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Abstract— The penetration of renewable energy technologies
into energy markets is on the increase due to significant drops in
their capital cost, increase in their efficiency and improvement in
storage system and power electronic interface. Most universities
around the globe offer, nowadays, renewable energy courses
within the electrical and mechanical engineering curricula to
support the increasing demand for renewable energy engineers.
This paper presents a teaching approach for modeling and
simulating PV cells and systems taking into consideration the
effects of temperature, irradiance, series and parallel connections
of modules and shading. Equations are derived using basic
electric circuit laws and MATLAB code is provided to aid
students and engineers better understand PV operational
characteristics through simulation.
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L.

Renewable Energy (RE) courses are becoming essential
components of undergraduate curricula in electrical and
mechanical engineering in several universities. Some of these
universities already offer courses in wind energy, solar energy,
hydropower, etc.; while others offer only one comprehensive
course on RE systems. The material coverage in terms of depth
and breadth differs from one university to another. Some
concentrate on resource assessment, principle of operation,
power and energy calculation and economic and environmental
impact assessment; while others get into the details of system
modeling and simulation both for stand-alone and grid
connected systems. During the past 20 years of teaching, we
have realized that course projects remain an important
component in the preparation of RE engineers. Course projects
challenge students with the understanding of RE technologies
and the impact of weather and other parameters on their power
output and quality.

INTRODUCTION

In this paper, a teaching approach for modeling and
simulating Photovoltaic (PV) cells and systems is presented.
The proposed approach is based on the equations that govern
the operation of PV systems by following simple electric
circuit models. These equations can be used to plot the I-V and
P-V characteristics and their variations as a function of key
parameters such as: electrical connections, temperature,
irradiance and shading. . The derivation of the equations and
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the MATLAB code used to simulate the PV cells and systems
are also presented in this paper.

II. PV CELL MODELING

PV cells make use of semiconductor materials to convert
solar energy into electricity. PV technology is similar to the
solid-state technologies used to make electronic devices like
diodes. As long as a PV cell is exposed to solar radiation
having photons with energies above the band gap energy,
electron-hole pairs are created. In order to avoid
recombination, a built-in electric field within the
semiconductor is created and maintained through the static
holes and electrons that are deposited on ecither side of the
depletion layer. It is this electric field’s force that pushes
electrons in one direction (n-side) and holes in the other
direction (p-side). The accumulation of holes on the p-side and
electrons on the n—side creates a potential difference (voltage),
which is used to pass an electric current through the load.

Several electric circuit models can be used to simulate PV
cells. The first and simplest model [1] is the single diode
model, where the cell is modeled as a current source
accounting for solar irradiance in parallel with a diode that
accounts for the diffusion current and a series resistance
consisting of the resistance of contacts and cables. To improve
this model, a shunt resistance accounting for recombination is
added to the circuit making it a more accurate model [2] [3] [4]
[5]. In [6] and [7], further improvement to the model is made
by adding a second diode in parallel with the first one to ensure
the separation of the two recombination saturation current
terms, one being in the depletion region and the other in the
quasi-neutral region [8]. It is specified in [9] that at high
voltages, the injection current determines ID, while at low
voltages, the recombination current does. That is why modeling
the PV cell using two diodes is said to be more accurate. In
[10], though, the assumption is made that the second diode can
be removed with acceptable results considering that this would
induce errors at low irradiation values. Methods for calculating
the parameters of the two models are given in [11] where the
resulting error generated by each model is compared to
experimental results.

In this paper, a two-diode model is used. The ideality
factor, which is a measure of how close the diode is to the ideal
case, is taken close to 1 at high voltages and close to 2 at low
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Fig. 1. Two diode model of PV cell

voltages. The circuit representation of the two-diode model
used is shown in Fig. 1.

The PV system under consideration has Polycrystalline
KC200GT cells, with the following characteristics: short circuit
current ISC = 8.2A, open circuit voltage VOC = 32.9V, current
and voltage at maximum power point Imp = 7.61A and Vmp =
26.3V respectively, voltage and current coefficient Kv = -
0.123, and Ki = 0.00318; the series and parallel resistances for
the two-diode model are R_S=160.5 Q and R_sh=0.32 Q [7].

