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MATHEMATICAL MODEL OF PV MODULE WITH PULSE
WIDTH MODULATION CONTROL

The paper describes a mathematical model of solar photovoltaic power plant with a PWM (Pulse Width
Modulation) regulator matching between the PV arrays and loads. For controling of regukator which retains
the power plant performance at the point of maximum output, there is used an adaptive algorithm based on
the combination of methods of the direct measurement and of the constant coefficient of short-circuit current.
The advantages of this control algorithm is a relatively simplicity and good efficiency. Mathematical model of
the characteristics of photovoltaic power module is made on the basis of educational bench in school
laboratory in the Department of space technology and alternative energy sources, «KhAI».
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Introduction

Recent years have witnessed a technological
revolution in the use of renewable energy sources, the
energy due to the photovoltaic (PV) effect can be
considered the most essential and prerequisite
sustainable resource because of the ubiquity, abundance,
and sustainability of solar radiant energy. Regardless of
the intermittency of sunlight, solar energy is widely
available and is free. The photovoltaic system has been
remarkably used prior to the other renewable electric
power generations It can generate direct current
electricity =~ without environmental impact and
contamination when exposed to solar radiation. A
photovoltaic system converts sunlight into electricity.
The basic device of a photovoltaic system is the
photovoltaic cell. Cells may be grouped to form panels
or modules. Panels can be grouped to form large
photovoltaic arrays. The term array is usually employed
to describe a photovoltaic panel (with several cells
connected in series and/or parallel) or a group of panels.
Most of time one is interested in modeling photovoltaic
panels, which are the commercial photovoltaic devices.

The mathematical model of the photovoltaic array
may be useful in the study of the dynamic analysis of
converters, in the study of maximum power point
tracking (MPPT) algorithms and mainly to simulate the
photovoltaic system and its components using
simulators. This text presents in details the equations
that form the I-V model and the method used to obtain
the parameters of the equation. The aim of this paper is
to provide the reader with all necessary information to
develop photovoltaic array models, and circuits that can

be used in the simulation of power converters for
photovoltaic applications [1, 2].

The relationship between the current and voltage
of the photovoltaic cell is highly nonlinear and it can be
observed that there is a unique maximum power point
(MPP) at a particular environment, and this peak power
point keeps changing with solar irradiation and ambient
temperature. So it is important to match the PV source
and load impedance properly for any weather
conditions, to obtain maximum power generation.
Therefore, PV power generation system a maximum
power point tracker (MPPT) [2, 3].

System description

The overall block diagram of the proposed PV
system is visualized as in Fig. 1.

Power
PV Array | Regulator Load
Voltage &
Current Kw
\'
Measurement ] Controller

Fig. 1. Block Diagram of Power Conditioning
PV System

As mentioned above, the simulation model
consists of different elements like solar PV array, Pulse
Width Modulation, Controller, Power Regulator,
Voltage &Current Measurement, and the load. The
system is explained in detail. The structure of model is
given in the Fig. 2.
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Fig. 2. The structure of model

PV Cell Model

A photovoltaic cell can be modeled as a current
source connected in parallel with a diode. Current
source produces a constant current. This current is
proportional to the intensity of the Light falling upon
the cell. Photovoltaic systems affected weather
conditions and solar radiation by directly. The yield of
the photovoltaic system and the price related to external
working conditions and the variable conditions the
operation of the system components at the best spot.
Therefore, solar Energy applications, while the
photovoltaic system under different and varying
conditions Accurately assesses the performance of each
element are important. This situation also affects the
System design and cause electrical parameters sudden
by changing the network changes set over Time in the
event of certain.

The performance of a solar cell is needed to
understand the correlation Between current and voltage
of the cell [4, 5]. There is a current source (solar cell), a
parallel diode and a resistance (Rg,). The shunt
resistance Ry, as a representative of all losses verified
inside the cell, As an effect of the parasitic currents.
And a resistance is connected in series to them (R;) at
single-diode model equivalent circuit. A series Rg
resistance that represents the parasitic resistance of the

cell and which includes the resistance of two constituent
layers of the cell as well as the resistance of the
contacts, this circuit is given in the Fig. 3.
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Fig. 3. Equivalent Circuit of a PV Cell

According to the model of a solar cell, the
relationship between the cell's current and voltage, and
by applying Kirchoff’s laws, we can determine the
voltage-ampere dependency of the photovoltaic cell.

A. Mathematical Model of PV Panel

A PV cell is represented by a simplified equivalent
circuit model. The PV battery output current I [4].

