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Energy performances analysis of a Solar Electric Car
in Togo

ABSTRACT

This article focuses on the study of the energy performances of a solar electric vehicle in Togo in order
to understand the parameters that influence the range of the car. The simulation results show a
considerable reduction in the vehicle's range for high driving speeds, for excessive consumption of the
auxiliary electrical circuits of the car, for driving the vehicle on a large slope, and when the car is
transporting a large weight. The solar panel on the roof of the car is of great importance because it
makes a significant contribution to the car’s range in sunny periods.
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1. INTRODUCTION

Togo, like most countries in sub-Saharan Africa, depends on oil imports to meet the needs of a
growing vehicle fleet. Nevertheless, faced with a constant increase in the oil's cost opposed to the low
purchasing power of the populations, it is important to find a solution to this.

The solution that seems sustainable,.especially in this:globally context of climate change, is the solar
electric car. This solution provides many: benefits for the populations in terms of independence from
oil's cost fluctuations, reduction in vehicle maintenance costs, reduction in atmospheric and noise
pollution, etc.

But what can be the performance of:such a technology (solar electric car)? Is this technology capable
of satisfying populations in term of mechanical and range’s performance like the thermal vehicle? How
does the performance of ‘'such technology evolve in a Togolese and sub-Saharan context? In this
article we have tried to answer all these questions by doing a practical case study of the performance
of a solar electric car:

2. MATERIALS AND METHOD

2.1. General presentation of the Solar Electric Car (SEC) power system

The solar electric vehicle on which our study relates is composed of an electric motor mounted on the
rear axle, a battery pack, voltage converters, calculators, a capacitor, a photovoltaic panel and a
charge regulator. The technical characteristics of the SEC is:

e  Aluminum profile structure

¢ A net weight of 395 kg

e Dimensions: 2930x1360x%1550
e  60V/2200W Brushless motor

e A 60V/130 Ah battery pack




e Wheels: 135/70 R12
e Speed: 40-45km/h
e Range: 180 km
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Fig.1: General presentation of the SEC power system

2.2.  Longitudinal dynamics model of the SEC

When the vehicle is moving on a road with a slope p%, it is subjected to several forces, the balance of
which is shown in Fig.2.

The traction force Ft between the tires of the driving wheels and the road surface is produced by the
engine torque and makes it possible to propel the vehicle forward. Nevertheless, resisting forces
prevent the advance of the vehicle. These resisting forces include rolling resistance,.aerodynamic drag
and uphill resistance.

Fig.2: SEC’s Longitudinal dynamics model

Thus, by applying the fundamental principle of dynamics to the vehicle, we obtain the relation (Eq.1).
Mdv/dtz(th+Ftr)_(Frf+Frr+Eq+Fw) (qu)

Frf and Frr represent the rolling resistances of the front and rear tires. They are represented in relation
Eq.2 by the Froul force.

Ftf and Ftr represent the tractive effort of the front and rear tires. They are represented in relation Eq.2
by the force Fr.

Fw represents the aerodynamic drag, Fg the resistance of the slope, M the total mass of the vehicle
(load in the vehicle included).



d”/dtrepresents the acceleration of the vehicle. It is represented in relation Eq.2 by y. Its value is
positive (y > 0) for acceleration and negative (y < 0) for deceleration.

The traction force that the vehicle must therefore develop for its forward movement is given by the
equation (Eq.2).

Fr = Frou + Fy + Fy + My (Eq.2)
The tensile force is:
E = (¢r)roues /Rr (Eq.3)
The rolling resistance force is:
Frout = CRRypoy X M % g (Eq.4)
The aerodynamic drag force is:
F,= 1/2 xp xS xC, x V2, (Eq.5)
The slope resistance force is:
F,=Mx g xsina =Mx g xp% (Eq.6)

Thus, the relation Eqg.2 can be rewritten as follows;
(Cr)roues = (CRRyoy X M x g + /5 x p > §x C/% V2, + M x g x p% + My) xR, (Eq.7)

In this last equation, (Cr)wheels represents the resistive torque applied to the wheels, CRRmoy the
coefficient of rolling resistance, g_.the gravity, p the density of the air, Sf the frontal section of the
vehicle, Cx the coefficient of penetration in the air; Vveh the speed of the vehicle and Rr the radius of
the wheel.

(Cr)wheels being the resistive.torque applied to the wheels, it is delivered by the electric motor (Cm)
through a mechanical‘transmission with.reduction ratio (n). Thus, the electromagnetic torque delivered
by the motor to allow-the vehicle to move forward is therefore given by the following relationship:

Cm:(CRRmoyxng"'l/prxSfxCxvaZéh_'_ngxp%"'MY)er/n (Eq.8)

2.3. Mathematical modeling of power system elements

2.3.1. The photovoltaic solar panel

It comes from the association in a matrix of photovoltaic cells and makes it possible to produce
electricity in the presence of light (photonic energy). The main element of a photovoltaic panel is the
photovoltaic cell.

