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ABSTRACT In order to study the solar cell power system of solar unmanned aerial vehicle (UAV), this paper
builds a simulation model of solar cell according to the solar cell mathematical model. The characteristic
curves of solar cells are obtained by MATLAB/Simulink. The characteristic curves of the solar cells are
compared by changing the solar intensity and the external temperature. At the same time, the ground test
of the solar cell module is carried out. The corresponding conclusions are obtained by the ground test and
simulation analysis. The solar cells have a certain maximum power point at any condition, which is great
significant to study the maximum power tracking of solar cells in solar UAVs.

INDEX TERMS Solar cell, mathematical model, UAV, MATLAB/Simulink, characteristic curve

I. INTRODUCTION
The photovoltaic system has become one of the most
popular renewable and sustainable energy sources [1].
It features the characteristics of sustainability and
environmental-friendliness [2], [3]. Continuous long flight is
the most difficult to achieve the goal of UAV applications,
but this problem is solved successfully after the application
of solar cells to UAV. Sunlight radiant energy is used as
energy source for solar unmanned aerial vehicles during the
daytime. The solar array is mounted on the surface of the
wings, which can convert solar radiation energy into electrical
energy to provide the required energy for propulsion systems
and airborne equipment, and the excess energy is stored in
the battery. The stored energy is used to keep flying at night.
When the energy stored in the day is balanced with the energy
required for night flight, it can achieve flight for more than
24 hours in theory.

Solar energy is one of the most abundant energy, and solar
energy is inexhaustible so that it has aroused people’s atten-
tion.We useMATLAB/Simulink software to build simulation
models for analysis and verification before the completion
of UAV entities combined with solar cells. Therefore, it is
important to study the output characteristics of solar cell
arrays.

Solar cells are important part for unmanned aerial vehi-
cle energy system, the output power of solar cell array

determines the efficiency of solar unmanned aerial vehicles.
In this paper, the basic principles of solar cells are analyzed
and the mathematical simulation model is established by
MATLAB/Simulink. Finally, the output characteristics are
compared and analyzed by experiments.

Literature 4 described that battery storage effectively
stabilizes the electric grid and aids renewable integration
by balancing supply and demand in real time [4]. Litera-
ture 5 described that Lithium-ion charging management has
become an enabling technology towards a paradigm shift of
electrified mobility. This paper proposes a novel algorithm
to manage battery charging operations using a model-based
control approach [5]. Literature 6 seeks to develop a frame-
work for battery model simplification starting from an initial
high-order physics-based model that will explicitly detail
the assumptions underpinning the development of simplified
battery models [6]. The object of this paper is based on
crystalline silicon cells. Literature4-6 have a reference value
for this study.

This paper presents a model that it can accurately sim-
ulate the output characteristics of the battery in any envi-
ronment. It is necessary to amend the four performance
parameters involved in the model according to environ-
mental factors. This paper considers the effect of ambient
temperature and the variation of sunlight intensity on the
model.
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II. THE PRINCIPLE AND MATHEMATICAL MODEL
OF SOLAR CELLS
A. WORKING PRINCIPLE OF SOLAR CELL
Solar cells are also called photovoltaic cells. The theoret-
ical basis is the photoelectric volt effect of semiconductor
p-n junction [7]. The PV effect refers to a physical phe-
nomenon of the solar radiation in the P-N junction at both
ends that it produces induced electromotive force or pho-
tocurrent [8], [9]. Figure 1 shows a simple solar cell working
principle.

FIGURE 1. Structure diagram of the working principle of solar cells.

When the solar incident light acts on the PN junction,
the N-type semiconductor hole in the PN junction moves
toward the P-type region, and the P-type region moves toward
the N-type region, so that the N-type region and the P-type
section can generate potential difference. When the external
circuit is turned on, there will be a current flowing through
the external circuit to produce a certain output power. This
process is that photon energy is converted electrical energy.

