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ABSTRACT: The article investigates power losses caused by aerodynamic forces in a stand-alone photovoltaic generator. The
generator is designed to meet electrical energy requirements and is propelled by 3000 W electric motors in the rear wheels.
To overcome resistances, including the variable air resistance at different speeds, the propulsion system is utilized. Numerical
methods are employed to investigate the interplay between structure, shape, and performance. The contrast in pressure
between the front and back of the generator creates a significant amount of pressure, mostly caused by aerodynamic drag.
This occurrence is dictated by the body’s shape being examined concerning the airflow while in motion at a designated velocity,
ascertaining the air’s force and dynamic pressure. During changes in speed, power is dissipated. The purpose of this study is to
determine the value of this power. Numerical and analytical models provide results for this physical phenomenon. The findings
of numerical simulations, which used ANSYS 2020 R1 and SolidWorks 2020 SP5 software, concerning the airflow over the
generator are presented. The numerical and analytical methods show only a slight difference; 4.22% for drag force and 6.10%
for dynamic pressure. These results indicate energy losses due to air resistance, revealing that a speed increase of 3 km/h
results in a power decrease of 12.69 W, with rolling resistance being taken into account. It is worth noting that the total power
lost amounts to 1438.55 W.
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1 INTRODUCTION

The situation is alarming: emissions from fossil-fuel vehicles continue to increase yearly, causing a harmful impact on the
planet. To combat global warming, there is a need to improve vehicle performance by reducing energy consumption and
increasing range. Some manufacturers are already transitioning towards electric vehicles [1] due to the advancements in
technology and promotion. Reducing rolling resistance, mass employing lightweight materials, and optimizing aerodynamics
are key factors that affect vehicle characteristics, including fuel consumption, top speed, and braking [2]. To enhance vehicle
autonomy and performance, numerous technologies [3] have been developed.

Power is directly proportional to the coefficient of drag, which is responsible for a significant portion of power dissipation
[4]. Moreover, handling is an essential safety concern [5], and wind flow has a significant impact on the handling components.
During the 1930s, manufacturers spent a considerable amount of time studying drag while in motion. Therefore, driving
conditions varied across different regions, depending on the wind and shape [6]. In the 1950s, researchers, such as Riedler,
conceptualized aerodynamic shape. This involved evaluating various forms of resistance encountered during travel, including
air resistance, slope resistance and rolling resistance [7].

Aerodynamics generates several forces on a body and particularly on a vehicle in motion [8] At a given maximum speed, it
becomes more important and has an impact on the power of the engine, whether for an internal combustion engine or an
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electric motor. In the case of combustion engines, at 70 km/h, aerodynamics is the primary source of fuel consumption [9].
The phenomena related to the fluid dynamics of a vehicle are studied for power optimization, hence the importance of studying
the aerodynamics of the generator. The power used to overcome air resistance depends on the speed of the vehicle.

The vehicle produces electrical energy and uses the energy it generates to move around. The battery voltage measured was
51.3 V, made up of 16 cells each producing 3.2 V. In addition, the average daily solar irradiation is 481 W/m2, and the
measurements were taken at an ambient temperature of 27°C. The BLDC wheel motors have a rated power of 3000 V. The
motor current is 8 A. It has 9 speeds.

As the vehicle is powered entirely by photovoltaic cells and is the first of its kind to be built in Senegal, it is essential to
characterise it using this specific data. The data assembled will permit us to observe the impact of air resistance on the electric
vehicle under trial conditions in the Sahel region.

Air resistance affects the generator and impacts its range. It diminishes its power by drawing some of it to move the air
masses around the vehicle. The aim of this research is to investigate the effect of aerodynamics on power dissipation, focusing
on a limited scope. To achieve our objective, we will compare numerical and analytical calculations, along with a numerical
simulation to describe how aerodynamics affects the electric generator’s power output at various speeds [10]. It is worth noting
that aerodynamics plays a defining role in determining the maximum speed of the vehicle [11], as such, we will investigate the
aerodynamic behavior of the generator at top speed [12].

