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Abstract

This paper presents the modeling of photovoltaic power system elements. The solar cell is
modeled mathematically for determining its electrical behavior. Current voltage and power voliage
characteristics of each solar cell are determined by aiding of the model at different insolation levels.
The solar cell model is then extended to obtain the module along with the array model.
Experimental verification of the model indicates a good fitting of the model.

The battery plays an important role in photovoltaic power system. Hence, the paper
illustrates the modeling of one cell of a lead acid battery. The cell model is built up for discharging
and charging processes. The two models are a function of the stale of charge of the cell during
charging and discharging conditions. These models give the cell voltage at any desired value of
state of charge and hence against the operating time. The cell model can be extended for obtaining
the whole battery model depending upon the number of battery cells. The battery models are very
important for determining the battery electrical performance. For obtaining the battery performance
experimentally, this needs a very large period of time for the experiments need. The models exhibit
a good fitting with the battery experimental performance.

The inverter model gives the relationship between its output and input. The inverter output
is time dependence. Conversely its input is independent of time. The inverter model depends upon
the pulse width modulation used. The pulse width modulation can be obtained by using rather
triangular carrier or ramp carrier wave. The technique of pulse width modulation is used for
improving the inverter output waveform and for reducing the harmonic contents. The importance of
inverter model is for giving good strategy of pulse signals used for iriggering the inverter switches.
The model exhibits good conforms between the theoretical pulse strategy and the expetimental
strategy obtained by the inverter triggering circuit constructed in the laboratory.
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Introduction

There is an increasing interest in the analysis
of photovoltaic power systems. Therefore,
there is a detailed model that can be used for
dynamic simulation of photovoltaic systems.
A general scheme of a Stand Alone Power
System based on solar energy technology is
shown in Fig. 1. The main components of the
system include a PV-generator, a DC/AC
inverter (at the user end), and a storage
battery. Starting from the analysis of the
equivalent model of the system components, a
complete simulation model of the system is
realized in the Matlab environment. The
models have been designed to be as general as
possible and all the elements take the design
parameters.

The research presents the models and
simulation of the stand-alone photovoltaic
(PV) system with a battery and inverter. The
work has been supported by the experimental
results. The main purpose of the research is to
establish a library of simple mathematical
models for each individual element of a stand-
alone PV system, namely solar cells, battery
and inverter. The madels for PV module and
battery are based on ihe model descriptions
found in the literaturc. The other component
models in the PV system are based on simple
electrical knowledge. The implementation of
the programs for obtaining the system
performance is carried out using Matlab.
Validation of each part of the photovoltaic
system based on the implemented
mathematical model is performed by an
interactive analysis and comparison between
simulation results and measurements, which
are experimentally acquired from the stand-
along PV system.

Description of the stand-alonc PV system
under modeling

The PV stand-alone system consists of PV
arrays, storage battery and inverter. The first
part is PV panel consists of 36 single-
crystalline solar cells deliver, 75 W at
_excellent performance [1]. The terminals of
the solar panel are connected to the batteries,
second part of the system. The solar cell panel

and the battery are connecled to AC load via
an inverter. The battery type lead-acid 12 V/
35 Ah. Figure 1 represents the sysiem
components of the photovoltaic system.

Controfles

PV penevator

w Vie

—

Battery

Figure 1: Block diagram for sland-alone PV
system

PV generator (cell, module, and array)

Solar cells arc made of semiconductor
materials (silicon), which are specially treated
lo form an clectric field, positive on one side
{backside) and negative on the other (lowards
the sun). When solar energy (photons) hits the
solar cell, electrons are knocked loose from
the atoms in the semiconductor material,
creating electron-hole pairs [2]. If electrical
conductors are then attached to the positive
and negative sides, forming an electrical
circuit, the electrons are captured in the form
of clectric current I, (photocurrent).

Solar cell model

The simplest equivalent circuit of a solar cell
is a current source in paralle]l with a diode.
The output of the current source is directly
proportional to the light falling on the cell.
The diode determines the I-V characteristics
of the cell. Increasing sophistication, accuracy
and complexity can be introduced to the
model by adding in turn

o Temperature dependence of the diode

saluration current lo

overter AC - load
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e Temperature dependence of the pheto
current IL'

e Series resistance Ry, which gives a
more accurate shape between the
maximum power point and the open
ctreuit voltage.

s Shunt resistance Rp in parallel with
the diode.

s« Either allowing the diode quality
factor n to become a varable
parameter (instead of being fixed at
cither 1 or 2) or introducing iwo
parallel diodes (one with A = |, one
with A = 2} with independently set
saturation currents [3].

