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The integration of solar photovoltaic (PV) power generation technology into electric vehicle (EV) charging systems is of great
significance, and it is very important to analyze the influencing factors of vehicle operating parameters on the generation
power of vehicle PV system. In this paper, a model is developed to predict the power generated by vehicle PV system through
a combination of a Fluent simulation study and Simulink modeling. Then the generation power of vehicle PV system under 7
different vehicle speeds in different months in Northeast China is analyzed. Through the Spearman correlation analysis and
multilevel function fitting of the data, the mathematical model of a vehicle PV system power is proposed. Its variation with
vehicle speed is obtained, as affected by solar radiation intensity and ambient temperature. According to the mathematical
model analysis, the relevant vehicle characteristics and rules for vehicle PV systems were obtained. The simulation results show
that the generation power of vehicle PV system in Northeast China increases significantly with the increase of vehicle speed in
summer, but does not change significantly with the increase of vehicle speed in winter.

1. Introduction

With the growing popularity of electric vehicles, the issue of
improving their battery capacity and range has been studied
by the many scholars [1, 2]. Due to the fact that the capacity
of electric vehicles’ lithium batteries is difficult to greatly
expand, on-vehicle photovoltaic battery charging has
become another method to improve the range of electric
vehicles [3]. As an auxiliary power source for electric vehi-
cles, photovoltaic cells have broad research prospects because
they do not use fossil fuels, which helps with environmental
protection and convenient energy acquisition [4, 5].

The output power of photovoltaic cells is mainly affected
by the incident solar radiation intensity and the photovoltaic
cells’ surface temperatures. The surface temperatures of pho-
tovoltaic cells are due to the ambient temperature and the
surface temperature rise over ambient (ΔT) of photovoltaic
cells. Many scholars have proposed a variety of models to

predict the output power of photovoltaic cells according to
these influencing factors. Abo-Zahhad et al. analyzed the
performance, limits, and thermal stresses seen by highly
polycrystalline photovoltaic cells under highly concentrated
sunlight and passive cooling conditions and proposed a
comprehensive three-dimensional coupled thermal structure
model [6]. The three-dimensional coupled thermal model of
perovskite photovoltaic cells can effectively analyze the heat
flux density they see, and the heat dissipation characteristics
and other factors influencing them, to improve their power
generation efficiency [7, 8]. Dabaghzadeh and Eslami
developed a computational fluid dynamics (CFD) model to
study photovoltaic temperatures and simulate the three-
dimensional airflow field around a system under different
geometric and environmental conditions and predict the
temperature distribution and output power of the photovol-
taic module [9]. The CFD simulation study of the three-
dimensional flow fields around the photovoltaic cell is also
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suitable for studying the power generation efficiency of low
solar radiation conditions and the influence of surface con-
tamination on photovoltaic cells’ power [10–12]. Perovic
et al. proposed a thermal model to model the temperature
of photovoltaic cells according to the meteorological condi-
tions, the locations of the photovoltaic cells, and their tech-
nical characteristics and determined their power and
efficiency with consideration of their predicted temperatures
[13]. Zhiqiang and Dongyang proposed a neural network-
based photovoltaic power prediction model based on the
Hilbert transform and frequency entropy to solve the prob-
lem that the power fluctuations from photovoltaic power
stations affect the dispatch operations and stability of the
power grid incorporating substantial percentages of photo-
voltaic power [14]. Yadir et al. proposed a method to extract
the physical parameters for the single diode model of photo-
voltaic cells, to estimate the temperature coefficients for cur-
rent and voltage at the maximum power point, and to
predict the performance of photovoltaic cells for varied con-
ditions [15]. Kasburg and Frizzo proposed a long-term
memory method (LSTM) as a deep learning artificial recur-
rent neural network structure to predict the output power of
photovoltaic cells [16]. Asef et al. verified IEC61853 based
on empirical research. They improved the output power pre-
dictions for photovoltaic modules, taking into account the
nominal working cell temperatures [17]. S. Issaadi et al. pro-
posed a photovoltaic control strategy based on neural net-
works which smoothens the signals in power systems with
PV sources and improves predictions’ accuracy [18]. Jatoi
et al. developed an empirical model to predict the effects of
temperature on different photovoltaic modules’ performance
in outdoor environments and verified the model with exper-
iments [19]. Due to the variability of meteorological condi-
tions, a temperature-based predictive model needs to
consider the influence of temperature variations resulting
from different meteorological conditions [20, 21]. Zang
et al. proposed and verified a new day-ahead photovoltaic
power prediction method based on a deep learning neural
network and verified their method with an example [22].
Tripathy et al. aimed at the randomness of weather condi-
tions, proposing an averaging model for probabilistic PV
generation forecasting based on K-nearest neighbor, which
is verified by the real photovoltaic power generation data
from the USA [23]. Ranjan et al. proposed an improved slid-
ing window prediction (ISWP) which can be used for the
preprocessing of fluctuating time series such as wind power
generation and solar radiation [24]. Bhat et al. applied the
extended cumulant method (ECM) to the probabilistic load
flow (PLF) assessment in transmission and distribution sys-
tems, and the uncertainty of PV power generation is mod-
eled by probability [25].