NOMENCLATURE
I photovoltaic battery operating current (A)
Iph photogenic current (A)
RS photovoltaic cell series resistance (�)
q electronic charge (1.6× 10-19C)
T absolute temperature (◦C)
Isc short circuit current of solar cells (A)
Im maximum power point current (A)
Tref reference battery temperature (25 ◦C)
ns the number of solar cells in series
I0 diode Reverse Saturation Current (A)
ID PN junction forward current (A)
Rsh photovoltaic cell parallel resistance (�)
A diode quality factor
K Boltzmann’s constant (k = 1.38 × 10-23J / K)
Voc open circuit voltage of the solar cell(V)
Vm maximum power point voltage (V)
Sref reference to solar radiation intensity (1kw/m2)
np the number of solar cells in parallel

B. MATHEMATICAL MODEL OF SOLAR CELL
Solar cells are a special device that converts solar radi-
ant energy into electrical energy. It is a semiconductor
component based on photovoltaic effect. The main factors

of its performance are solar light intensity, temperature and
raw material properties [10], [11]. Therefore, the working
characteristics of this particular solar cells are studied, and
it must be converted into an equivalent circuit and an external
load to simulate the calculation [12]. The equivalent circuit
diagram of the solar cell is shown in Figure 2.

FIGURE 2. Schematic diagram of the equivalent circuit for solar cells.

From the Kirchhoff current law, we obtain the equa-
tion [13], [14]:

Iph − ID − Ish − I = 0 (1)

I = Iph − ID − Ish (2)

ID = I0 − {exp[
q(U + IRS )

AKT
]− 1} (3)

Ish =
U + IRs
Rsh

(4)

We put the formula (3) and (4) into the formula (2), we can
get formula (5) [15], [16].

I = Iph − I0{exp[
q(U + IRS
AKT

]− 1} −
U + IRS
Rsh

(5)

Under normal circumstances, the ideal photovoltaic cell
leakage resistance Rsh is very large, the series resistance Rs
is very small [17]–[20].

The U+IRS
Rsh

can be removed, which is exp[ q(U+IRS )AKT ]− 1 ≈

exp( qUAKT )− 1, and formula (5) can be simplified formula (6).

I = Iph − I0[exp(
qU
AKT

)− 1] (6)

Also Iph = Isc, exp(
qU
AKT ) − 1 > 0. The characteristic

equation of a photovoltaic cell can be simplified formula (7).

I = Isc{1− C1[exp(
U

C2Voc
)]} (7)

And where is I = 0 andU = Voc at the open environment;
where is I = Im and U = Vm at maximum power point.

Isc = {1− C1[exp(
1
C1

)]} = 0 (8)

Isc = {1− C1[exp(
Vm

C2Voc
)]} = Im (9)

The formula (7-9) are simplified

C1 = (1−
Im
Isc

) exp(−
Vm

C2Voc
)

C2 =
1

ln( 1
C1
)

(10)
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C2 of the formula (10) is putted into C1

C2 = (
Vm
Voc
− 1)[ln(1−

Im
Isc

)]−−1 (11)

Therefore, the mathematical model is proposed in this
paper, which it needs to enter the solar cell parameters that
the results C1 and C2 can be obtained.

When the solar radiation intensity and battery ambient
temperature changes, we need to recalculate the short circuit
current and open circuit voltage, which also need to recalcu-
late the C1 and C2 value.

When the change of ambient temperature and sunlight
intensity are considered, the equation are as follows.

I = I ′sc1− C1

[
exp

(
U

C2Voc

)]
(12)

C ′1 = (1−
I ′m
I ′sc

)exp(−
V ′m

C2V ′OC
) (13)

C ′2 =
(
V ′m
V ′oc
− 1

)
/[ln

(
1−

I ′m
I ′sc

)
] (14)

I ′sc = Isc(
S
Sref

)(1+ a1T ) (15)

V ′oc = Voc (1− c1T ) (1+ b1S) (16)

I ′m = Im(1+1S)(1+ a1T ) (17)

V ′m = Vm(1− c1T )(1+ b1S) (18)

1T = T− Tref (19)

1S =
S
Sref
− 1 (20)

Since the panels on the surface of the solar UAV wings are
usually connected in series or parallel by several sets of solar
cells, the equivalent mathematical model can be expressed as
a formula (12).