2 FACTORS INFLUENCING AERODYNAMICS

When an object moves, it encounters the surrounding air, which creates forces around the object [13]. The total effect of
these forces acting on the object’s shape is known as the aerodynamic body. Consequently, the air imposes both frictional and
pressure forces on the object. The speed determines the force acting on the body, causing the generation of a moment related
to the dynamic air pressure and characteristic lengths [12]. To achieve optimal performance, the drag of a car designed for
solar power must be kept to a minimum [14].

The equations (1) and (2) provide the values for the force and moment.
F,=Fy +Fy +F; (1)
M, = My; + My; + M; (2)
2.1  DRAG COEFFICIENT

The drag coefficient [15] is defined as the ratio of the drag force of the aerodynamic torsor on the axis of the direction of
motion to the dynamic pressure relative to the speed of motion on the frontal surface, which is the surface whose direction of
motion is normal to it [16].

SWEHEN vt

Some perspectives [17] define drag as the force that opposes the motion of an object through a fluid. The drag coefficient
relies on the speed of the flow [18], but it only slightly fluctuates in specific speed ranges [19]. Typically, a vehicle experiences
minor variation in the drag coefficient between 90 and 130 km/h [20].

Drag affects a vehicle in four ways:

. Shape drags: the result of a shape’s frontal impact;

. Vortex drag: due to the vortices that form around a shape;

. Surface drag: caused by the air friction against the bodywork;

. Internal drag: arising from the air resistance as it flows through the vehicle.
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Fig. 1.  Frontal Drag coefficient [24]

The drag coefficients following the torsor are given by the following equations:

F x: Drag

M x: Roll

Fy: Drift

M y: Pitch

F z: lift

M z: Lacet
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Fig. 2.  Aerodynamic Torsor
3  METHODOLOGY

The environment and driving conditions [21] can also affect aerodynamics, including factors such as

The profile of the trajectory;

wheel rotation;

Climatic conditions like rain and wind;

Considerations for reducing rolling resistance include the type of road surface, ground clearance, load impact;
tyre selection;

e  vehicle shape.

Consistency in these factors can lead to improved efficiency and reduced energy consumption.
3.1  CLASSICAL APPROACH

The wind tunnels facilitate the analysis of aerodynamic factors with high repeatability and under specific conditions,
following a comprehensive investigation of the aerodynamic torser in stable airflow. Wind tunnels are tailored to
predetermined specifications for aerodynamic analysis, allowing for reliable and repeatable analysis in a controlled
environment. These tunnels allow for the observation of flow following the shape of the bodywork under limited conditions,
based on a thorough study of the aerodynamic torsor under steady airflow.

The use of Open Circuit Suction Wind Tunnels (OCSWT) is generally preferred for analyzing aerodynamic factors with
repeatability and under specific conditions [22]. These tunnels allow for the observation of flow following the shape of the
bodywork under limited conditions, based on a thorough study of the aerodynamic torsor under steady airflow.

Engineers construct various models and quantitatively evaluate them to determine their global measurable quantities, such
as aerodynamic torsion. The study has chosen the optimal design after considering past methods, which included smoke and
statistical pressure measurements [23], but were limited. The flow exhibited deficiencies, and comprehension of the
correlations between shape and flow, as well as the global and local flow structure, was unclear.

3.2 CALCULATION AND TESTING APPROACH
Advancements in aerodynamics research have led to improved techniques for measuring and analyzing the interactions

between shapes and flow, resulting in more accurate model validations [24]. Reliable and rapid calculations can now determine
aerodynamic quantities. Additionally, the development of simulation and calculation software has made it possible to obtain
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ideal global values of the aerodynamic torsor, replacing the need for physical testing. However, it is often necessary to compare
numerical simulation and testing to obtain combined results [9].

Another advantage of using the numerical method is having the flexibility to use sufficient boundary conditions, which is
limited in the wind tunnel method [25].

The improved Delayed Detached-Eddy Simulation (IDDES) [24] is a simulation method typically utilized to determine the
aerodynamic performance of high-speed trains [26]. A reduced ground clearance is shown to lower the aerodynamic drag of
the front end [27].