To sum up, for photovoltaic cell output power prediction
models, some scholars have estimated the solar radiation
intensity and temperature for different conditions, and then
predict PV arrays’ output power. However, for a vehicle
photovoltaic system, there are relatively few studies on the
influence of photovoltaic cells on the running process of
electric vehicles. Therefore, the main contributions of the
research are as follows:

(1) In this paper, a semiflexible photovoltaic cell was
installed on the surface of an electric vehicle, and
the temperature field of the photovoltaic cell on the
vehicle surface was simulated and analyzed for the
specific meteorological conditions. These data were
combined with a mathematical model for the
photovoltaic cell

(2) This model can predict the output power of the
photovoltaic cells for variable conditions of solar
radiation, ambient temperature, and vehicle speed

(3) The comprehensive effects of vehicle speed, solar
radiation, and ambient temperatures on the vehicle
photovoltaic system are analyzed

This paper contains five parts. The second part mainly
introduces the working principle of the vehicle-mounted
photovoltaic cell and the establishment of its mathematical
model. The third part mainly introduces the simulation pro-
cess. The fourth part analyzes the simulation results. Finally,
the fifth part summarizes the results.

2. Developing the Mathematical Model

2.1. Photovoltaic Cell Model. According to the principles of
photovoltaic cells, the main parts of photovoltaic cells
include PN diode junction structures: and photovoltaic cells
can be regarded as a parallel structure of a constant current
source and this PN junction. Figure 1 shows the equivalent
circuit of a photovoltaic cell, where Cj andCd are barrier
capacitance and diffusion capacitance at the junction, and
Rs andRsh are the series and parallel resistances inside the
cell.

Because the response rate of power system loads is very
slow compared with the time constant of most photovoltaic
cells, the influence of junction capacitance can be ignored
and the I-U characteristic equation can be obtained from
the equivalent circuit [26].

I = IL − I0 exp
q U + IRsð Þ

AKT

� �
− 1

� �
−
U + IRs

Rsh
: ð1Þ

In Equation (1), I0 is the reverse saturation current (A), q
is the electronic charge (1:6 × 10−19C), K is the Boltzmann
constant (1:38 × 10−23J/K), T is the absolute temperature
(K), A is the diode factor, IL is the photocurrent (A), I is
the output current of the PV cell (A), and U is the output
voltage of the PV cell (V).

