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Abstract

This paper introduces a detailed modeling for the photovoltaic
array using mathematical relations that describe all physical
and environmental parameters. It is based on Proteus which is
easy to use and common software among the electrical and
electronics engineers. The aim of this paper is to describe a
detailed mathematical model and how can it be implemented
to study the different responses of the nonlinear photovoltaic
array system behaviour. It offers a comprehensive model to
measure the photovoltaic array output under any conditions
based on the standard test conditions and the environmental
parameters.
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INTRODUCTION

The obvious increase of human population leads to necessary
requirements such as clean air and water, sustainable food
sources, and the high demands on energy. To get an alternate
source of energy without affecting the environment, a
renewable and sustainable energy sources would certainly be a
good choice [1], [2]. The solar energy is one of the most
promising renewable energy sources, it can be converted
directly into electrical energy using photovoltaic cells [3].

To deeply understand the PV cells characteristics, mathematics
models have been presented by many researchers to describe in
details the physical semiconductor characteristics [4], and the
environmental parameters, such as temperature [5], [6], wind
speed [7], [8].[9] and humidity[10] that affect the performance
of the PV cells.

Many researchers discussed the mathematical models of the PV
cells in details [11]-[13], and simulate them using MATLAB
[14]-[19], but it is rare to find a simulation for the PV cells in
details using Proteus software which is a common software
well known to electrical and electronic engineers experts [20],
[21]. However, both of these papers did not take the
temperature, wind speed, and shunt resistors into consideration.

The work to be presented in this paper suggests a detailed
procedure to implement and simulate the mathematical model
using Proteus software. The model functions perfectly and
many graphs will be presented for different outputs of the PV
cells under different standard working conditions.

The remaining parts of this paper are organized as follows. In
section 2 the cell temperature based on practical environmental
factors will be calculated, which will be used later to give more
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accurate results. In section 0, the array currents are discussed
briefly. Section 0 presents equations to calculate the array
voltage. An overview of the system is presented in section 0.
Results and discussion are presented in section 0, and finally
concluding remarks are given in section 0.

PHOTOVOLTAIC CELL TEMPERATURE

The operating temperature of the photovoltaic cell, which
directly affects the performance of the PV system, can be
calculated based on many environmental factors, such as
ambient temperature, wind speed, and solar irradiance.

The proposed sub circuit has five inputs and four outputs, see
Figure 1. The inputs include the ambient temperature in degree
Celsius (T,), the solar irradiance in W/m? (G), the wind speed
inm/s (1), the diode ideality factor (4),see

Table 1 and the number of cells that are connected in series
(Ns).

T, T
G Temperature T ¢
Vo | = | Dependant ]—> Bef
A Simulation T
[, | T

Figure 1. Temperature simulation sub circuit duties

The Outputs of this sub circuit include, the cell temperature in
Kelvin (T,), the cell temperature at the standard test condition
in Kelvin (T,.s), the difference between T, and T;..r (Dr) and
the thermal voltage (V;).

According to [22], [23], the cell temperature T, can be
calculated based on equation (1).

PV cell Temperature:

T.(K) = 0.943 x T, + 0.0195G + 1.528V, 1)

+273.5029

The temperature difference (D7) is calculated as (D =T, —
Trer). Finally the thermal voltage V; is calculated from
equation (2) [24], where K is Boltzmann constant
(1.38064852 x 10723) m2kgs~2K~1, and q is the electron
charge (1.6021765 x 10719 coulomb, and A is diode ideality
factor, see
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Table 1 for more details.

Thermal Voltage:
_KT4 )
g
The temperature dependent sub circuit is simulated using
Proteus for typical parameters as depicted in Figure 2.

TEMPERATURE
iy
V=30
A O—%E > T e 57 Vei10.765
V=1 TREF
VA O-LE > vA _— /d V=318 106

O 57 G100 - < M
G > G \=0.0358536

A vT O o7 VT
Ao_mc>p\ DT [ V=1.659 DT

C

(@)

D
528 5 2735029 WAy . -

TC

DT

O Tref

(b)

Figure 2. (a) Block diagram, (b) Simulated circuit for
the temperature dependent simulation.

