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Abstract—In this paper, we investigate the difference between
charging electric vehicles with photovoltaic (PV) installations
installed on top of buildings and PV installations embedded into
vehicles. In future, photovoltaics will be integrated into hybrid
electric vehicles (HEVs), battery-powered electric vehicles (BEVs)
as well as into connected and autonomous vehicles (CAVs) for
extending the electrical driving range (EDR) of these types of
vehicles. Over the past decade, charging patterns of electric
vehicles have been studied extensively and how the costs for
electricity affect the time for charging electric vehicles. If PV
cells are embedded for example into the roof of an electric
vehicle, electricity can be produced wherever the car goes, both,
under parking and driving conditions. We discuss how these
circumstances will affect and change the calculation of charging
patterns for electric vehicles.

Index Terms—Dbattery-powered electric vehicle, data acquisi-
tion, environmental data, hybrid electric vehicle, measurement,
photovoltaic energy, simulation, solar energy.

I. INTRODUCTION

Hybrid electric vehicles (HEVs), battery-powered electric
vehicles (BEVs) as well as connected and autonomous ve-
hicles (CAVs) have lead to a strong increase in electricity
demand of the individual transportation sector [1], [2]. With
the increase in number of passenger vehicles worldwide over
the forthcoming years [3], it can be said the the electricity
demand of the passenger vehicles will increase as well [1],
[2]. Even though these types of vehicles can help to reduce
emissions within urban areas, it is worth noting that at present
the required electricity for HEVs, BEVs, and CAVs is mainly
produced by non-renewable energy resources such as coal, oil,
gas and nuclear power (COGN) [4], [5]. Charging too many
electric vehicles at the same time represents challenges to the
power grid [2].

In order to overcome these challenges, researchers have
proposed to utilise solar energy within charging stations for
electric vehicles [6]. Doing so helps to stabilise the power grid
on one hand and allows to reduce carbon dioxide emissions
on the other [6], [7]. Solar energy is also used for prolonging
the lifetime of battery-powered Internet of Things (IoT) de-
vices. By embedding photovoltaic (PV) cells into these types
of electronic devices, energy can be harvested for charging
the devices’ batteries from the surrounding environment [8].
Likewise, PV cells can be integrated into electric vehicles
to produce solar energy, both, under parking and driving
conditions [9]-[12].

Araki et al. estimate that by integrating PV cells into
passenger vehicles, about 70% of the required electricity by the
vehicle can be produced by the vehicle’s own PV installation
[13]. However, in order to achieve this high percentage level,
the specific conditions for integrating PV cells into passenger
vehicles need to be well understood. For example, the amount
of irradiation on top of vehicle differs to the available irradi-
ation on the roof of a building [14]. As a result, some surface
areas of an electric vehicle are more suitable for PV energy
production than others. In addition, a large number of PV cells
can be needed as seen on the recent prototype of Toyota which
1,188 PV cells in order to provide the HEV with sufficient
electrical energy [15].

Forecasting and estimating the potential PV energy of
the vehicle’s PV installation is important. Doing so allows
to provide drivers with vital information about the possible
extension of the electrical driving range (EDR) of their cars
[13]. Similarly, forecasts can help to stabilise the power grid
[2]. Commonly, PV simulation models are used for calculating
the potential output power of flat PV panels on the roof of
buildings [16], [17]. However, as a result of the different
circumstances of the PV installation on top of an electric
vehicle, in particular the curved shape of the vehicle’s roof
and partial shading effects, the conventional simulation model
needs to be modified [14], [18].

In this work, we present an advanced PV simulation model
which takes into account the given circumstances for PV
installations on top of curved surfaces such as the roof or the
bonnet of an electric vehicle. As PV cells will be aligned under
different angles towards the sun, their irradiation and PV cell
temperature will be different as well. Since in a conventional
PV model it is assumed that each PV cell receives the exact
same solar radiation level and operates at the exact same PV
cell temperature, the conventional PV model is not suitable of
precisely calculating or estimating the potential output power
of PV installation on top of electric vehicles.

For the verificiation of the simulation results and to calculate
the parameters of the advanced PV simulation model, we built
two experimental structures that allowed us to measure and
analyse the performance of PV cells under different align-
ments towards the sun. The measurement results from these
experiments were used for the development of the advanced
PV simulation model. In this paper, we present the simulation
results and illustrate how the PV installation integrated in the



roof an electric vehicle on the example of the Toyota Prius
can be calculated for an entire day. The model also takes into
account the different orientation of the car itself towards the
sun.