For more convenience in the mathematical model build-
ing and analysis, Equation (1) is simplified, and the follow-
ing reduced models are obtained:

I = ISC 1 − C1 exp
U

C2UOC

� �
− 1

� �� �
, ð2Þ

C1 = 1 −
Im
ISC

� �
exp

Um

C2UOC

� �
, ð3Þ
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C2 =
Um

UOC
− 1

� �
ln 1 −

Im
ISC

� �� �−1
: ð4Þ

In Equations (2)–(4), C1, andC2 are constants, ISC is the
short-circuit current of a photovoltaic cell, UOC is the open-
circuit voltage of a photovoltaic cell, Im is the current at the
maximum power point, and Um is the voltage at the maxi-
mum power point.

After simplification, the I‐U output characteristic model
of the photovoltaic cell is obtained, in which the expressions
for the constants C1 and C2 are given by Equation (3) and
Equation (4), respectively. Under arbitrary environmental
conditions, ISC ,UOC , Im, andUm will change according to a
certain law. By introducing the corresponding correction
coefficient, we can approximately derive the relationship
between the solar radiation intensity G and the photovoltaic
plate temperature T to these four parameters.

ISC = ISCref
G
Gref

1 + αΔTð Þ, ð5Þ

UOC =UOCref ln e + βΔGð Þ 1 − γΔTð Þ, ð6Þ

Im = Imref
G
Gref

1 + αΔTð Þ, ð7Þ

Um =Umref ln e + βΔGð Þ 1 − γΔTð Þ, ð8Þ
ΔT = T − Tref , ð9Þ

ΔG =G −Gref : ð10Þ
In these equations, Gref = 1000W/m2 is the reference

solar radiation intensity under Standard Test Conditions,
Tref = 25°C is the reference photovoltaic plate temperature
under Standard Test Conditions, T is the actual photovoltaic
plate temperature, and G is the actual solar radiation
intensity.

The variables ISCref ,UOCref , Imref , and Umref are the
short-circuit current, the open-circuit voltage, and the cur-
rent and voltage at the maximum power point of the photo-
voltaic cell under the reference conditions. These are,
respectively, the values of the short-circuit current, the
open-circuit voltage, and the maximum power point of the
photovoltaic cell; e = 2:781828 is a natural constant, and α,
β, and γ are correction coefficients. According to a large

amount of relevant experimental data, the typical values rec-
ommended for the three correction coefficients are [27]:

α =
0:0025

°C
,

β = 0:5,

γ =
0:00288

°C
:

ð11Þ

2.2. Control Equation. While a car is being driven, the sur-
rounding fluid is air, and for no wind conditions, the air flow
speed relative to the car is equal to the speed of the car. It is
widely believed that air can be regarded as an incompressible
fluid for air flow rates of less than 0.3 times the speed of
sound (408 km/h) [28]. The maximum speed considered in
this paper is 120 km/h. Therefore, air can be treated as an
incompressible fluid here, with constant density. At low
speeds, the Reynolds number of the surrounding air is less
than the critical Reynolds number, so its flow can be treated
as being laminar. When the vehicle is at high speed, the sur-
rounding air Reynolds number is greater than the critical
Reynolds number, so it is treated as turbulent flow. The gov-
erning equation can be solved by using the continuity equa-
tion, the motion equation, and the conservation of energy
equation.

For laminar flow, three kinds of conservation equations
are introduced, respectively.

The continuous equation:

∂ux
∂x

+
∂uy
∂y

+
∂uz
∂z

= 0: ð12Þ

The equation of motion:
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Figure 1: Equivalent circuit of a photovoltaic cell.
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The energy equation:
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ð16Þ
In these equations, ux, uy, uz is the velocity vector in the

directions of x, y, and z; gx , gy, gz are the acceleration com-
ponents produced by gravity; ρ is the fluid density; μ is the
aerodynamic viscosity; P is the pressure; C is the specific
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photovoltaic system
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and calculation domain
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Figure 2: Structure of the simulation model.

Figure 3: Physical diagram of a vehicle photovoltaic system.
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Figure 4: Settings for the calculation domain.