From Fig. 1, the current I is calculated as follows:

IT=h—-Im—Ino—In

v+ IRs v+ IRs [1}
Sh-Tufe VP D-Iue Vo -2
where:
IL: G/Gref [IL, ref + Hsc (Tc - Tc, ref)] (2)

G= irradiance (W/m®),

G,.s = reference irradiance (1000 W/m2 is used in this
study),

11, = light current at the reference condition (1000W/m2
and 25°C),

T.= PV cell temperature (°C),

T, ;s = reference temperature (25 °C),

1y, Ip: diode 1 and diode 2 dark saturation currents
respectively

lsc = temperature coefficient of the short-circuit current
(A/°C);

Both /I .rand pu g¢ are available on manufacturer datasheet

Also,

1 3)

K is Boltzman constant, q is the charge of an electron and T
is the absolute temperature.

The diode saturation current is:

I = Isc+EGAT
0T VoctRAT

e 4)

Taking a = 1 for Iy, and a=2 for Iy, then the power is
calculated as follows:
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III. PV CHARACTERISTICS

In this section the I-V and P-V characteristics are simulated
using equations 1-5. These characteristics are influenced by the
irradiance and temperature levels as well as by the electrical
connection modes and the shading level. MATLAB codes will
be provided for enabling the simulation and examining the
impact of the various parameters on the I-V and P-V
characteristics.

A. Irradiance and Temperature Effects

The Characteristics of PV-cells depend on insulation and
temperature as reflected in equations 1-4. This becomes
apparent when evaluating equation (1) for selected values of
temperature and irradiance and plotting the results on an I-V
graph. To be able to plot the I-VI and P-V characteristics of PV
cells as well as to investigate the effect of irradiance,
temperature, and shading, the MATLAB code given in Fig. 2
may be followed.

Choose the data according to the solar panel being
simulated (Isc, Voc, Imp, Vmp, Kv, Ki, and the number of
cells in series to create the desired model).

Choose the nominal temperature (after changing to
Kelvin).
Set a matrix having different values of irradiance.

Forj=1:n
(n is the number of elements taken in the matrix)

Let Vt = k*T/q

101=(Isc+(Ki*DeltaT))/(exp((Voc
+(Kv*DeltaT))/((al)*V1))-1)
102=(Isc+(Ki*DeltaT))/(exp((Voc
+(Kv*DeltaT))/((a2)*V1))-1)

Set a voltage vector from 0 to a maximum voltage
specifying the step taken

Fori=1: length(v)

I(i) = Isc — lol*(exp((V(j)+1()*Rsd)/Vt/al)-
D-I02*(exp((V(j)+1 () *Rsd)/Vt/a2)-1)-
(VG)+I () *Rsd)/Rpd-1(j)
Find the value of I for every value of
irradiance

End

Draw the figure for I-V characteristics

Draw the figure for P-V characteristics using P =V *I to
perform element by element multiplication for the current
and the voltage

End

Fig. 2. MATLAB code to show the effect of irradiance on I-V and P-V
characteristics.
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TABLE L THE CONFIGURATION OF SHADED AND UNSHADED MODULES IN A PV ARRAY
# of assemblies
Group # of shaded # of unshaded # of mot'iules . connected in Irradiance Temperature
module module connected in series
parallel
1 5 5 10 50 510—1 510—45
510—0.75 510—40
2 7 3 10 30 310—1 3/10—45
4/10—0.75 4/10—40
3/10—0.75 310—-35
3 0 10 10 20 1010—1 1010—45
A similar procedure may be followed to investigate the | Define:
temperature effect but in that case, the irradiance is fixed - Number of sub-arrays in each group
while the temperature is varied. - Number of shaded modules in each sub-array
B. Shading Effect - Number of .ur.a-shac.z'ed modules in each sub-array
e that are divided into the number of subgroups
Shading is a very normal and common problem that affects based on the illumination on each
tﬁ? perlflortr)nélllnce of 1nstallle(3iP V;rrays. Whenfa cell liShadeﬁi’ - The illumination (in sun) on each shaded or un-
this cell behaves as a load, taking current from other cells shaded module in each group
instead of generating its own, thus leading to a decrease in T, :
. . - emperature on each of the sub-groups
array output. The equation of the shaded cell is as follows: . .
- Number of modules in parallel in each group
T — n-1 r _
Viohoges = V—I{R; + Rs) (6) Fork=1:1:|G|

Where n is the number of cells in the array having one
shaded cell.