The equivalent circuit is shown in figure 2.
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Figure 2: The circuit diagram of the PV
model.

The equations which describe the [-V
characteristics of the cell are according (o
Figure 2 are;

=1, — 1 W

I, =1,TY1+K (T-T,)

K= (Isc (Tae)-Isc (Ta)Y (Tny-Ty)
G =G*ISC {T: o.nom)/Go.(nOm) (| )
Where:
1., (T) is the photogenerated current,
[o 15 dark current of the diode,
Ts is the standard temperature =25°C,
Ko is the short circuit current
temperature coefficient,
T is the temperature,
G is the insolation at temperature T

and,
Gonom is nominal radiation
(1000W/m?)
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Where;
N is diode quality factor and equal 2
for crystalline solar cell and <2 for
amorphous

@ oniqr, }
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Loy =1se) (e Y «))

The series reststance of the panel has a large
impact on the slope of the I-V curve at V =
Voc. The cell resistance is determined as
following;

Differentiating equation (1) with respect to the
cell voltage;

——{IHR_‘)
dv nk 7,' dV
Rearrange the equation
(UMR T wiiR)
‘;m A ”“ Y=o, — g% (5)
" K,T nKJ

Let V=V and I=0 (intersection of 1-V
characteristics with V-axis)

dl, @ ey 4 O
—i’-f—'(t+;if(e”*f Y= 9kt (6)
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Model zccuracy

The accuracy of the previous model (cell
model) is obtained experimentally by
measuring [-V characteristics of solar cells
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module {one panel} has the following
specifications:

At Temperature T 25°C
Open Circuit Voltage Voc 217V
Short Circuit Current  Isc 4.8 A
Voltage, max power Vo 170V
Current, max power 44 A
Maximum Power P 75 W

The mathematical models describe the solar
ceil equations is modified to represent the
characteristics of one module constitute one
array contains m cells connected in series as
follows [4};

(T (v +IR ;)
— — kT -
[=1,-1,/e" D) )
1, =1,(T,X1+K (T -T,)

3 -mgV . 1
(——E (-0
&« T T,
lo= Lo, (--) " ©(10)
mq¥orc(r,)

ik
10(7},)=]SC(TO)/(E e =1)

The model scrics resistance is evaluated by
diffcrenlialing cquation (9) with respect to V;

SR,
d] =0- ] ( u.RTl g _Hq n'”q (]+ VR) (12)

v aKT,
Rearrange cquation (12};

V(l ol ’”qR, Ca

let V= Voc and I=0

d mq me i
L(X‘ (1+[ mq[{e"u( ) —f ";:’%HA?L (14)

nKf

let X, =1

"™ vuiR)
)= ’;’(‘TT S (13)

Qg

{mr,-lr (T ) )
mq nk ¥,
al ) ¢
nkT
- Xy fild

',li‘Xij=dIFI -'er"r

& (15)
dv 1

R, = — ~ (16)
y al p g

o

The last model is programmed using Matlab to
obtain the theoretical I-V and power
characteristics of one module at specific

temperature and insolation level as shown in

Figure:
I
43t 800 Wirn2
UJL 700 Wim?2
554 500 WMz

5,0(
75t 400 ¥m2
2ol 300 Wim32
L5r
1.0}
05

| I 1 1 ) -

0 2 4 6 8§ 1@ 2 ¥ 6 18 20

2

¥ ol

Figure 3 [-V characteristics at different
insolation levels
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Figure 4 I-V Power-Voltage characteristics at
different levels of insolation

Figure 3 illustrates the theoretical
characteristics as obtained from the program
representing the module model. On the other
hand Figure5 shows the experimental I-V
characteristics of the module at different
insolation levels.
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Modecl validaiion

The experimental and theoretical resulls
show a good conform between the results and
the maximum error is 11.3 %. Consequently
the model illustrates a good fitting of the I-V
characteristics of the solar cells module.
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Figure 5: I-V Experimental characteristics

Modeling of photoveltaic array

The photovoltaic power system confains series
parallel modules connected with each other for
obtaining the required cumrent and voltage
suitable for specific load as shown in Figure 6.
Hence, the model which describes these types
of connections between the modules is derived

as follows:’
v, "

Figure 6: Solar cells array consists of M,
paralle] branches, each with M; Modules in
series

Now supposc that the number of serics and
parallel modules are My and M, respectively.
Hence, the mathematical model represents the
electrical bebhavior of these combinations of
module may be written as;
" =M, *1

Where:

I is array current
The wvalidation of the previous model is
represented by the aid of the theoretical and
experimental measurements of the electrical
behavior as shown in figure 5.