II. SIMULATION AND EXPERIMENTAL RESULTS
A. Measurement of the Impact of Ambient Conditions

In this work, two experimental structures were built to
compare the simulated results with measurement results. Fig.
1 shows the first structure, which was used to measure the
available output power of a single PV cell. The orientation
of the PV cell was alternated by a servo motor controlled
by an Arduino microcontroller which also stored the data to
a microSD-card. The alignment of the PV cell towards the
sun was changed on a continous basis by one degree. One
cycle consisted of 125 © (i.e. 90 ° to -45 °) resulting in 125
measurements. A real-time clock module was used to provide
a timestamp for the measurement data.

Fig. 1: Experimental structure 1 for measuring photovoltaics

B. Measurement of the Impact of Interconnections

Fig. 2 show the second structure on which the PV cells
were aligned under the same angle as on the top of the Toyota
Prius. Similar to the rows of PV cells on vehicle’s roof, the
structure allowed to measure one or several PV cells under
the same angle at a given time. PV cells were connected with
each other to measure the impact of the different alignment of
PV cells over a longer period of time. Likewise, the impact of
different connections between PV cells at different angles on
the potential output power of PV cells was investigated [9],
[19]. The obtained information from both structures was used
to verify the paramters in the simulation model with the help
of the Newton-Raphson algorithm.

Fig. 2: Experimental structure 2 for measuring photovoltaics

III. SIMULATION OF PHOTOVOLTAICS
A. Purpose of Simulating Photovoltaics

Simulations are helpful for determining the potential output
power of photovoltaics under different solar radiation levels
(A) and PV cell temperature levels (7,). In this section, we
present a PV simulation model suitable for calculating the
output power of PV cells embedded into electric vehicles.
Generally speaking, PV simulation models are required to
compute the Current-Voltage (I-V) and Power-Voltage (P-V)
curves under different ambient conditions. In this way, we
can get a better understanding of PV cells as power source
on top of electric vehicles such as BEVs, HEVs and CAVs.
Furthermore, the potential PV energy can be estimated which
can be used either for charging the electric vehicle’s high-
voltage battery during standstill or prolonging the electric
driving range (EDR) during operation.

A single PV cell provides a certain level of voltage (V) and
current (/). For example, we can connect two PV cells in series
to double the possible output voltage. Hence, we include two
factors into the simulation to model different interconnections
of PV cells. On one hand, this is the factor for the cells
connected in series (V) and, on the other hand, cells connected
in parallel (NV,). For a single PV cell, Ny and N, are equal to
1. In PV simulation models, different interconnections do not
change the shape of the I-V curve, but the scale of the x-
axis (i.e. in the case of a series connection) or y-axis (i.e.
in the case of parallel connection). However, in practice, this
simplification is not valid due to individual differences within
PV cells and tolerance limits provided by PV manufacturers.

B. Conventional and Advanced PV Simulation Model

Commonly, the single diode model is used as an equivalent
electric circuit for the simulation of one PV cell [8], [16], [19],
[20]. In the literature, depending on the available information
and required accuracy of the model, different types of PV
simulation models are used. Parameters for simulation models



such as the open-circuit voltage (V,.) and the short-circuit
current (I;.) can be obtained from the PV manufacturer’s
datasheet. In addition, some parameters such as the ideality
factor (A) can be estimated with typical values for the respec-
tive PV cell material to simplify simulations. For a higher
degree of accuracy, parameter identification techniques are
used to calculate more suitable values for parameters [16].
1) Ideal Model: The ideal model allows a simulation with
only a few parameters. Hence, the accuracy compared to data
sets (voltage/current records under different solar radiation and
temperature levels) can be limited. First, we assume the PV
cell as a current source, which creates a photocurrent (/) in
direct proportion to given solar radiation level (), and a diode,
as shown in Fig. 3. The output current (I,,) is restricted by
the diode current (/;). We obtain the output current (/,,,) as

Iout = Iph - Id (1)

which is, with the Shockley diode equation:

aVout

Iout = Iph - Is<e AkTe — 1) (2)

where [; is the saturation current, g is the charge of an electron,
Vour 1s the output voltage, k is Bolzmann’s constant, and A is
the ideality factor of the p-n junction. The photocurrent (/,)
is calculated by

A
Iph = Isc,ref(l + KI(TC - Tref))rf (3)

where Iy s is the short-circuit current at reference conditions,
K; is the temperature coefficient for current, T}y is the PV cell
temperature at reference conditions, and A is the solar radi-
ation level at reference conditions. Furthermore, the saturation
current (/) of the cell is obtained by

1
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where I, is the reverse saturation current and E, is the band
gap energy of the seminconductor. The reverse saturation
current (/) is calculated by

I
Irs = - (5)

Voc,ref A+ Ky (Te—Trey))
e AkT. -1

where Vs is the open-circuit voltage of the cell at reference
conditions and Ky is the temperature coefficient for voltage.