A photovoltaic cell consists of a junction of two extrinsic semiconductors creating a pn junction. In the
presence of light, the electrons are expelled from the atoms and we observe the appearance of
electron-hole pairs within the material. Subjected to the electric field of the junction, these electron-
hole pairs are separated and this leads to the storage of electrons and holes on either side of the
junction. The appearance of a pdp is therefore observed at the terminals of the cell. Connected to an
external circuit, it provides an electric current proportional to the amount of solar radiation received.
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Electrically, the photovoltaic cell is a diode which makes it possible to produce electric current in the
presence of light [1].
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Fig.3: Electrical model of a PV solar cell
The characteristic equation of the photovoltaic cell is therefore given by:
V+Rsx]
|=1Iph—1Is [exp (q( ’ )/nkT) _1] _V+RSXI/Rsh (Eq.9)
Thus for a surface S of the panel, we have a yield of the panel given by:
N= (VpmxIpm)/(SxG) (Eq.10)

2.3.2. The Brushless engine

Being an electric motor, it produces mechanical energy thanks to the electrical energy it receives. It is
made up of a stator made up of three phase-shifted windings by an angle of 120° (supplied with three-
phase alternating currents), a rotor with permanent magnets and Hall effect sensors making it possible
to permanently identify the position of,the rotor..Its operating principle is that of a synchronous motor
whose angle () between the rotor field and the stator field is permanently adjusted to the maximum (6
=11 /2) in order to guarantee maximum motor torque and avoid the phenomenon of engine stall.

Thus, the origin of its name: (autopilot ' synchronous motor) comes from the automatic piloting of the
rotor by the reversible-Converter-Hall effect sensors assembly. This system is also called brushless
direct current.motor in reference to the function of the commutators and brushes of the classic direct
current motor [2].

Consisting of-p pairs:of poles and the rotor rotating in synchronism with the rotating stator field at the
angular speed w, then the speed of the motor Q can be written as follows:

a(rdss) =2 =222
n (tr/s) = L (Ea1D)
p
Depending on the electrical model, we could write:
V=E+R+jX)xI (Eq.12)

Fresnel frame and by considering a steady state, we deduce the following relations:



E:KxNxfxq)
P=3xVXxIXcosp
Pem =3 xE X[ xcos) =P +3 xR x]?
Pj=3xRsx][?

(Eq.13)

And so, we can determine the different expressions of the torque of the motor:

P __ 3XVXIXCoS® __ 3XpXVXIXcos@p
0 0] w
3XpXEXIXcosy
ctm = ——=

Cm=

(Eq.14)

w
__ 3XpxVXExsin@

cm 2
Lxw

We therefore deduce the expression of efficiency in motor mode, as well as in generator mode (during
regenerative braking or during deceleration):

V3xUxIxcosp—Pc—Pj Cux0
n= e L= —— (Moteur)
V3XUxXIxcos@ CuxQ+Pj+Pc (Eq.15)
V3xUxIxcosp Q.
N = ——— (Alternateur)
UxIxcos@+Pj+Pc

In these different expressions, f represents the frequency of the power supply network, E the
electromotive force per winding, constant of Kapp (depending on the motor), N the number of
conductors in a winding, @the maximum flux passing through a turn, P the electrical power of the
motor, V the phase-to-neutral voltage at the terminals of a winding, I the current flowing per phase of
the stator, ¢the phase difference between current and voltage, Pem the electromechanical power of
the motor, ythe angle between E and I, Pj the losses joules in the stator windings, Rs the resistance
per stator winding, Cm electromechanical torque of the motor, Cu useful torque of the motor and Pc
the constant losses of the motor (Pc is also the sum of.the iron losses and the mechanical losses of
the motor).

2.3.3. Reversible converter.

Playing the role of frequency.regulator and voltage inverter, it works in conjunction with Hall effect
sensors. The sensors send impulses to the converter about the position of the motor rotor, the speed
of rotation and the temperature.of the motor.

The operation of the-converter can therefore be modeled on the image of a three-phase inverter with
Pulse Width Modulation (PWM or PWM) control operating in two directions (possibility of recharging
the battery when the motor is running in alternator) [3].

Thus, pulses ofivariation of the input voltage of the inverter lead to a variation of the output frequency
of the converter making it possible to control the motor in speed.

A three-phase inverter is an electronic device used to convert direct voltage into three-phase
alternating current voltage (consisting of three phases with a 120° offset between phases).

It comes from the association in a bridge of thyristors (or transistor) and diodes. Figure 3 provides an
illustration of this association. In order to generate sinusoidal currents ia , ib and ic , a two-by-two
complementary operation of the switches K1 K1 ', K2 K2 ' and K3 K3 ' is necessary. And the
expression of the sinusoidal currents for a balanced three-phase system is given by the following
relation:

i, = IN2sin(wt — @)
i, = IN2sin(wt — @ — 2?”) (EQ.16)
i, = IW2sin(wt — ¢ — 4?”)
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w represents the pulsation, | the effective value of the output current and ¢ the phase shift.

The PWM is used to control the switches of the inverter in order to have sinusoidal current shapes.
Thus, its operation consists of control pulses at regular time intervals of variable durations generated
and sent to the switches of the inverter.