Modcling of the storage battery

The lead acid battery typically used in a
photovaliaic or hybrid system is a complex
non-linear device. A mathematical model of
this device has been developed for the
purposes of photovoltaic sysiem modeling. It
is an experimental model of the current-
voltage characteristics. The model has been fit
to measure data from one lead acid batlery,
flooded-vented celi. It accounts for many
aspects of the battery's behavior, including
temperature  dependence,  self-discharge,
gassing, water loss, aging, and heat
generation.

The' battery is the central component in the
photovoltaic system. The operating point of
the PV array is determined by the voltage of
the battery depending on the state the battery.
Simulation can be used to quickly compare
and identify the control strategics even for
discharging or charging. It is evident that the
battery model will be at the heart of the
stmulation.

Modecling the Amperc-hour Relation during
discharge

The simplest battery models treat the battery
as store of cnergy with certain efficiency. The
model will predict the battery voltage on the
basis of charge or discharge current and the
slate of charge (SOC) of the battery. The
voltage-current/SOC relations are based upon

5].
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A - Modeling statc-of-charge

The model of the battery uses SOC as a slate
variable. SOC is considered as a discontinuity
quantity because cvery time the discharge
current changes. Every time step, the Ah
discharged variable is updated according to:

ARD=-(( -max( . Ig,)di+ 4D, (17)

During the discharging condition, both gassing
and self discharging currents are neglected (6],
hence:

ARD =~ [(1dt + 4hD,

Where:
AhD is the number of Ah that would
have to be discharged from a fully
charged battery to bring it to its current
state,
1 is the normalized discharge current;
lgas is the gassing current (zero on
discharging);
Isp is seif-discharge current (always
positive);
AhD, is AhD at the beginning of the
simulation or discharge.

or?

The AhD, variable is calculated from
4nD, =C, -C,SOC, (18)
Where:
Cier is the reference cell capacity, in
Ah;
SOC, is the initial state-of-charge
specified by during the experimental
work in term capacity per time at 25°C.
The normalized discharge current, I.(Internal
generated current) is calculated by:

=1, S (19)
*im C
Where:
I sm is the discharge current output
from the model, (actual discharge
current)in amps;
C sim is the capacity of the battery
specified for the simulation (in Ah),
battery capacity corresponding to Igm
which is less than [.

om

B - Modeling Battery Voltage during
discharge

When the charge current, I, is negalive, the
battery is discharging and the cell voltage, V,
is calculated from [7]:

V..
V=DV, + %}L(T -25)~ DV, (1 - AhR)

P { DP, N DP,
DK, \1+(-1NDP, (AhR + 0.0001)™
(I = DaTr(T ~ 25))
(20

Where:
DV, is a fit parameter roughly
corresponding to the open-circuit
voltage of the battery when it is fully
charged;
T is the battery temperature (°C);
DVgope is a fit parameter roughly
corresponding to the partial derivative
of the open circuit voltage with respect
to state-of-charge;
AbR is the unusable amount of charge
remaining in the battery (Ah),
DKy is the discharge capacity of the
reference cell at the temperature T, in
Ah;
DP; 334 are [it parameters;
DaTr is a parameter describing the
change in internal battery resistance
with temperature.

The variable DKy is calculated by:
DK = DKy {1+ DaTc(T - 25 )) 2n
Where:
DK is a fit parameter corresponding to
the discharge capacity of the reference
cell at an infinitesimal discharge
current in Ah;
DaTc is a parametcr describing the
change in the useable battery capacity
with temperature.
The term AhR is calculated by:

IR =1 - AhD

(22)
T
The partial derivative of the open circuit
voltage with respect (o temperature (s
calculated based on a curve fitting:

- 44.500655 +120.18547 SG*

- 120 .79444 SG *

v - + 53.96682) SG ¢ - 9,0628981 SG*

or 1000

(23)
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Where:
5G is the specific gravity of the battery
(assumed fully mixed, noe
stratification) measured at 25°C and is
calculated from;:

ARD(SG ,, - SG

DK

empi )

SG = SG,{“” -

Where:
The subscripts full and empty refer to
the battery being fully charged and
fully discharged.
When the charge current, [ is zero, the battery
is open circuited and the cell voltage, V,
equals to Vo and is calculated as:

Ve =—168.22968+174.136065G ~ 1.4836919%

~169.00275G.In S _0-00?023(;(?5@9
n

(24)

(25)
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Figure 7-a: Discharge characteristics of one
cell model using Matlab
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Figure 7-b: Experimental discharge
characteristics of one cell
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Modeling the Ampcre-hour Relation during
charge

When the charge current, [, is positive, the
battery is charging and cell voltage, V is

calculated from:
Vo -
vo=min|Cr,, + LONIPP I CV.,_ M
ar ad
J a. + ce. (1 - Calr (T - 250
+ — - - - — &
CE L1+ 0™ o aney'™ arr
(26)
Where:
Vmae 15 the maximum attainable

voltage or the voltage that would occur
with all charge current being used in
the gassing rcaction;
CVo¢ is a fit parameter roughly
corresponding to the open-circuil
voltage of the battery when it is fully
discharged; CVyope is a fit parameter
roughly corresponding to the partial
derivative of the open circuit voltage
with respect to state-of-charge;
AhC is the uscable amount of charge
remaining in the battery;
CK is a fit parameter corresponding o
the capacity of the reference cell, in
Ah;
CP)234are fit parameters;
CaTr is a paramcter describing the
change in internal battery resisiance
with temperature.

The useable amount of charge remaining in

the battery is calculated from:

AhD

ARC =1+ 222 27)
CK

The AhD is calculated from equation 18 based
on positive value of the normalized current.
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Figure 8-a: Charge characteristics of one cell
model] using Matlab
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Figure 8-b: Charge characteristics of one cel)
model using Matlab

Modeling of Inverter
Sinusoidal Pulse Width Modulation Model

The famous technique used for obtaining pure
sine wave output of the inverter is the pulse
width modulation technique. The output
voltage waveform for sinusoidal-pulse width
modulation (pulse duration modulation) is
illustrated in Figure 9. In this Figure, the
duration of each pulse changes sinusoidally
according to its position in the sinusoidal
waveform [8]. The Figure represents how to
determine the duration of each pulse. For
obtaining pure sine form output of the inverter
two waves must be employed. The base wave
is a sinusoidal wave with frequency equal to
the inverter frequency (called as a modulated

function). On the other hand, the carrier
waveform called the modulating function is
employed as a ramp or triangular waveform.
The last waveform is the best one because it
gives many pulses greater than that obtained
by the ramp during each period. The control
function is the result of intersection between
the modulating function (triangular) and the
modulated function (sine wave). This function
consists of a train of signals sinusoidally-
variable pulse width generated for the
triggering and the operation of the inverter.

The duration of each pulse of the control
function is represented by:
d(t)=m, | sin2xf | (28)

Where:
d(t) is the instantaneous value of the
duty ratios of the generated pulsc
corresponding to time t which is
related to the ratio of (2 pulse
duration}yT, T=1/f. this duty ratio of
the instantaneous pulse 1s writlten as in
(28) ;
m, is the modulation index which is
selecled in the range of 0<mgy<1;
and f is the desired frequency from the
inverter.
The voltage output of the inverter is a time
varying function is each haif wave. This
voltage depends upon the duty ratio of each
pulse corresponding to instantancous time t.
This vollage is given by:

v, =d(t)r, (29)
Where:
V, is the output voltage from the
inverter;

and Vy, is input DC (batteries) voltage.

If the duty ratio d(t) is made to vary
slowly with respect to the switching
frequency, the local average value of the
voltage is given by:

Va=dy, (30)

The chopped voltage is according to the
time varying modulation pulses d(t). The
output of the pulse width modulator is shown
in Figure 9 must be similar to the triggering
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pulses required for triggering the power
switches of the inverter. The instantaneous
value of the output vollage of the inverter is
given by [9];

v = +d{t)Vb +ve G1)
-d(IyWh -ve
The control function can be modulated as
follows:

1. Create a sine wave with the frequency equal
to the desired inverter frequency (f=50) and
variable amplitude A.

c(t)y= A sin(2xft) (32)

2. Set the amplitude (Ap) of the modulating
signal (triangular wave) such that:
2A7A (33)

3. Set the frequency (f=fearrier) of the
modulating signal equal to the switching

frequency.

4. Define the period of the modulating signal

as;
l

T=— (34)
I

Where:

T. is the period of the modulating signal.
5. The instantaneous value of the modulating
signal is given by;

m(f) = 24[[5{—] - ﬂoo{—;-;] - Ac] (35)

Where:
m(t) is the function representing the
modulating triangular signal.