Figure 5: Fluent model grid.
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heat capacity; T is the temperature; K is the thermal
conductivity.

Among the above equations, there are five unknown
quantities and five equations, leading to a specific solution.

In the turbulent state, the turbulence model is intro-
duced, and the instantaneous terms of the N-S equations
are decomposed into time-averaged terms and wave terms.

The average continuity equation:

∂�ui
∂xi

= 0: ð17Þ

The average momentum equation:

ρ
∂�ui
∂t

+ �uk
∂�ui
∂xk

� �
= −

∂�p
∂xi

+
∂
∂xj

μ
∂�ui
∂xj

 !
+
∂Rij

∂xj
: ð18Þ

Of which,

Rij = −ρui′uj′= μT
∂�ui
∂xj

+
∂�uj

∂xi

 !
−
2
3
μT

∂�uk
∂xk

δij −
2
3
ρkδij:

ð19Þ

In the above equations, μ is the aerodynamic viscosity,
μT is the Eddy viscosity coefficient, and δij is the Kronecker
function.

To solve the above equations closed-form, it is necessary
to determine the value of μT . Here we use the 2-equation
RNGk − ε model [29], with turbulent kinetic energy equa-

tion and turbulent dissipation equation as follows:

ρ
∂k
∂t

+ ρ�ui
∂k
∂xi

=
∂
∂xj

αk μ + μTð Þ ∂k∂xj

" #
+Gk +Gb − ρε,

ð20Þ
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Figure 6: Simulated meteorological data.

Table 1: Physical parameters of materials.

Materials Physical parameters Value

Photovoltaic cell
surface (PET)

Density 1380 kg/m3;

Specific heat capacity 1400 J/ kg∙Kð Þ
Thermal conductivity 0:29W/ m∙Kð Þ

Ground
(asphalt concrete)

Density 2460 kg/m3

Specific heat capacity 1350 J/ kg∙Kð Þ
Thermal conductivity 1:08W/ m∙Kð Þ

Body metal

Density 8030 kg/m3

Specific heat capacity 502:48 J/ kg∙Kð Þ
Thermal conductivity 16:27W/ m∙Kð Þ

Table 2: Boundary conditions.

Boundary Boundary condition

Entrance Velocity entrance condition

Exit
Pressure outlet, 1 standard

atmospheric pressure

Car body and
photovoltaic panel

Fixed nonslip wall

Ground Moving nonslip wall

Top and side Fixed nonslip wall
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a) Temperature field distribution of on-board photovoltaic system
under three speeds (0 km/h, 20 km/h and 120 km/h) in January

d) Temperature field distribution of on-board photovoltaic system
under three speeds (0 km/h, 20 km/h and 120 km/h) in October

c) Temperature field distribution of on-board photovoltaic system
under three speeds (0 km/h, 20 km/h and 120 km/h) in July

b) Temperature field distribution of on-board photovoltaic system
under three speeds (0 km/h, 20 km/h and 120 km/h) in April

1.60e + 02
1.51e + 02
1.41e + 02
1.32e + 02
1.22e + 02
1.13e + 02
1.03e + 02
9.35e + 01
8.40e + 01
7.45e + 01
6.50e + 01
5.55e + 01
7.60e + 01
3.65e + 01
2.70e + 01
1.75e + 01
8.00e + 00
–1.50e + 01
–1.10e + 01
–2.05e + 01
–3.00e + 01

Figure 7: Temperatures of photovoltaic cells at different speeds in 4 months.
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1 + β1η
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In the above equation, C1ε, C2ε, C1ε, Cμ, and η0 are con-
stants; Gk is the turbulent kinetic energy generated by the
velocity gradient of laminar flow; Gb is the turbulent kinetic
energy generated by buoyancy; and αk and αε are the turbu-
lent Prandtl numbers for k equation and ε equation. Prt is
the turbulent Prandtl number, η = Sk/ε, and S is a constant.