In order to diminish the effect of shading, bypass diodes are
used across modules. Those bypass diodes help in not allowing
one cell to take the current generated by the rest of the
modules. These diodes form multiple peaks on the PV output
of the array as will be shown in sections 3 and 4.

When simulating a PV array under shading, the shunt
resistance is neglected, since it is assumed to be much bigger
than the series resistance. So the equation will be as follows:

(7

V =Vp —IR; = V = n¥;In (222) _ IR,

15k

Where
Ip=1Ip; +1p,

®)

The effect of partial shading on PV arrays is simulated in
this paper using the shading configuration described in [12]. In
this configuration, the array is split into three groups; each
group has a set of assemblies connected in parallel, each with
common temperature and irradiance on the cells. In those
assemblies, a set of shaded and un-shaded modules are
connected in series. For example, group #1 in Table I has 50
assemblies connected in parallel. In each of these assemblies,
10 modules are connected in series. Within those 10 modules,
there are 5 shaded and 5 un-shaded modules. The 5 un-shaded
modules out of 10 (connected in series) are subject to
irradiance of 1 sun (510—1) in the first row and of 0.75 sun in
the second row, etc. Different configurations are applied to
groups 2 and 3 as shown in Table I.

To simulate the effect of shading, the MATLAB algorithm
shown in Fig. 3 may be used.

(k stands for the group number, |G| is the number of groups)

I=0
x=0

V=0.001

values)

(taking initial

while(V>0)
increase I by a very small step
x=x+1
forj = 1: number of sub-arrays

the voltage in the subassembly number of

modules in subassembly * voltage of each module

Where: - voltage of the module is found using

equation (6)

- Vris found using equation (2)
- I, = I, *illumination

End

V=sum of voltages of subassemblies in series

When x>2
the deviation from last array voltage = Vprev - V;
if this deviation is more than 4

decrease I by a very low fraction (0.0009)
forj = 1. number of subassemblies

the voltage in the subassembly

number of

modules in subassembly * voltage of each module
End
V=sum of voltages of subassemblies in series

End
End
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Fill elements of V, I, and P in arrays 0 i ‘ i i
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V_array = min(V of the three groups in parallel) Yoltage (v)
1 Array = sum(I)
P_Array = sum(P) Fig. 6. Effect of Irradiance on the Current/Voltage curve using two-diode
where P = V. *[ model
plot(voltage, current);
%to plot 1V curve e ’
plot(voltage, power); : g
%to plot PV curve 200 Lo e
Fig. 3. MATLAB algorithm to simulate the effect of shading on I-V and P-V
characteristics. sealk
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IV. SIMULATION RESULTS AND DISCUSSION

Fig. 4. Effect of Temperature on the Current/Voltage curve using two-diode
model.

The following simulations show the effect of irradiance and
temperature on the characteristics of the PV cells, which were

described in section II.
o P A Temperal‘ure Effect on PVArray Output
-n As temperature increases, the voltage decreases
A e g el substantially while the current undergoes insignificant increase.
;‘: 5 (e X As a result, the power decreases with increasing temperature.
.

F H 1] .. .
g P *-5\0 e m“ : The I-V and P-V output characteristics under varying
: s T ey VoL temperature are shown in Fig. 4 and Fig. 5 respectively. They
LERToy] PR RS o RESRRRRRRE omass ANA 1 are produced using the MATLAB algorithm shown in Fig 2.