The K-epsilon model (K-€) is a simulation for turbulent flow characteristics [28].
4 SIMULATION AND RESULT OF THE AERODYNAMIC STUDY OF THE MOBILE GENERATOR
4.1 GEOMETRY MODEL

As illustrated in Figure 4, the generator comprises of a cab and a body. The generator has no doors or windows in the cab,
promoting the internal circulation of air within the body. Its dimensions are 1886.6 mm in height, 2948.04 mm in length, and
1970 mm in width. The digital model will be used for simulation and the geometry conforms to the technical requirements of
the computer mesh. The generator has no doors or windows in the cab, promoting the internal circulation of air within the
body. The body is enclosed on two sides and a rear side. The wheelbase measures 1340.98 mm, crucial for determining the
moment between the front and rear wheels. The generator’s ground clearance is 317.5 mm. Figure 4 illustrates the generator’s
characteristic lengths. The profile plays a significant part in the aerodynamic study [29]. To increase efficiency, the generator
is engineered to balance the energy production capacity of the photovoltaic cells with the aerodynamic performance [30].The
mesh is produced according to its dimensions [31].

Fig. 3.  Gazelle Generator
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Fig. 4. Characteristic lengths of the generator
4.2 ANALYTICAL METHOD FOR DETERMINING THE AERODYNAMIC RESISTANCE

The formula for aerodynamic drag is given by the following equation:

R, =

Bl

Xxax C,x5x v: (10)

Itis believed that the drag appears as shape drag, specifically a frontal impact [32], [33] of a cubic shape, resulting in a value
of Cx = 0.8 (refer to Figure 1). The tables below contain the values of aerodynamic constant parameters.

Table 1. Characteristic lengths of the generator

Height (mm) Width (mm) Length (mm) Coefficient (mm) Frontal area (mm?)
1886,6 1970 2948,04 0,81 3,010

The air density a is 1.225 kg/m3, the drag coefficient is 0.8
0.3x 1,225 =061 (112)

218 (12
16 16

10X C, X §x vt

. (13)
16

Lx*S  Represents the shape coefficient
16
% % g % p2 Isthe dynamic pressure

In the simulation, we determined the value of the shape coefficient and the dynamic pressure and saw their variations as
a function of the variation in speed. The parameters considered are given in the following table:
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Table 2. Parameters considered Ra value

Velocity (m/s) Dynamic pressure (Pa) Air resistance (N)

4,17 10,63 25,61

5 15,31 36,88
5,83 20,84 50,20
6,66 27,22 65,56
7,50 34,45 82,98
8,33 42,54 102,44
9,17 51,47 123,95
9,72 57,90 139,43
9,91 60,23 145,06

The aerodynamic drag value is 145.064 N at maximum speed.
Rpmax gngr. = 145,064 N

The variation curves are given by:

160 T T T X 9917 M

140
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Fig. 5.  Variation of Aerodynamic
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Fig. 6.  Variation of Dynamic pressure
4.3  NUMERICAL METHOD

In this work, numerical simulations were performed with SolidWorks software for the determination of the aerodynamic
force and dynamic pressure. The ANSYS Fluent software is also used for the value of the drag along the profile of the generator
shape. It also gives the airflow pattern on the side and rear faces of the generator, and especially on the master torque. In the
tuning parameters, second degree wind patterns are used for the discretization of the terms [34].An iteration number of 100
was applied. The chosen speed is 9.917 m/s corresponding to the maximum speed of the generator, i.e., 35.7 km per hour.

ANSYS

2020 R1

Fig. 7.  Variation in internal pressure
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5 CALCULATION OF DISSIPATED POWER

At zero gradient, i.e., on a level road and at maximum speed, the power transmitted to the wheels is dissipated by
aerodynamic drag and rolling resistance [35].

Fig. 14. Forces to overcome

B =ﬁ>< v % (Ry + R 4R, )

1

=— # (M®xK=xV
M 1000 w36 (

With K: tensile strength coefficient, also known as the tensile strength determined by the Andreau formula [36]:

20 w7
(16
ed T 170400 0 x p2-18 (16)

K=10
{p

P,=—1 X v X (MXK 2220 (q9)

1000y 16

Table 3. Calculated power output

Velocity (m/s) Air resistance (N) Power (W)
4.17 25.61 106.7
5 36.88 184.39
5.83 50.20 292.80
6.66 65.56 437.07
7.50 82.98 622.31
8.33 102.44 853.66
9.17 123.95 1136.21
9.72 139.43 1355.57
9.91 145.06 1438.55
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6 DISCUSSION