2) Simplified Model: For a higher degree of accuracy, a
series resistance (R;) is included into the equivalent circuit
considering the PV cell’s internal resistance, in particular
the current path through the semiconductor, the contacts, the
metal grid and current collecting bus. This parameter can vary
through different applications of PV cells. The loss of the
series resistance (R;) is considered in Equation (2) as

a(Vout+Iout Rs)

Iout - Iph - Is(e AkTe - 1) (6)
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Fig. 3: Schematic of the PV simulation models

3) Practical Model: For silicon-based PV cells, the prac-
tical model offers an excellent degree of accuracy. A shunt
resistance (Ry,) is included into the equivalent circuit taken
into account the leakage current of the PV cell. Due to the
shunt resistance (Ry), Equation (6) is extended to

aVout+Iout Rs)
Tout = ph — Is(e AkTe - 1)
Vout + IoutRs (7)

Rsh

It is worth noting that parameters such as Vo rer, Lscrefs Tress
Aref>, Ky, Kp, N, and N, can be obtained from the data sheet
and specifications of PV manufacturers.

4) Advanced Model: Generally speaking, PV cells can be
connected in series and/or parallel with each other to form a
PV panel. Usually, PV panels are made out of a large series
connection of PV cells [9], [13], [16], [17], [19]. Furthermore,
in conventional PV simulation models, one coefficient is
applied for each, the solar radiation level (\) and the PV
cell temperature (7). In other words, the assumption is made
that each cell of a PV panel is exposed to an equal amount
of sunlight and operates at the exact same temperature level.
Thus, Equation (7) is modified into

4(NpVout +Nslout Rg)
NpNsARTc

Tout :Nplph_NpIs(e _1)

%Vout + IoutRs (8)
Rsh

However, this assumption can be made in the case of
conventional PV panels which are mounted onto flat surfaces,
for example on the roof of a building. If PV cells are embedded
into the roof of an electric vehicle, PV cells are aligned
under different longitudinal angles and, thus, receive different
amounts of irradiation and operate at different temperatures.
For this reason, PV cells which are either installed or embed-
ded on top of curved surfaces such as the roof of an electric
vehicle, an advanced model must be used which allows to
simulate each PV cell which different parameters. As a result,
the conventional model for a PV panel, shown in Fig 4 must be
modified in order to allow the simulation of PV cells installed
on top of curved surfaces.

As PV cells are exposed to different solar radiation levels
on top of curved surfaces, they will operate at different PV
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Fig. 4: Common model: Equivalent circuit of a PV panel
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Fig. 5: Advanced model: Equivalent circuit of a PV panel

temperature levels. Furthermore, they will produce different
levels of output current levels. These circumstances must be
considered in the PV simulation model. Hence, the equivalent
circuit, shown in Fig. 4, needs to be modified to allow
simulating PV cells with different solar radiation levels. Fig.
5 presents the equivalent circuit of a PV panel in the output
current of each PV cell (/,,,) is calculated individually. When
forming series connections of PV cells, the output current is
determined by the weakest PV cell of the interconnection, in
other words, the PV cell with the lowest solar radiation level
[19], [20], calculated as follows

Iyt =min{loy;} i=1,2,...,n
9(Vout,itlout,iRs i)
= min{lpp; —Lsi(e A -1
o Vvout,i + Iout,iRs,i}
Rsh,i

while the output voltage (V,,;) is the sum of the individual
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Fig. 6: PV installation on top of the Toyota Prius

output voltages of PV cells, obtained as follows

Vour = Y Vout.i (10)
=1

IV. PHOTVOLTAICS ON TOoP OF CURVED SURFACES
A. Longitudinal Angles of PV cells

When embedding PV cells into curved surfaces such as
the roof of electric vehicles, each PV cell will be aligned
under a different longitudinal angle (3) towards the sun. Fig.
6 illustrates the PV installation on top of the experimental
vehicle, a Toyota Prius [9]. As a result of the curved shape of
the roof of the Toyota Prius, the five PV cells in each row have
a different orientation towards the sun. Table I summarises
the given /3 of the PV cells from row number (1) to (9). As
shown in Fig. 6, conventional silicon-based PV cells with a
size of 156x156 millimetres were used for the PV installation.
However, as in [15], also smaller PV cells can be used to
optimise and maximise the use of the available area on top of
an electric vehicle.