I:Iph 'Id 'Ish ’ (1)

where I, — Photovoltaic Current;
I4 — diode current;

I, — Short circuit current;
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All this is the total current through to the p-n
junction, is the total currents generated by the electrons
I, and holes I} activated by photons mathematical.

States of electrons current in the conduction band
I, and space current in the valence band I,,. Boltzmann
distribution net flows and the space electron current

flows:
A
I=1, -{eK”bT -1}, 2)
where Vp — Diode Voltage;
Kg — Boltzmann constant (1.381x10% J/K);
T — absolute temperature in Kelvin;
b — Constant Semiconductor.
9Vp
=l o[ 1| (3)
d¥p
=1+, =1 | 71| 4)

Varies the absolute temperature of the diode,
voltage and as a function of the current drawn by the
load. At equation 4, I is the diode saturation current,
the q electron charge (1.602 x 107" C), the potential
difference between the ends of the diode Vp [6].

qVp
I=lg - Nt |, (5)

where N — the ideality factor ;

q(Vpy tI-Rg)
I=Ig-e N 1|, (6)
where Vpy — Panel voltage ;
V, V_+I-R

I, ::_D:M . (7)

Rsh Rsh
The I-V characteristics of the ideal cell with
single-diode, shunt resistance Ry, and series resistance

Rs:

q(Vpy 1Rg)

NKT | Vpy T-Ry)

I=1, -I-|e
ph S Rsh

®)

Equation (8) is used for the simulation in the
computer for the extract of P-V and V-I characteristics
of a PV cell as shown in Fig. 3.

A solar cell can at least be characterized by the
short circuit current Ig.

For V =0, the I current is called the current of the
short circuit, and it is the maximum current that the cell
can produce cells for R<<<Rg;,.

Isc =1y {%} . ©
B qIORs

In open circuit conditions, the potential difference
between the edges of the photovoltaic cell is marked
with the Voc Its analytical expression can be derived
from that of the currents I, by equating it to zero and
neglecting the resistance of the R and Ry,. The Voltage
Temperature Coefficient Vr, The photo current It and I,
Reverse saturation current.

T
Vr=Kg-—, (10)
q
I; +1
VOC=N~VT~111{ L 0] (11)
0
The output power P is given by:
P=V.I (12)
a(Vey HIRg)
T V. .+I-R
P=V.I,Ig-|e T -1 TRy (13)

Rsh

Determination of Series
and Shunt Resistances

As initial data for Model there were used
experimental data from solar panel educational bench in
school laboratory in National Airspace University
«KhAl», the Department of space technology and
alternative energy sources with Si PV cell manufactured
by Siemens Corp. - Fig.4.

Common structure of PV Panel Simulation Model
is represented at Fig. 5.

List of main model parameters is represented at
Table 1.

Once the first three unknown parameters in (8)
have been obtained according to the mentioned
methodologies, the values of R and Ry, are required to
complete the simulation model. Although in general, it
is assumed that Rg>>R,, it should be considered that the
simulation model should reflect the real characteristics
of a solar module/array. Thus an accurate determination
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of the Ry and Ry, is required. Various methods have
been proposed by many researchers to obtain the values
of these unknown parameters. Extracting the values
from I-V characteristics provided in the manufacturer's
data sheet or analytical and iteration based calculation
methods have been subjects of many researches in the
literature [7]. However the unavailability of information
on [-V characteristics, computational complexity,

uncertainties, etc. are the main issues by utilizing these
methods.

Fig. 4. Solar panel educational bench

The values of R and Ry, are obtained using the
methods introduced by [8] due to their simplicity and
reliable results. According to Ry, and R can be obtained
using (14) and (15) and [6] defines (16) to take. The
effects of irradiance variations on the value of Ry, into
account.

Ry, >10 \IIOC ,

SC

(14)

where Voc — Nominal Open Circuit Voltage.

0.001736*u-0,0057
Fen1

Illumination

H

R, < 0.1& ; (15)
SC
Table 1
Photovoltaic Model Parameters
l:j:r- Description
Lon Photovoltaic Current (A)
Is Diode Saturation Current (A)
q Electron Charge(1.60217646 x 10"°C)
N Coefficient without dimension,
I Boltzmann Constant (1.3806503 x 107
B J/K)
T PV cell temperature (K)
R Series Resistance (Q)
Ry Shunt Resistance (Q)
Iy Diode current
1, Reverse saturation current
\ Panel voltage
Vo Voltage Temperature Coefficient
G Irradiance on the Surface of the Cell
(Wh/m?)
1 PV Battery Output Current (A)
Vp Diode Voltage
b Constant Semiconductor
I, Electron Current
Teo Electrons current in the conduction band
I, Hole Current
Iho Space current in the valence band
Iy The photo current (A)
P The output power
Isc Nominal Short-Circuit Current
Ve Nominal Open Circuit Voltage
PV Photovoltaic
I Short circuit current
Ly Current through Panel
Gsre Standard Irradiance 1000 Wh/m”
Rg. stc | Shunt Standard Resistance
Linp Current at the maximum power point

=%

D2

+Ve

0.0105*u-3.675 }
Fcn 2

D1

Fig. 5. PV Panel Simulation Model
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R, G

(16)

b
Rsh, STC GSTC

where G — Irradiance on the Surface of the Cell;
Ggrc — Standard Irradiance;
Ry, stc — Standard Shunt Resistance.