The generation of the PWM waveform will
depend on the friangular and instantaneous
amplitude of the sine wave,

6. The comparison between the instantaneous
value of the tniangular and sine waves gives
the sequence of the triggering pulses of the
inverter switches, hence;

Figure 9: Output waveform with sinuscidal-
pulse modulation
S0 = {E at m(t) < e{)
O at m(t) > elt)

(36)

Where E is the vollage of the triggering signal
{approxunatety 5V)

The number of pulses output of the inverter
which are generated during a half cycle of the
output waveform is;

N= zf;_ = Integer (37

This number is also equal to the number or
pulses of the carrier wave during half cycle of
the output wave. The output vollage is
controlled by varying the amplitude A over a
range O<A<Amax, where Amax< 2A,. if
Amax is made very large, within the limit,
output voltage V, approaches to the
rectangular waveform.

The determination of the harmonic
ampliludes is relatively complicated, however,
it is found that for 0<A/ A, <2 all harmonics
of order n<2N are eliminated. For A/A>2,
low-order harmonics appear. Since pulse
width is no tonger a sinusoidal function of the
angular position of the pulse. For the PWM
technique, the frequency harmonics are in the
area of the switching frequency (equal to
carrier frequency).  The content of the
harmonic is determined according to the
frequency of the iriangular carrier wave m(t).
The harmonic frequency f; is given by:

Sa [J I; t ic]f.

J» k are always odd.
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The triggering pulses of the inverter arc
represented in figure 12 which is similar to
pulses switching triggering obtained by using
ramp signal as a carrier waveform. the ramp
signal in figure 10 has an amplitude such that
A=2A, where A is the amplitude of the
modulated signal shown in figure 11. Figure
12 conforms to figure 9. Hence, the
modulating signal used in the pulse width
modulation technique may be a ramp or
triangular wave form.

2 I I Il I
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Figurel I: modulated sine wave corresponding
to inverter output frequency
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Figure 12: triggering pulses train for inverter
switches
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for inverter switches
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Figure 14: Qutput Voltage of PWM inverter

The figure shows that, the voltage output of
the two half of the wave is a sinusoidally time
varying. Consequently, by using suitable filter
(capacitor), pure sine wave is delivered from
the inverter.
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Model validation

The device circuit of inverter switches is buill
up in the laboratory for giving suitable pulscs
to the inverter switches. Train of pulse is
recorded experimentally as shown in figure
13, The comparison between  figure
I3(experimentaily train of pulses) and figure
12 shows the correspondence between them.
Figure 12 illustrates that the pulse duralion
time varying sinusoidally. Figure 13 also
shows lhat, the duration of the pulses in the
train has a sinusoidally time varying also. The
oulput voltage of the inverter is recorded as
shown in figure 14.

Conclusions

This paper presents the mathematical models
of photoveltaic power system elements. The
solar cell model is illustrated mathemaltically.
The model gives the [-V characteristics of a
solar cell as well as its output power-voliage
characteristics at different insolation levels.
The model can be extended for giving the
mathematical model of any connected arrays.
The array model 1s validated by measuring
array characteristics experimentally  and
comparing them willi those obtained by using
the mathemaltical model. The comparison
shows a good fitling between them.

The paper presents the inodeling of a storage
battery which is the important clerient of the
photovoltaic power system. The battery has
two distinct models during discharging and
charging conditions. The two models illustraic
that, the battery terminal wvoltage during
discharging and charging conditions are a
{unction of the battery state of charge. Hence
the battery voltage can be derived as a
function of state of charge which is in turn a
function of time. The validation of the two
models is obtained experimentally by
recording the discharge, charping
characteristics of the battery experimentally
against ttme. The comparison belween the
rcsulls oblained from the battery models and
that cobtained experimentally show a good
fitting betweet: cach ather.

For oblaining pure sinusoidal wave from the
inverier, the triggering pulses of the inverter
switches must be modulated sinusoid ally.

Consequently, the mathematical model of
pulse width modulation inverter is illustrated
in this paper. The oulpwt voltage of the
inverler ts  modeled sinusoidally. The
(riggering pulses of the inverter power
swilches are also modeled such that their
durations are changed sinusoidally. The paper
presents the triggering pulses obtained by
using the model and that obuained
experimentally. The results show thal the
correspondence between the modet and the
cxperimentally work.  The (nverter output
obtained cxperimentally is illustrated in this
paper. This voltage as illustrated is a
sinusoidalty time-varying.
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