After the above equation is manipulated to find a closed
from, it is combined with the energy Equation (16), and the
temperature can be solved for.

3. Simulation Study

3.1. Simulation Study to Predict Generated Power from
Vehicle PV Systems. The simulation flow chart is shown in
Figure 2. When semiflexible photovoltaic cells are installed
on a vehicle’s surface, they can conform to the vehicle sur-
face and not affect its aerodynamics because of their small
thickness and mild deformation, as shown in Figure 3.
According to the production principle of photovoltaic cells,
equal numbers of photovoltaic units are connected in series
and then in parallel, to obtain photovoltaic modules with a

certain output voltage, and increased current from the paral-
lel connection of the photovoltaic modules [30]. When the
parameters of all the photovoltaic cells are the same, their
output current is proportional to the number of photovoltaic
cells in parallel (np), and the output voltage of the photovol-
taic cells is proportional to the number of photovoltaic cells
in series (ns) [31]. Assuming that the parameters of all the
photovoltaic cells are the same, the area of the nonworking
area at the edge of the cell is ignored, and the short-circuit
current and the maximum power point current can be con-
sidered to be proportional to the area of the photovoltaic
cell. Based on this relationship, the power prediction model
of vehicle photovoltaic system is established. As shown in
Figure 2, temperature field data obtained through a Fluent
simulation study were extracted, and the Simulink photovol-
taic cell model was established at the same time. The photo-
voltaic module parameters are processed according to the
number of grids, and the output power of a single grid area
is divided by using for cycle to estimate the actual output
power.

3.2. Fluent Temperature Field Simulation Model. The type of
car modeled in the calculation is a B car, and the three-
dimensional model was established using SolidWorks. To
simplify the model and improve the calculation efficiency,
the creation of complex surfaces such as door handle,
exhaust pipes, and rearview mirrors were ignored in the

Table 3: Correlations for P-v from January to December.

Correlation
January February March April

Power Power Power Power

Speed
Correlation coefficient 0.612 0.612 0.964 1.000

Sig. (double tail) 0.144 0.144 0.000 0.000

Correlation
May June July August

Power Power Power Power

Speed
Correlation coefficient 1.000 1.000 0.964 1.000

Sig. (double tail) 0.000 0.000 0.000 0.000

Correlation
September October November December

Power Power Power Power

Speed
Correlation coefficient 1.000 1.000 0.612 0.612

Sig. (double tail) 0.000 0.000 0.144 0.144

Table 4: Fit parameter values.

a b c R2

March 211.0156 0.2364 4.41E-04 0.999

April 291.1194 1.1641 3.70E-03 0.996

May 344.2284 2.3835 1.55E-02 0.996

June 357.0805 3.4003 6.34E-02 0.996

July 359.0825 3.3999 5.63E-02 0.996

August 337.9003 3.0653 9.24E-02 0.996

September 289.0678 1.6244 3.67E-02 0.996

October 221.2269 0.4862 2.43E-03 0.997

7International Journal of Photoenergy



modeling process, and the chassis of the automobile model is
flattened. The vehicle photovoltaic panel is divided into
three parts, which are the engine cover, the roof, and the
trunk cover surface. Their shapes and sizes are the same as
the car body surface and are represented by sun1 (engine
cover), sun2 (roof), and sun3 (trunk cover).

In order to facilitate the analysis and calculation, we
need to establish a calculation domain for the model. The
calculation domain is a cuboid area around the car model.
To fully develop the turbulence, the size of the calculation
domain is designed as follows: the entrance distance from
the front of the car is equal to its length, the exit distance
from the rear is four times the length, the height is four times
its height, and the width is five times its width [32]. The
three views of the calculation domain are shown in Figure 4.