Irradiance Effects

The effects of variations of the amounts of the
received solar irradiance on module's I-V and P-V
characteristics are shown in Fig. 6. The module output
characteristics are experimental and modeling under
four different irradiance levels, namely being 460
Wh/m2, 360 Wh/m2, 260 Wh/m2 and 160 Wh/m2. It is
obvious that reductions in the amount of solar insolation
received by the module have direct effects on module
short-circuit current value while Voc is also subjected to
small reductions at the same time. It is observed that
reductions in solar irradiance cause significant amounts
of power loss by the module.

Pulse Width Modulation

Pulse width modulation (PWM) is a powerful
technique for controlling analog circuits with a
processor's digital outputs. The applications of PWM
are wide variety used like ranging from measurement
and communications to power control and conversion.
PWM provides a way to decrease the Total Harmonic

Distortion (THD) of load current. The (THD)
requirement can be met more easily when the output of
PWM inverter is filtering [6]. The unfiltered PWM
output will have a relatively high THD, but the
harmonic will be at the much higher frequency than for
a square wave, making filtering easily.

The Pulse Width Modulation technique is used to
control the closing and opening switches. The switching
scheme applied is unipolar. The PWM signal is used to
control ON/OFF switching state of the IGBTs will
function in driver model that created to control the
switching scheme. The duty cycle of a square wave is
modulated to encode a specific analog signal level by
using a higher resolution counter. The PWM signal is
still digital because, at any given instant of time, the full
DC supply is either fully on or fully off. The voltage or
current source is supplied to the analog load by means
of a repeating series of on and off pulses. The on time is
the time during which the DC supply is applied to the
load, and the off-time is the period during the supply is
switched off. Given a sufficient bandwidth, any analog
value can be encoded with PWM [7].

The benefit of choosing the PWM over analog
control increases noise immunity, which the PWM is
sometimes used for communication. Switching from an
analog signal to PWM can increase the length of a
communications channel dramatically.

At the receiving end, a suitable R (resistor-
capacitor) or Lc (inductor capacitor) network can
remove the modulating high frequency square wave and
return.

e Experimental, 460 Wh/m?
0,900 —— Modeling, 460 Wh/m?
A Experimental, 360 Wh/m?
0,800 o — - - Modeling, 360 Wh/m®
—_— + Experimental, 260 Wh/m?
0,700 [ —— ----Modeling, 260 Wh/m?
\ = Experimental, 160 Wh/m?
0,6004 = =-—- — A S - — — Modeling, 160 Wh/m?”
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Fig. 6. Effects of Irradiance Variations on Experimental Short Circuit Current
&Open Voltage Circuit I-V,. Characteristics
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The switching element, (T), is operated by a
modulator stage which consists mainly of a triangle
wave generator that generates the switching frequency
of interest and a comparator that compares the high
frequency carrier wave with a certain reference voltage
to produce the desired Pulse Width Modulated (PWM)
signal which will then be sent to the switching gate.

The input voltage is chopped by the switching (T).
When T is on, Since the input voltage is greater than the
load voltage, energy is transferred from the dc voltage
supply input voltage to L, C, and the load R. When T is
turned off, stored energy in L is transferred via the
diode to C and the load R. Consider inductor operation
is considered to be continuous in our analysis, i.e. T
turns on before the current in L reaches zero, so a
continuous current flows through L [5,8]. Pulse
generator is showed at Fig. 7.

period integretor

0,001736 +u- 0,0057

0,0105*u-3,675

pw Fecn2

Fig. 7. Pulse generator

Power regulator is showed at Fig. 8.
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Fig. 8. Power Regulator

Controller

The algorithm used is showed at Fig. 9.

Periodically, each 0.5...1 minute there are scanning
of ky, values in the range of 0...0.5 with step 0.01 for 0.5
seconds. Value that provides the maximum output
power of the module is kept in memory and retained till
the next scanning.