Table 1. Ideality factor (A) [25]

Technology Ideality factor
Si-mono 1.2
Si-poly 1.3
a-Si-H 1.8
a-Si-H tandem 3.3
a-Si-H triple 5.0
cdTe 15
CTs 1.5
AsGa 1.3
ARRAY CURRENT

PV cell main power parameters can be modeled as shown in
Figure 3. This model mainly consists of a current source I,p, cer;
, a diode current I, ¢.;; , shunt resistor R, with current I, ..y, ,
and main current I..;;. By applying Kirchhoff current law on
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this model, it is clear that the cell current will be calculated
according to Eq.(3).

leey = Iph,cell =l cenn — Ip,cell 3)

But most of PV Model have 36 cells connected in series. These
PV models also connected in series and/or parallel to make PV
array. The number of cells and their connections are a matter of
the system design requirements of the voltage, current, and
power. To calculate the current produced by a PV array, it is
required to model this array. Figure 4 shows the module of the
PV array and its effects on the PV cell parameters. These effects
are also described mathematically by Egs. (4-7)[26].

Icell
—
1 O
RS
Tlph,cell ¢ Id;Ce” ¢ Ip,cell
%
@ SZ [] Rp cell
O
Figure 3. PV Cell Model
Ny M oa
/-_A_\ N&I;O‘t‘ph‘
ru!‘f(l ,
Ny '
boharray @ ------ % Ry Varray
i E E "'p,ar?'ay y
1 H H v
Figure 4. PV array Module circuit[25]
e  Series resistance:
N; 4)
Rs, array — <_> Rs,cell
Ny,

e Shunt resistance:

N (5)
R ' B <_S> R eell
p, array Np p,ce

e  Photocurrent:
Iph,array = Np X Iph,cell (6)
e Diode current:

Id,a‘rray = Np X g cenr ™)

The array current can be calculated according to Eq.(8). The
parameters of this equation will be discussed briefly in the
following subsections.
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®

Iarray = Ipnarray — Id,array - Ip,array

Photocurrent (I»)

The photocurrent or light-generated current is the current that
is produced when the PV cell is exposed to light. At the
standard  test  conditions (G, = 1000 W/m?, T, =
25°C,AM = 1.5), this current is called (I,n,) and it is
approximately equal the short circuit current of the PV cell
(Iynn = Isc). But under different conditions, it will be
calculated according to Eq.(9) [26]. This equation also takes
into consideration the temperature effect on the photocurrent as
Ki(T. — Tyef), Where K; (mA/K) is the current temperature
coefficient.

I

G
ph,cell = G [Iphn + K (T¢
n

- Tref)]]

Figure 5 shows the simulated circuit to calculate the
photocurrent at any solar irradiance or temperature. This
simulated circuit also calculates the photocurrent for the
number of cells that are connected in parallel (N,).

©)

IPH MODEL

IPH
g \V=34,0166

(b)
Figure 5. (a) Block diagram, (b) Simulated circuit for
photocurrent simulation

Diode current (I ;)

As in any diode, the photovoltaic diode current increases
exponentially when the applied voltage increases according to
Eq.(10) [24], where V, is the diode voltage, V; is the thermal
voltage, and I, is the dark saturation current. It is obvious that
the diode current is a function of the applied voltage,
temperature, and reverse saturation current, but the last
parameter, according to Eq.(11), also depends on temperature,
and other parameters like the intrinsic current I,,, and the energy
gap of the depletion region E,. Further details about E; and

Voecenn Values for different types of semiconductors are shown
in Table 2. For PV array, Eq. (12) can be used. Both equation
(11) and equation (12) are simulated as shown in Figure 6 and
Figure 7 respectively.

