The comparison between the experimental results and
those simulated using the proposed modeling method
confirm two aspects.

First, the calculation of the five parameters use sim-
pler equations than presented in [16]. This is due to the
fact to considering the value of the series Resistance Rs
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Table 2 Partial shading

< ’ Testing scheme
conditions and environmental

Shading condition of module 1

Shading condition of module 2

data 1 No shading
Cell string (1_1)
Cell strings (1_1), (1_2), (1_3)

Cell strings (2_1), (2_2), (2_3)
No shading
Cell strings (2_1), (2_2), (2_3)

Caracteristic I_V

4 : Simulation

| \\ ¢ : Experimental

Currenf ‘
(A)
0.5A/div

05

B 10 15 20 25 30 35 20 a5 50

Voltage (V) : 5V/div

Fig. 7 |-V curve under the shading condition of testing scheme 1

Caractéristicl_V

. ¢: Simulation
\ ¢: Experimental

6

H

Current:
(A)
1A/div

35 40 a5 50

Voltage (V) : 5V/div
Fig.8 |-V curve under the shading condition of testing scheme 2

sufficiently small and the simplification of the two terms
(dV/dl)y— and (dV/dl) _, as detailed in [20].

In addition, we presented in this paper a modeling of
a PV array under partial shading conditions, and the array
can be a series and/or parallel configuration of PV mod-
ules. Indeed, the model provided by [16], which is available
only for series configuration, is extended by the means of
simple considering simply the same voltage segmentation
as for the cell configuration. The obtained experimental
results confirm the performances of the proposed model.

The proposed model is suitable for intermediate irradia-
tion values and is not limited to 0% or 100% ones. This is
of great interest because major real applications represent

Caracteristicl_V
09

0s 5 ¢ : Simulation
o | ¢ : Experimental
Current
A)
04
0.1A/div,

02

01

[

[} s 10 15 20 30 35 ) as 50

Vo)

Voltage (V) :5V/div

Fig.9 |-V curve under the shading condition of testing scheme 3

this second case. Consequently, our next experimental
tests will include such scenarios. Furthermore, the pro-
posed model will be used in the control part of PV emu-
lator systems. Such a system consists mainly in a power
converter controlled in order to have its output voltage
and current matching the |-V curve of the emulated PV
installations. The second important application of a such a
modeling for partial shaded PV systems is the monitoring
of large PV installations in order to detect possible fail-
ures caused by soiling, dust deposit or any obstacle on the
active area such as leaves, neighboring buildings or trees.

6 Conclusion

The determination of the |-V characteristic of a partially
shaded PV array is an interesting challenge since such
an accurate curve models the PV panel output behavior
under real and variable climate and environment condi-
tions. As mentioned in the paragraph V this model can be
used for the PV emulator design or for PV plants monitor-
ing and fault detection. The simple one-diode model of
one PV panel is used to describe the PV plant behavior
when the Temperature and irradiance is uniform on the
plant surface. This model involve five parameters that can
be easily calculated under such conditions.

This paper considered the case when one PV plant
receives non-uniform irradiance, i.e. under partial shad-
ing condition and proposed a methodology to calculate
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the five parameters of the one-diode model using only
the available data provided by the manufacturer. Indeed,
the paper pointed out a simple method to mathemati-
cally determine the expression of these five parameters.
Then, the development of the procedure to determine
the I-V characteristic of PV array composed of several
series or parallel modules is presented taking into
account the weather and partial shading conditions.

To verify the accuracy of the proposed method of
determining the characteristic I-V for a PV array under
partial shading conditions, three testing schemes with
different shading conditions in the PV array were car-
ried out. The experimental results has proven that the
proposed method has great accuracy in simulating the
[-V characteristic of a PV array under partial shading con-
ditions. The ultimate goal of this paper is to provide the
reader with essential information to easily develop the
model of photovoltaic array under partial shading condi-
tions and to predict the output of a real PV array under
complex operating conditions. It can be efficiently used
for example to design accurate photovoltaic generator
emulators that meet the EN 50530 European standard
requirements. Also, the proposed model of partially
shaded PV installations could be used to create various
PV plant |-V curves for different partial shading condi-
tions. These |-V curves could be form a database and the
comparison of an measured IV curve and those of the
database could be used to determine the partial shadow
condition and detect possible failures caused by soiling
or the existence of an obstacle on the PV cells such as
leaves or neighboring buildings.
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