I (1+
Rs
Rsh

) = npIph − npI0[exp{
q(V + IRs)

AKT
} − 1]

−
(V/ns + IRs)

Rsh
(21)

Solar photovoltaic cell simulation model taking into
account the variation of sunshine intensity and temperature
are set up in Matlab/Simulink, which based on the above
mathematical model. a is the compensation coefficient cur-
rent toc temperature, b and c are the compensation coefficient
voltage to the outside light radiation intensity and tempera-
ture. Typical values of a,b,c in the model are set as follows,
a is 0.0025, b is 0.5, and the c is 0.00288.

The output characteristics of photovoltaic cells and envi-
ronmental factors have a very close relationship, so the
parameters of formula 5 can be more accurate simulation of
the battery output characteristics in any environment. In this
paper, the four performance parameters in the model are
modified according to environmental factors, thus the output

characteristics of photovoltaic is simulated under any envi-
ronmental conditions.

III. SIMULATION AND ANALYSIS OF SOLAR CELL
BASED ON MATLAB/SIMULINK
The MATLAB/Simulink simulation model is built thought a
mathematical model. Simulation model has more modules
to facilitate the combination of other modules. So that the
simulation interface looks very clear, the module needs to
be packaged. The simulation and post-encapsulated model is
shown in Figure 3.

FIGURE 3. Solar cell simulation and package model.

The subsystem is a solar cell package model in the simu-
lation model. The internal package has ambient temperature
and solar radiation intensity, and the output is the current,
voltage and power in the solar cell model.

The Matlab/Simulink simulation model is used to plot the
characteristic curve (with intensity of light varies and solar
cell temperature fixed; and intensity of illumination fixed and
solar cell temperature varies) in order to better understand the
characteristics of solar cell.

It can be obtained from the above Figure 4.
¬ The change of the light intensity has affected greatly

on the current of the solar cell. When light intensity rises
from 400W/m2 to 1000W/m2, the short-circuit current of
the battery increases, and the two are approximately pro-
portional. The intensity of the light has little effect on the
open circuit voltage of the solar cell. The open circuit voltage
of the solar cell changes slightly with the light intensity
increased.

­ The light intensity has a great influence on the out-
put power of the solar cell. As the light intensity rises
from 400W/m2 to 1000W/m2, the output power of the
battery increases. The output power of the battery on
the left side of the maximum power point has increased
with the rise of the output voltage of the solar cell. Yet
after the maximum power point is reached, the output
power of the battery is decreased with the output voltage
goes up.
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TABLE 1. Output characteristic equation of PV.

FIGURE 4. Simulation results of solar cell output characteristics under
different light intensity. (a) U-I characteristic curve. (b) U-P characteristic
curve.

® The U-I characteristic curve shows that the charac-
teristic of the solar cell at the left side of the maximum
power point is an approximately constant current source

FIGURE 5. Simulation results of solar cell output characteristics under
different temperature. (a) U-I characteristic curve. (b) U-P characteristic
curve.

and the right side of the maximum power point near the
open circuit voltage is approximated with a constant voltage
source.
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FIGURE 6. Schematic diagram of time and temperature, light intensity
(Light rain day). (a) Schematic diagram of time and temperature.
(b) Schematic diagram of time and solar light intensity.

It can be obtained from the characteristic curve groups of
above Figure 5 (with S = 1000W/m2, from temperature of
solar cell at 0◦C, 25◦C, 30◦C, 50◦C).

¬ U-I characteristic curve shows that the output voltage
is reduced with the solar cell temperature increases and the
light intensity remains unchanged, while the temperature
increase impacted little of the output current, which remains
at around 6A.

­ The U-P characteristic curve shows that the change is
similar in solar cell output power when the light intensity
remains constant. Themaximumoutput power decreases with
the temperature rises, and its corresponding output voltage
decreases with the temperature rises.

Analysis of Figure 4 and Figure 5 shows that the output
power of the solar cell is closely related to the intensity of the
sunlight and the ambient temperature, and the output power
of the solar cell varies with the ambient temperature and the
intensity of light. Therefore, we must take the corresponding
control strategy for solar unmanned aerial vehicles to control
the output power, so that it can outputs the maximum power
and achieve efficient convert of the solar energy and solar
cells.