Table 2. Some common solar cell materials and their
characteristics [27].
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Semiconductor E4(eV) Voeceu(V)
Si, single crystal 1.10 0.50-0.70
Si, poly-crystalline 1.10 0.50 —0.67
GaAs, single crystal 1.42 1.02
CdTe, thin film 1.50 0.84
InP, single crystal 1.34 0.87
o Diode current for single cell:
(V+IRs)
Id,cell =l {e Vr — 1} (10)
e Diode reverse saturation current:
. 5 (qu (@‘%)) (11)
rs — ‘o Tref e
e Diode current for array:
L(L+&)
Id,ar‘ray = Nplrs {eVT Ns ' Np) — 1} (12)

TC
7 V=319.765

7 V=318.106

VT
7 V=0.0358536
10
7 V=6e-010

RS
<7 \=6.09742e-010

exp(1.1*V(A,B))

(b)

Figure 6. (a) Block diagram, (b) Simulated circuit for
reverse saturation current simulation
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Shunt Resistor Current (I,))

The shunt resistor is a manufacturing defect that causes power
losses. Lower shunt resistance means more power loss, since it
provides alternate current path for the generated current. At low
light levels, the light-generated current will be less, and its loss
at the shunt resistor will have a high impact at the solar cell.

Equation (13) calculates the shunt resistor current I, .., in a
photovoltaic cell, and Eq. (14) calculates the shunt resistor
current I, 4,rqy in @ photovoltaic array. Figure 7 also shows a
simulation for this equation.

Shunt Resistor Current for single cell
(V +1Ry)
Ip,cell = R—
P (13)

Shunt Resistor Current for array

= 2L +12) a

parray — R
p

Ns ' N,

vT

>_L V=0.976591
D

V=1.02627
Ip

RP

RS

NP

vV
V=23.8079

(b)

Figure 7. (a) Block diagram, (b) Simulated circuit for
diode and shunt resistor currents
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ARRAY VOLTAGE

According to the Kirchhoff voltage law, the output voltage of
the PV cell in Figure 3 can be calculated using Eq.(15). It is
clear that the output voltage is equal to the diode voltage minus
the drop voltage on the series resistor. For the PV module,
which consists usually of a number of PV cells (N;) connected
in series, the output voltage is calculated according to Eq.(16).

However, if the temperature effect is taken into consideration,
the diode voltage will drop by (k,AT), where k., is temperature
coefficient of voltage, and AT is the difference between the
operation temperature and the standard temperature. The output
voltage will be calculated according to Eq.(17). The PV array
consists of several PV modules connected in series or in
parallel according to the design requirements. Eq.(18) is used
to calculate the PV array output voltage, where N is the
number of the PV cells connected in series, and N, is the
number of PV modules connected in parallel. Figure 8 presents
the simulated circuit to calculate the array output voltage[26].

PV cell voltage:

Veeu = Vq — IR (15)

e PV Module Voltage:
Vimoaute = Ns(Va — IRs) (16)
e PV Module Voltage (AT):

Vimoaute = Ns(Vq — ky,AT) — INgRs (17)

e PV Array:

RoNs 18
VArray =Va Ns(1 - k,,AT) =1 ;,p ( )

I
V=32.0137

VPH
E \/=23.8079

vD

RS

KV

VPH

@
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(b)

Figure 8. (a) Block diagram, (b) Simulated circuit for
array voltage simulation

MODELING OVERVIEW

All the above sub circuits are combined together to establish
the array model. All the three currents are combined to find the
main current. The array output voltage is calculated based on
the diode voltage and other factors as mentioned before. The
drop voltage is also measured and the model becomes a closed
loop affecting each other. Feedback voltage is used to measure
the parallel current. Note that the produced voltage, current,
and power become dependent on the operation temperature.

Figure 9 presents an overall view of the running system. By
taking a closer look at this figure, one can see all the values of
the inputs and outputs and a complete PV module with a
declaration of the used parameters and their values as depicted
in Table 3. It is also showing the output voltage, current and the
rated maximum power.

SOLAR MODEL

Diode Valtage

No of Series
No of Parallel ,,

Ambienttemperature

v
>_/< V=23.8079
|
>_/<7 V=32.0137
-
>_/d V=762179

v

Windspeed
Ideality factor
Shartcircuit Current

Diode Reverse Curent

P
Series Resistance =

Parallel Resistance

Temperature coefficient of lsc

Nomallmadiance

Imadiance

CCT002

Figure 9. System Overview with parameters declaration

RESULTS AND DISCUSSION

Figure 10 shows the model under typical running conditions
and many results can be collected for the internal and the output
characteristics as follows:
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PV Module Internal characteristics

Module diode and reverse saturation current are measured
at ambient temperature (0 -50°C) and the results are
shown in Figure 11a. This graph displays the expected
behavior of the diode current which decreases with the
increase in ambient temperature. It also shows that the
reverse saturation current increases with the increase in the
ambient temperature.