# 1
i ool
: rd [} i
@0 },’ ll‘ ‘l‘ ‘,l B. Irradiance Effect on PV Array Output
/’ : ; i 1 As irradiance increases, the current increases greatly while
: 1
Cd i ; ; i [
DD ] 10 15 20 2‘5 30
Voltage (V)

Fig. 5. Effect of Temperature on the Power/Voltage curve using two-diode
model

little effect on the voltage is noticed as shown in Fig. 6 and Fig.
7 respectively. Hence the power increases with increased
irradiance. The P-V characteristics of a PV cell can be obtained
from its I-V characteristics using the relation P=V.I. These
figures demonstrate that the dependence of PV current and

voltage on solar irradiance lead to dependence of output power
on irradiance too.
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Fig. 10. Effect of using modules in series on the current/voltage curve. Fig. 13. I-V curves under shading and un-shading conditions.

those electrical connections on the performance of the PV
array. Figs. 8,9,10 and 11 show the effect of series and parallel
connections of the modules on the I-V and the P-V curves.

C. Effect of series and parallel connections on PV Array
Output

PV arrays are made of modules which are connected in A b iced fi h h dul
series and in parallel. It is important to examine the effects of s can be noticed from the graphs, as more modules are
connected in parallel, the current increases while the voltage
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TABLE IL THE CONFIGURATION OF SHADED AND UNSHADED MODULES IN A PV ARRAY
# of assemblies
# of shaded # of unshaded # of modules . .
Group . . connected in Irradiance Temperature
module module connected in series
parallel
1 1 3 4 - 1/4—0.5 1/4—20
3/4—1 3/4—45
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Fig. 14.1-V curves for the 4 modules in series with one shaded.
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Fig. 15. P-V curves for the 4 modules in series with one shaded.

remains the same. As for the power, the peak power increases
while it continues to occur at the same voltage value. On the
other hand, as for series connection of modules, the current
remains the same while the voltage increases, and thus, for the

power, the peak increases while changing the voltage where
this maximum appears.

These figures show the sensitivity of the model to different
key parameters and give students better appreciation of the
model used as it behaves exactly like a simple circuit. The
ability provided by MATLAB to better simulate these
characteristics enables the students to concentrate on

understanding PV systems rather than focusing on the
calculation itself.
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Fig. 17. P-V curves for the 4 modules in parallel with one shaded.

D. Partial Shading Effect on PV Array Output

The I-V and P-V characteristics under the shading
conditions stated in Table 1 are simulated using MATLAB
based on the algorithm presented in Fig. 3. Figs. 12 and 13

present those characteristics and compared them with the
situation when the whole array has no shading.

As can be noticed, the graphs show multiple peaks when
the modules are shaded as opposed to the one peak when no
shading was considered. It can be observed that the number of
peaks equal to the irradiance imposed for each shading pattern

although, in general, it depends on module temperature and
irradiance levels.
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E. Effect of Shading under Series and Parallel Combinations
of Modules

Consider the group of PV cells presented in Table II with
four modules connected in series, and let one of those modules
be shaded having temperature = 20°C and irradiance = 0.5 sun.
The other 3 modules are un-shaded having temperature = 45°C
and irradiance = lsun. The code for simulating this case is
similar to the one presented in Fig. 3 but with the data given in
Table II.

The output characteristics of the
combinations are shown in Fig. 14 and 15.

corresponding

Now let the 4 modules discussed above be reconnected in
parallel. As in the above case, one module is shaded having T=
20°C and irradiance of 0.5 sun and the remaining three are un-
shaded having temperature T= 45°C and irradiance of 1 sun.
The simulation yields the output characteristics shown in Figs.
16 and 17.

As can be seen, when the modules are connected in series
and one of them is shaded, the graphs show multiple peaks,
whereas when the modules are connected in parallel having
one of them shaded no multiple peaks occur.

V. CONCLUSION

In this paper, an educational approach for studying PV
characteristics is presented. Such a study could form a course
project in a graduate course on renewable energy. The
equations for modeling a PV cell are derived and simulations
of PV arrays are carried out using MATLAB code based on a
two-diode model circuit representation. The effects of
irradiance, temperature and shading on PV characteristics are
studied and the effect of series/parallel connections was
examined. The presented equations and codes may help
students to carry out the simulations themselves and see the
effect of the various parameters on the I-V and P-V curves of
the cells, modules, arrays and any series/parallel combinations
that may be suggested. Also, the presented models will allow
the students to better understand the shading effect and its
negative consequences on the PV system output.
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