The curves generated from the analytical method demonstrate that as the speed variation increases, the aerodynamic
resistance gains more significance. For each constant increase in speed by 0.834 m/s, the aerodynamics displays a proportional
increase with an average value of 17.34 N. This change causes an upsurge in dynamic parameters, including dynamic pressure
Pd. At the maximum speed, the resistance reaches a maximum value of 145.064 N. This is due to the increasing significance of
the air impact force as speed increases. The air acts as a resistance to the forward motion of the mobile generator. The dynamic
pressure is measured at 60.233 Pa.

At the maximum speed, the numerical method yields a maximum resistance of 138.40 N, while the analytical method’s
resistance varies with speed. Upon initial exposure to the air, low lift generates significant drag, which in turn creates high
pressure. The shock effect is mitigated by the generator’s geometry, particularly on the rounded sections, resulting in an
average value of low pressure at 133.147 N. This value is explained by the large surface area perpendicular to the air field lines,
resulting in a higher pressure at 101664.14 Pa. The resulting dynamic pressure is 64.1641 Pa.

COMPARISON OF BOTH METHODS

The analytical method gives a value of resistance at maximum speed (V max =37.5 km/h) of 145.06 N, and that given by the
numérique is 138.391 N so the difference found is:

145.064 — 138391
AR max = 125 064 X 100 =4221%

Aerodynamics has a consequence on the performance by influencing the power of the generator and the stability i.e., the
handling [23] of the generator. We will check the influence of aerodynamics on the power of the generator.

For the dynamic pressure we have:

Py =%>< ox e
Py =% 1.22 x 9.917°
P; = 60.233 Pa
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The numerical calculation gives 64.1641 Pa

64,1641 — 60,233
APy gz = 64.152 X100 =6.1%

As depicted in Fig. 8, the pressure above the airfoil is marginally lower than below, producing a relatively modest lift force.
The foremost source of aerodynamic drag can be attributed to the pressure line visible on the leading edge as depicted in the
figure.

With the exception of the generator’s frontal surface and lower part of its windscreen, the entire generator body exhibits
low pressure. This low-pressure phenomenon is centered around the curved edges, where the air is disrupted.

The flow occurs in two areas of the generator: an internal flow (Fig. 7) and a flow over the body’s shape. Fig. 9 and Fig. 11
demonstrate a sudden change in the flow along the generator’s profile.

We can infer that a high-pressure zone exists on the front face whilst a turbulence zone arises towards the rear of the
generator due to its shape, which generates drag.

The generator’s front face experiences air pressure, demonstrated in the figure, resulting in shape drag as indicated by
pressure variation curves aligned with directions. The pressure representation confirms the presence of turbulence trail. Air
flow produces frictional drag particularly over the roof of the generator while passing over its body. Turbulence occurs towards
the rear of the generator, specifically the upper part of the rear side, as illustrated in figures 7 and 11. As the generator lacks
side doors, air flows inside, causing internal turbulence due to trapped air, resulting in internal drag.

The graph depicted in Figure 5 illustrates the significant impact of aerodynamics on power dissipation. At the initial speed
of 18 km/h, the air resistance measures at 25.61 N, with a corresponding power dissipation of 106.707 W. As air resistance
increases, so does the power dissipated, increasing at a far greater rate than that of aerodynamics. At maximum speed of 35.7
km/h, power dissipation skyrockets to 1438.55 W, with air resistance measuring at 145.064 N. Therefore, it is evident that
aerodynamics plays a paramount role in the dissipation of power. The power output is indirectly dependent on the weight of
the generator, which is linked to rolling resistance. The findings reveal that minimal variations in speed cause significant
differences in power output, owing to aerodynamics since air resistance is proportional to the square of speed.

Consequently, it can be inferred that when in motion, a dissimilarity in power output is brought about by aerodynamics
between two velocities. This disparity is equivalent to the difference of squares of said velocities.