After a computational domain is established, the entire
computing domain is meshed by ICEM CFD (The Inte-
grated Computer Engineering and Manufacturing code for
Computational Fluid Dynamics). Because the flow field of
the vehicle is more complex and there is a violently turbulent
area near the rear of the vehicle, manual intervention is
needed in the meshing. The grid near the surface of the vehi-
cle is denser, and the part far away from the car body is
sparse. The turbulent area of the rear part is considered care-
fully to improve the calculation accuracy [33]. The result of
the grid is shown in Figure 5.

The factors that need to be considered to simulate the
temperature distribution of moving vehicles under natural
conditions include solar radiation, atmospheric convection
conduction, and ground radiation. To meet the needs of
self-defined natural conditions, the DO (discrete ordinates)
model was selected for the radiation model. The solar ray
tracing model is selected to simulate the geographical loca-
tion of Changchun City, Jilin Province, China, and typically
four sunny and windless days occur every month. The solar
radiation intensity and ambient temperature are determined
by a query of Chinese meteorological information, and the
average value is used for the meteorological condition of that

month. The simulated natural conditions are set up, and the
simulated meteorological data are shown in Figure 6.

The computational domain includes of multiple bound-
aries, including the entrance boundary, exit boundary, and
wall boundary (body, photovoltaic panel, ground, top, and
side). To determine the boundary conditions, the physical
properties of the material are determined first. The fluid in
the simulation is air, and the solid materials can be divided
into three categories: the ground, photovoltaic panel, and
body. The specific physical parameters are shown in Table 1.

After determining the physical properties of a material,
the boundary conditions for the domain are chosen, as
shown in Table 2.

3.3. Simulink Photovoltaic Cell Model. According to the
mathematical model of photovoltaic cells in Chapter 1.1,
the Simulink model was developed, and the photovoltaic
cells are modularized according to the number of cells in
the Fluent model. The cycle model was introduced to inte-
grate the output of photovoltaic cells in different grids, and
the final output is based on the discharge characteristics of
photovoltaic cells divided by temperature field.
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Figure 9: Relationship between parameters a, b, and T ,G:

Table 5: Initial fitting parameters for a and b.

m n p q R2

a -26.7105 0.2947 0.4937 −8:8371 × 10−4 0.99

b -1.5093 -0.1462 0.0038 2:6488 × 10−4 0.98

Table 6: Quadratic fitting parameters for a and b.

m n p R2

a -18.7278 -0.2887 0.4803 0.99

b -3.9019 0.0287 0.0786 0.93

8 International Journal of Photoenergy



4. Analysis of Simulation Results

Figure 7 shows the temperature field distribution of photo-
voltaic cells at speeds of 0 km/h, 20 km/h, and 120 km/h in
January, April, July, and October. It can be seen from
Figure 7 that the changes in the temperature field in January
(winter) are small, and the average temperature is lower. In
July (summer), the temperature field changes greatly, and
the average temperature is higher. The changes of the tem-
peratures and average temperatures in April (spring) and
October (autumn) are in between January and July. This
change is mainly related to the solar radiation intensity
and also the ambient temperature. These parameters indi-
rectly affect the output characteristics of photovoltaic cells.

Figure 8 shows the relationship between the maximum
power of photovoltaic cells and the speed of the vehicle for
different months. In the month with higher solar radiation
intensity and ambient temperature, compared to the park-
ing/idle state, the maximum power of the photovoltaic cell
on the moving vehicle surface obviously increases, and the
increasing trend is smaller with the increase of vehicle speed.
However, in the month with lower solar radiation intensity
and ambient temperature, there is almost no significant dif-
ference in the maximum power of photovoltaic cells on the
vehicle surface between the parking/idle state and the mov-
ing state.

According to the shape of P-v characteristic curve in dif-
ferent months, in the same month, the function of power’s
change with speed is approximately in the form of y = a +
b × ln ðx + cÞ. There are differences in the curves between
different months, so we may consider that there is influence
between the solar radiation intensity in different months and
the ambient temperature on the parameters a, b, and c.