Module photocurrent and parallel current are measured for
solar irradiance (300- 1300W /m?), the results show the
effectiveness of the parallel current at low irradiance (<
800W /m?) as shown in Figure 11b.

The cell temperature decreases when the wind speed
increase, at fixed ambient temperature (T, = 25°C) and
solar irradiance (1000 W /m?), as shown in Figure 11c.

Cell Temperature increases when solar irradiance
increases, at fixed ambient temperature (T, = 25°C) and
wind speed (1 m/s), as shown in Figure 11d.

PV Module Output characteristics

e The array power and voltage are measured for different
values of diode voltage (0- 795mV), and the results are
shown in Figure 12a. These results show the maximum
power point and how the current dramatically drops after

this point.

Voltage and current are measured for different values of
solar irradiance (300-1300W /m?) and the results are
shown in Figure 12b. The figure presents a different
voltage and current response to the increase in solar
irradiance as expected.

Voltage and current are measured for different values of
operation temperature (0 - 50°C), at zero wind speed and
solar irradiance (1000 W /m?) and the results are shown
Figure 12c.

Voltage and current are measured for different values wind
speed under the standard test conditions and the results are
shown in Figure 12d.

Table 3. Adopted solar array parameters

Parameter ‘Abbr. ‘Value
INPUTS

Diode voltage vV, (0.67V
Energy Gap (Si, poly-crystalline) E, |lleV
Number of cells in Series Ns; |36
Number of cells in Parallel N, |10
Ambient temperature T, |30°C
Wind speed V., |1m/s
Ideality factor A (1.3
Diode reverse saturation current I, |6x101°4
Series resistance R; |5mQ
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Parallel resistance R, [6.6Q CONCLUSION
Current temperature coefficient K; |1md/K The presented work explains in details the mathematical model
Voltage temperature coefficient K. |-3.8mV/K for the PV cell, module and array. It was implemented and
- v 5 simulated using Proteus software. Dynamic system simulation
Standard solar Irradiance Gy |1000 W/m studies demonstrate the effectiveness of all the physical and the
Solar Irradiance G |1000 W/m’ environmental parameters. Many graphs were presented to
OUTPUTS describe these effects which means this module can used for
Open circuit voltage V.. |286V any type of PV system.
ocC " . .
Short Circuit current I, |344 This model can be used to study_ the en\{lronmenta}l efft_ects on
the PV array at any expected installation area, identify the
Current at Puax Ly 3124 maximum power point tracking for the MPPT, and study the
Voltage at Pmax Vnp 24244V shading effect on the specific PV array.
Rated maximum power Prax |756.4 W
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Figure 10. System Simulation
1d(A) Irs(A) Iph(A) Ip(A)
30.8K1D 50.2F IPH
: p— - 790m
\ 40.0 /
20.0 :
: : 785m
\ 600p 30.0 //
12.8F \ 780m
- >( 20.0f
B SvoP E
. E 775m
z.zz/ ..... e T i 18.2E 7o) | R I Ie
.00 20.0 40.0 T(C) 500 1.00k G(W/m2)
(a) (b)

4445



International Journal of Applied Engineering Research ISSN 0973-4562 VVolume 13, Number 6 (2018) pp. 4440-4447
© Research India Publications. http://www.ripublication.com

Tc(K)
318ETC

36>

314

312

3108

308

3.00 4.00 5.00
Va(m/s)

(©)

Tc(K)

325E TC

320

315

310

345

oot | ool b b
108 /R R W R BT

G(W/m2)
(d)

Figure 11. PV Module Internal Characteristics, (2) Module, Diode and Reverse Saturation current versus Ambient Temperature,
(b) Module Photocurrent and Parallel current versus Irradiance, (c) Cell Temperature versus Wind Speed, and (d) Cell
Temperature versus Irradiance.
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Figure 12. PV Module Output Characteristics, (a) Module, Power and Current versus diode voltage, (b) Module Voltage and

Current versus Solar Irradiance, (c)Module Voltage and Current versus Ambient Temperature, and (d) PV Module Voltage and
Current versus Wind Speed.
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