L - L
Ron— Ry =~ O, 5x vy —=

Waw O, ®5% vi=

Bl

Xax C,xS=xAw—vi) (18)
ARa = Ax(vi—-vi) (19)

A=Zx ax €% 5=-%1225x 08x 3.010=1.4749

L
A is the aerodynamic constant

Since the difference only affects the speed which varies then, For the squares of the Speed, their difference shows that air
resistance dissipates power:

b=

AV = (vf —v]) (20)
Between speeds of 15 and 18 km/h we have the table 4:
w=@i-vD)I av=(18°-15%) =995 km/s
This means that between 15 and 18 km/h, in order to maintain a speed of 18 instead of 15 km/h, the power dissipated by

the air resistance at the speed of 9.95 km/h is required and in the opposite case the same energy consumption is recovered by
going from 18 to 15 km/h.

1 . 2
Bn=z=% 276 x (14749 x 2.76°
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Pm=36.48 W

Table 4. Variation in dissipated power with increasing speed

Speed Passage AV (km/h) AV (m/s) Power dissipated (W) AP (W)
15-18 9.95 2.76 36.48 0
18-21 10.82 3.00 47.07 11.27
21-24 11.62 3.23 58.34 12.05
24-27 12.37 3.44 70.38 12.78
27-30 13.08 3.63 83.16 13.47
30-33 13.75 3.82 96.63 14.13
33-36 14.39 4.00 110.76 14.76

35-35,7 15.00 4.17 125.52 14.76

So, increasing the speed from 15 to 18 km/h leads to a power dissipation of 36.48 W due to rolling resistance.

Moreover, moving a vehicle through the air necessitates power that grows with the cube of the speed.

Table 5. Impact of speed change on power dissipated by aerodynamics

39 36.00 34.60 32.86 30.74 28.14 24.92 20.78 17.20 0.00
36 32.73 31.18 29.24 26.83 23.81 19.90 14.39 0.00 15.00
33 29.39 27.66 25.46 22.65 18.97 13.75 0.00 14.39 13.62
30 25.98 24.00 21.42 18.00 13.08 0.00 13.75 18.03 19.35
27 22.45 20.12 16.97 12.37 0.00 13.08 18.97 22.27 23.36
24 18.73 15.87 11.62 0.00 12.37 18.00 22.65 25.48 26.43
21 14.70 10.82 0.00 11.62 16.97 21.42 25.46 28.00 28.87
18 9.95 0.00 10.82 15.87 20.12 24.00 27.66 30.02 30.83
15 0.00 9.95 14.70 18.73 22.45 25.98 29.39 31.62 32.40
Speed in km/h 15 18 21 24 27 30 33 35 35.7

To increase from a velocity of 18 to 21 km/h, there must be a rise in speed of 3 km/h, as indicated in the table. This rise
gives rise to a difference of 10.82 km/h, and therefore results in an air resistance power dissipation of 11.27 W at this particular
speed. In order to attain a velocity of 24 km/h, a difference of 11.62 km/h is required, resulting in a power dissipation of 12.05
W. The average power, in light of all the velocities considered, is 12.69 W. This means that:

24 km/h =15 km + 9.95 km + 10.82 km + 11.62

24?=152+9.952+10.82%+11.622 = 576
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Variation of AV and AP
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Fig. 16. Variation of AV and AP

Fig. 16 shows that a small difference in speed leads to a significant increase in the power dissipated. This confirms that for
the generator, a speed change of 3 km/h generates an average power dissipation of 12.69 W. The curve linking the peaks
representing power shows us that this increase is linear.

7 CONCLUSION

We have uncovered an issue with the generator’s aerodynamic drag. Our investigation has shown that the photovoltaic
generator faces resistance from both air and rolling when in motion, resulting in a loss of power. Aerodynamics make a
significant contribution to these forces. Air resistance, which rises proportionally with the square of velocity, encounters a
noteworthy peak when cruising at 9.916 m/s. Air resistance results in an increase of 1438.55 W in power dissipation caused by
145.064 N. Additionally, alterations in speed require extra power consumption. The aerodynamic behaviours were analysed
through the utilisation of SOLIDWORKS and ANSYS modelling software, and the relevant parameter variation curves were
plotted using MATLAB. For global analysis of the complex aerodynamic forces and moments that affect the generator, a three-
dimensional flow model was adopted to enhance the simulation performance.
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