Before fitting, the correlation test was carried out on the
12-month P-v data. Because the data are continuous and not
approximately a normal distribution, the Spearman correla-
tion analysis method was selected, and SPSS analysis was
used to correlate the results of the analysis.

The correlation coefficient is used to characterize how
much of the variation in power can be explained by the con-
trolled independent variable speed. The closer correlation
coefficient is to 1 indicates the better goodness of fit, and
an equation can be considered high confidence when corre-
lation coefficient is greater than 0.95. It can be seen from
Table 3 that there is a significant relationship between speed
and power in January, February, November, and December
with probability greater than 0.95, and there is no correla-
tion between speed and power in these four months. And
the significance of speed and power in the other eight
months is less than 0.05, the absolute values of correlation
coefficients are all greater than 0.96, and the speed and
power in these eight months are related. This correlation is
strong.

Next, the P-v data for 8 months from March to October
are fitted. As shown in Table 4, the variance R2 after fitting is
greater than 0.98, and the fitting effect is good.

From the fitted data, we can see that there is an approx-
imately linear relationship between the two parameters a
and b and the solar radiation intensity and ambient
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Figure 10: The relationship between the parameter d and parameters T andG

Table 7: Fitting parameters for the value of d.

m n p q R2

d 1.4350 1.4350 −1:7986 × 10−4 -950.7376 0.96

9International Journal of Photoenergy



temperature. As shown in Figure 9, the model of the rela-
tionship between a, b and T ,G is

y =m + nT + pG + qTG ð26Þ

After fitting, the specific fitting parameters are shown in
Table 5.

Because the order of magnitude of the of q value is much
smaller than the value of m, n, and p, to simplify the fitting
equation, we make q = 0 and repeat the fit process. The fitted
parameters are shown in Table 6.

The fit effect is good, as shown by the R2 values in
Table 6.

Because the order of magnitude of parameter c is small,
the fitting effect is poor, so we magnify c. Setting d = c ×
104, as shown in Figure 10, d has an approximately quadratic
relationship with the solar radiation intensity and ambient
temperature. The relationship between d and T ,G is

y =m T + nð Þ2 + p G + qð Þ2: ð27Þ

After fitting, the specific fitted parameters are shown in
Table 7.

The fit effect is good.
According to the analysis of mathematical model, the

variation of power with speed is similar to the natural log
function. Under certain natural conditions, power increases
with the increase of speed, but the growth rate of power
decreases with increasing speeds. The parameter a as a con-
stant term affects the position of the maximum power point
for different conditions. The parameter b affects the growth
rate of power and its variation with speed in different
months. The parameter d affects the power growth rate of
the vehicle from rest to motion.

Figure 11 shows the growth rate of photovoltaic cell
power at different speeds for each month. The growth rate
for generating power is the highest when the vehicle speed
ranges from 0km/h to 20 km/h. At speeds above 20 km/h,
the growth rate of generated power drops and then tends
to zero. For the case of the same wind speed changes, the
closer it is to summer, the greater the growth rate, and vice
versa; in July, the power growth rate is the biggest, and the
photovoltaic cell power at 20 km/h speed increases by
5.50% compared with the static motion state. If the vehicle
speed increases to 120 km/h, its power increases by 7.33%
relative to its static state. The growth rate in December and
January is approximately 0. That is, in midwinter the vehicle
speed has almost no effect on the output of photovoltaic
cells.

In order to study the different growth rates seen in differ-
ent months, this paper analyzes the relationship between
vehicle speed and the rising temperature ΔT of photovoltaic
cell surfaces for natural conditions. Figure 12 shows the Δ
T − v diagram for different months. ΔT equals T − T1. T is
the ambient temperature, and T1 is the working temperature
of the photovoltaic cell surface, which is the average temper-
ature in the cloud diagram of the temperature field simu-
lated by Fluent. It can be seen for Figure 12 that in the

same month, with the increase of vehicle speed, ΔT shows
a downward trend, and the decline rate decreases gradually.
From rest to 20 km/h, ΔT decreases sharply. At the same
speed, the month at higher ambient temperature and more
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intense solar radiation will be with greater values of ΔT.
From this analysis, it can be seen that in addition to the vehi-
cle speed, the change of ΔT can be related to the ambient
temperature T and solar radiation intensity G.