Conclusions

Using Pulse Width Modulation Control produced a
decent efficiency of the system. System response, hence

the tracking ability is fast and dynamic. The output
power has a high ripple content. The proposed PV
system is simple, robust and prolific. Employing a
synchronous Pulse Width Modulation would lead to a
better efficiency. The pragmatism of this simulation
largely depends on the value of k , where ky is a
constant in range 0,0...0,4.

Kw2=F(l, V) Po=0
KoW2=1
KnW2=0,6
A =0,01
No Yes Po=0
> KoWw2=1
KnW2=0,6
Kw2=Kw2
A 4
End of function
A o v
Pn=I-V
No @ Yes
Pn=P0
A KoW2= KnW2
Knw2= Knw2 +A
No Yes
Kw 2= Knw2

End of function

Fig. 9. Flow chart of the Controller algorithm
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MATEMATHUYECKAS MOJIEJIb ®OTOJJIEKTPUYECKOI'O MOJAYJIA C IUM-YIIPABJIEHUEM
Anu. M. Jorcacum, 1O. A. Illlenemos

B crathe TmpencTaBICHO ~OMHCAHHE MATEMATHYCCKOH  MOIENH  COJNHEYHOH  (hOTOIJICKTPUUCCKOM
sHeproyctaHoBku ¢ [TIMM-perynsTopoM coriacoBaHus T€HEpaTopa W Harpy3ku. JIJis yrpaBieHHsS PETYISITOPOM,
KOTOPBIM OCYIIECTBIACT YACP)KaHUE paOOUHX XapaKTEPUCTHK YHEPTOYCTAHOBKU B TOUKE MaKCUMAJIBHOW BBIXOIHOM
MOIITHOCTH,  HCIIOJB3YEeTCA AaNalTUBHBIA aJIrOpUTM Ha 0a3e KOMOWHAIIMM METOIOB IPAMOIO0 HM3MEPCHUS H
MTOCTOSTHHOT'O0 K03()(HUITEHTa 110 TOKY KOPOTKOTO 3aMbIKaHHs. J[OCTOMHCTBAMH NaHHOTO aJTOPUTMAa YIIPaBIICHHS
SIBIIIFOTCSI CPABHUTENBHAS MTPOCTOTA U Xopomias 3PPeKTUBHOCTE. MaTeMaTHuecKass MoJeab ()OTOIHEPTEeTUICCKIX
XapaKTEPUCTUK HHEPrOYCTAHOBKU BBIMIOJHEHA Ha 0a3e y4eOHOM COJHEYHON SHEProycTaHOBKH Kadeapsl
KOCMUYECKOM TEXHUKHU U HETPAAUIIMOHHBIX UCTOUHUKOB dHeprun XAU.

Karouessie ciioBa: dorossekrpuaeckuit Moxyns, LIIHMM-ynpasnenue, Simulink-mozens.

MATEMATHUYHA MOJIEJIb ®OTOEJEKTPUYHOI'O MOAYJIA 3 HHIIM-YIIPABJITHHAM
Ani. M. J[orcacim, FO. O. Illenemos

VY craTTi MpeACTaBIeHO OMHC MaTEMAaTU4HOI MOJIET COHSIYHOI (OTOENEKTPHYHOI eHeproycTanoBku 3 IIIM-
PETYIATOPOM MOTO/KEHHS TeHepaTopa i HaBaHTaXeHHs1. J[J1s1 ynpaBmiHHS PETYIsSTOPOM, KU 3IHCHIOE yTPUMaHHS
poOOUNX XapaKTEePUCTHK EHEPrOyCTAHOBKH B TOYIl MaKCHMalIbHOI BHXIJTHOI IOTY)KHOCTI, BHUKOPHUCTOBYETHCS
aZlalITUBHUKA anropuT™M Ha 0a3i KoMmOiHamii MeTOoAiB NMPSMOro BUMIPY i TOCTIHHOrO KoedilieHTa Mo CTPyMy
KOpOTKOro 3aMHUKaHHS. [lepeBaramMu JaHOrO airOpUTMy VIIPaBIiHHA € TIOpPIBHSUIBHA IIpOCTOTa 1 TrapHa
eeKkTUBHICTh. MaTeMaTHYHy MOZENb (POTOSHEPreTUYHUX XapaKTEPHCTUK EHEeProyCTAHOBKM BUKOHAHO Ha 0asi
HaBYAJIBHOI COHSYHOI EHEProyCTaHOBKH KadeIpu KOCMIYHOI TEXHIKH Ta HETpaAUIIIHHIX JuKepen eneprii XAl

Karwuosi ciioBa: doroenextpuunnii Mmoayib, LIIIM-ynpasninns, Simulink-mozens.
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