FIGURE 7. Schematic diagram of time and temperature, light intensity
(Sunny day to cloudy day). (a) Schematic diagram of time and
temperature. (b) Schematic diagram of time and solar light intensity.

IV. RESEARCH AND VERIFICATION OF SOLAR
CELL GROUND TEST
The purpose of the solar cell ground test is that it tests the
output characteristics of solar cells. The test equipment are
silicon battery components, digital solar light meter and solar
cell tester. The solar cell module is made up of 36 monocrys-
talline silicon cells in series, and the intensity of the solar
light is tested using a digital solar light meter. The solar
cell tester is designed to test the open circuit voltage, short
circuit current, maximum power and conversion of the entire
assembly. Solar cell test equipment model is PROVA 210A.
It tests the I-V characteristic curve, and finds the maximum
power of the solar module operating point. It measures the
maximum voltage at maximum power and the maximum
current. It can directly display solar cell conversion efficiency
η (%) and FF value under the standard light source. Digital
solar light model is TES-132. It can choose solar power
measurement or transmittance measurement.

In this paper, the actual solar panel output characteristics
of the measured temperature and solar radiation intensity was
measured in Nanjing, the test site was Nanjing University of
Aeronautics and Astronautics (north latitude of about 32◦17",
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FIGURE 8. Schematic diagram of time and temperature, light intensity.
(a) Schematic diagram of time and temperature. (b) Schematic diagram of
time and solar light intensity.

longitude of about 118◦42"). The test time was from 6:00 am
to 18:00 pm on July 10th to 13th, 2017, with three types
weather were tested, including light rain, cloudy and sunny
days.

The data of the solar panels measured in the above three
weather conditions are shown from Figure 6 to Figure 8.
The weather temperature and light intensity are the low-
est in the three weathers in light rain, while there is a
multi-peak phenomenon in the sunny to cloudy weather. In
sunny days, the temperature and light intensity values are
larger.

According to the theoretical analysis in the previous
section and the experimental test results in this section, it can
be concluded that the output curve of a solar cell has a non-
linear characteristic, which is mainly affected by the ambient
temperature and light intensity. When the ambient tempera-
ture changes or the light intensity changes, the output power
of solar cell also changes. In output U-P characteristic curve,
it can be found that only one point of the voltage value and
the output power achieve the maximum. It can be revealed
from Figure 9 that the solar panel output power, voltage, light
and temperature curve have a good consistency with light
and temperature curve. This conclusion is consistent with the
simulation conclusion.

FIGURE 9. Schematic diagram of light intensity and temperature with
voltage and power. (a) Schematic diagram of solar light intensity and
temperature with voltage. (b) Schematic diagram of temperature and
solar light intensity with power.

V. CONCLUSION
In this paper, the simulation model of solar cell in solar
unmanned aerial vehicle (UAV) is constructed by MATLAB/
Simulink software. The characteristic curve of the solar cell is
obtained through the operation model. The simulation results
are compared with the characteristic curves obtained by the
ground test, which concluded that the solar cells have a cer-
tain maximum power output point in different solar lighting
conditions. In this paper, the output characteristics of solar
panels in three kinds of weather conditions are tested. The
conclusion of the test data are consistent with the simulation
results, which provides an important theoretical basis for the
study of the maximum power point tracking of solar cells.
It is great significance to study the solar cell system in solar
unmanned aerial vehicles.

This paper describes the photovoltaic cells and their char-
acteristics, through the research on the principle and struc-
ture of photovoltaic power generation, the equivalent circuit
of photovoltaic cell is obtained. According to the output
characteristic equation of the battery, a simulation model of
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engineering application considering the variation of sunshine
intensity and temperature conditions is set up in Matlab /
Simulink, which the accuracy of the model is verified. By
comparing its output characteristic curve, it can be found that
the PV cell shows a strong nonlinearity, which is obviously
affected by the change of temperature and light conditions.
Which temperature changes mainly affect the open circuit
voltage, and light intensity changes mainly affect the short-
circuit current.
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