B. Estimating the Irradiation on Top of Curved Surfaces

In practice, measuring the solar radiation level for each PV
cell with a certain longitudinal angle and, thereby, obtaining
information on the available irradiation on top of each PV cell
is not possible. Hence, a method has to be found which allows
to estimate the solar radiation level based on the irradiation
obtained on a horizontal level (8 = 0 °). Based on these
longitudinal angles, there is a difference in the orientation of
24 ° between the PV cells in row number (1) and row number
(9). Fig. 7 presents the available solar radiation level (\) and
PV cell temperature (7,) for the 15" of June in the City of
Oulu, Finland [20]. The angle of the solar altitude («) and
solar azimuth (#) are shown in Fig. 8. Usually, § = 180 ° at
noon, however, daylight saving time (DST) in June causes a
shift by one hour.

In [21], we introduced the concept of the effective area
(Agp) of a PV cell. A,y was calculated in MATLAB® by using
the perpendicular area without taking diffuse irradiation and
possible total reflections into account. In this research, we
extend the concept of A,y for the consideration of the solar



TABLE I: Longitudial angles of PV cells (3) on the roof of the Toyota Prius
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Fig. 9: Effective area for ¢ = 180 °

azimuth angle (f) and the cardinal direction of the vehicle’s
orientation () as follows

Acpy = cos(a)sin(B)cos(v — 0) + sin(a)cos(B)  (11)

Figs. 9 and 10 illustrate A4 for 1) = 180 ° (i.e. vehicle’s front
orientated towards the south) and for ) = 0 ° (i.e. vehicle’s
front orientated towards the north), respectively. As in the case
of PV installations on the roof of houses, it is advisable to
orientate the PV installation on top of a vehicle towards the
south. However, as seen in Fig. 9, due to the non-linear curved

Fig. 10: Effective area for ¢ =0 °
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Fig. 11: Power in the MPP for ¢ = 180 °

shape of the roof, this type of orientation brings more sunlight
to the front rows, e.g. row (1) and row (2), and less sunlight
to the rows in the back, e.g. row (8) and row (9). Similar to
[21], the obtained values for A,y are normalised against row
(6), as follows

2 Acsri

Actsi= Aorro whereas
€ )

i =1,2,...,8,9 (12)
Then, from the data on the amount of irradiation available in

row (6), the solar radiation level in other rows ()\;) is estimated.

Ai =Aefri X A whereas ¢ = 1,2,...,8,9 (13)

In experiments, we verfied the impact of different longitudinal
angles and, thus, different solar radiation levels on the PV cell
temperature. We found out that a change in A of 1 W/m? causes
a change in T, of about 0.1 °C. This correlation was used in
the PV simulation model to estimate the PV cell temperature
in other rows (7,;) based on the PV cell temperature obtained
in row (6).

Fig. 11 shows the simulation results, in other words the
calculated power in the MPP (P,,,,) for ¢ = 180 °. At 06:00,
f = 62.32 ° and, as seen in Fig. 12, the sun is located behind
the car in the east north east (ENE). Hence, as seen in Fig.
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Fig. 12: 0 vs. ¢ = 180 °

11, more power is obtained from the PV cells in the rear of
the car. At noon, 6 = 152.88 © the sun is in the south south
east (SSE) and, thus, the highest amount of power is obtained
from the PV cells in the front of the car. At 18:00, the sun
is in the west at 6 = 271.4 °. As seen in Fig. 12, at 18:00,
the sun transitions from being in front of the vehicle towards
being behind the vehicle. This transition can also be seen in
Fig. 11. Again, as in the morning, more power can be obtained
from the PV cells in the rear than in the front of the car.

V. CONCLUSION

In this paper, we presented an advanced PV simulation
model that allows calculating the potential output power of
PV installations on top of HEVs, BEVs, and CAVs. In
conventional PV simulation models, it is assumed that each
PV cell of a panel receives the same amount of irradiation
and operates at the exact same temperature level. However,
this assumption can be made for flat PV panels installed on
top of buildings, but not for electric vehicles due to the curved
shape of the roof. Hence, each PV cell in each row of the
installation needs to be simulated individually.

In addition, the vehicle’s orientation has to be taken into
account. In our analyses, we elaborated how the vehicle’s
orientation towards the sun either increases or decreases
the individual output power of PV cells depending on their
longitudinal angle. As a result, the overall output power in
the MPP is affected based on the parking orientation of the
vehicle. In our simulation model, we used real environmental
data to calculate the output power of the experimental vehicle’s
PV installation. In future work, we would like to analyse the
circumstances including the energy requirments of different
types of HEVs, BEVs, and CAVs to provide more detailed
estimations on the possible extension of the EDR.
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