In order to determine other factors that influence of ΔT ,
we used Fluent to analyze the influence of ambient temper-

atures T and solar radiation intensity values G on ΔT . For
an ambient temperature of 25°C and a solar radiation inten-
sity is 600W/m2, the relationship diagrams of ΔT −G and
ΔT − T were obtained when the speed is 20 km/h, 60 km/h,
and 120 km/h, as shown in Figure 13. When the ambient
temperature is constant, ΔT increases with increased solar
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radiation intensity. This last effect decreases with increasing
vehicle speeds. When the solar radiation intensity is con-
stant, ΔT decreases slightly with increased ambient temper-
atures at low speed (for ambient temperature of 75°C, ΔT
changes by 2-3°C), while ΔT decreases only slightly with
increased ambient temperatures at medium and high speeds.
Since the abscissas of the two graphs are not of the same
order of magnitude, further function fitting is needed to
study the influence of G and T on ΔT .

According to the data for 60 km/h, the ambient temper-
ature is T , and the solar radiation intensity is G, and ΔT can
be expressed as

y = −0:448T1:059 + 0:022G0:974 + 0:447T1:056G−0:0053 + 0:04:
ð28Þ

R2 = 0:96, showing a good fitting effect.
Analyzing with the model G−0:0053 ≈ 1, when G (solar

radiation intensity) is constant, there is a negative correla-
tion between y and G, and the effect of T on y is weak. When
T (ambient temperature) is constant, there is a positive cor-
relation between y and G, and the effect of G on y is strong.

5. Conclusions

For this paper, a simulation model for predicting the power
generation of vehicle photovoltaic systems was designed.
Using the combination of Fluent and Simulink simulations,
a photovoltaic cell model is proposed. The influence of vehi-
cle speed on the output power of the vehicle photovoltaic
cells for different months in Northeast China is analyzed,
to understand the influences of vehicle speed on ΔT , which
is the temperature rise of photovoltaic cell surfaces under
natural conditions. The influence of solar radiation intensity
and ambient temperature on ΔT at fixed speed is analyzed.

The main conclusions are as follows:

(1) When the ambient temperature and solar radiation
intensity are constant, the temperature field of vehi-
cle photovoltaic system decreases with the increase
of vehicle speed. The closer to summer, the higher
the change rate of temperature field with vehicle
speed, and vice versa

(2) The power of the vehicle photovoltaic system in win-
ter is not linked to the vehicle speed. The P-v data
curve from March to October is similar to a distorted
natural log function, and the output power’s rate of
change from zero to low speed is greater. With
increased vehicle speeds, the power growth rate
gradually decreases

(3) In addition to vehicle speed, ΔT is also affected by
solar radiation intensity and ambient temperature,
which are positively correlated with solar radiation
intensity and negatively correlated with ambient
temperatures. Solar radiation intensity is the factor
with the most influence

(4) In different months, the effect of vehicle speed on the
output power of vehicle photovoltaic system is dif-
ferent. The maximum growth rate of power in sum-
mer can reach 7.33%, and the growth rate of power
in winter is almost zero. That is to say, the power
of vehicle photovoltaic system in Northeast China
increases significantly with the increase of vehicle
speed in summer, but does not change significantly
with the increase of vehicle speed in winter

The predictive model discussed in this paper provides a
new solution to the problem of understanding the factors
influencing power generation in vehicle photovoltaic sys-
tems. It can provide ideas and reference for the research
and development of PV-EV system.
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