It is based on the comparison of a reference signal called modulator with amplitude Ar and frequency
fr, with a signal called carrier with amplitude Ap and very high frequency fp (modulation frequency). It
is characterized by its modulation index m and its voltage adjustment coefficient r all given by the
following relationship:

Jr (Eq.17)

2.3.4. The lead-acid battery

It comes from the association of lead-acid accumulators.

A lead-acid battery consists of a lead oxide (PbO2) cathode and a lead (Pb) anode, immersed in a
solution of sulfuric acid. During charging and discharging; the following reversible chemical reaction is
obtained:

PbSO2 + Pb + 2H2804:: 2PbS04 + 2H20

Electrically, the battery can be modeled as a voltage source in series with an internal resistor [4].
Thus, the electrical model equations of the lead-acid battery are given by the following relationship
where Qto is the initial charge amount and Nb'is the battery efficiency.
V=Eo—rxi
SOC = (Eo —Vd) x 2

Eo = [(Qm —fttolrlb ><i><dt) ><£]+Vd

Eq.18)

2.3.5! The DC-DC converter

Being a buck converter operating in continuous conduction, its function is to convert the direct voltage
of 60V into a direct voltage of 12V. Its operation is governed by the position of a switch S (closed or
open state) [5][6]. Thus, in a first state called the on state where the switch S is closed, the current of
the diode is zero and its voltage is negative. moment the voltage (VL) and the linear variation of the
current ( Al,) in the impedance L is given by the following relationship:
V,=Vi-Vo=1LxZt
AILl = (Vi_Vi)XO(XT ( 9)
ixdT Eqg.1
dVo = c
dTl =xxT = %

In a second state called blocked state where the switch S is open, the diode becomes conductive. The
voltage (VL) and the variation of the current ( Al,,) in the inductor become:
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V,=-Vo
AILZ — _Vo><(TL—o<><T)
ixdT (quo)
c

dT2 = (1-x) X T = 1;—“

dVo =

In the relations (Eqg.19) and (Eq.20 ) , «<represents the duty cycle, T the ripple period, L the impedance
of the cail, C the capacitance of the capacitor. The expression dVo represents the converter voltage
ripple due to imperfections in the output capacitor. The expressions dT represents the duration of a
wave cycle when allowance is made for imperfections.

2.3.6. The Maximum Power Point Tracking Requlator (MPPT)

Its main role is to ensure, with optimal efficiency, the recharging of the batteries through the PV panel.
To perform this task, it continuously optimizes the electrical parametersi(voltages; currents) between
the PV panel and the battery [7].

The MPPT regulator is actually a boost converter to which the Maximum Power Point Tracking control
function is applied.

The operation of the boost converter is almost identical‘to the Buck converter studied above except
that it has the function of converting a low DC voltage into a' DC veltage of higher value [8].

The control of the Maximum Power Point_Tracking is generally carried out electronically, it
permanently measures and compares the voltage delivered:by the panel with that of the battery. Thus,
it calculates the maximum power that the. PV panel can produce and the maximum power that the
battery can receive. From this maximum power, it,determines the most suitable voltage for supplying
maximum current. This causes the power point it is looking for to be different from the maximum power
point of the panel's I(V) characteristic under STC (Standard Test Condition) test conditions. There are
two methods (algorithms) to provide this-maximum power point search function [9].

The method or algorithm.for incrementing the inductance consists of a calculation of the derivative of
the power of the panel. Thus, this derivative cancels out at the maximum power point, positive to the
left of the maximum_power.point and negative to the right of the maximum power point [10]. However,
this method seems more complex.because it requires the calculation of several derivatives.

The method or algorithm of disturbance and observation is more widespread in the search for MPP
(Maximum Power Point)-because it seems easier. It is an algorithm making it possible to find the value
of the maximum power point, by measuring the currents and voltages of the PV panel. Thus, it disturbs
the value of the voltage of the panel and makes it possible to see each time the impact that it causes
on the yalue of the output power of the panel while having the objective of maximizing the output
power without however lowering the output current [11]. And so, it adapts the voltage of the panel
each time in order to approach the point of maximum power, without ever reaching it precisely.

2.4. Energy balance of the SEC power system

2.4.1. Energy produced

It is made up of two sources of energy production, in particular the storage system and the PV panel,
but also has the possibility of receiving energy from the electric motor during the regeneration period.
And therefore its energy production must take into account the energy level of the battery pack before
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driving, the energy that it could collect or not from the photovoltaic panel and the total energy received
during regenerations. We obtain the total energy produced (Ep) as follows:

Ep = Epb + Epp + Epr
Epb =CoxV =Co > (Eo—1xI)
Epp =11 %X En x Sa
Epr=Y P, xt;=2UxI'; X cosp xt;

(Eq.21)

Epb is the energy produced by the battery, Epp is the energy produced by the PV panel, Epr is the
energy produced by regeneration, Co is the maximum capacity that the battery can provide, V is the
nominal voltage of the storage system , Eo is the no-load voltage of the battery, r is the internal
resistance of the battery, I is the yield of the PV panel, En is the solar energy received per m?, Sa is
the active surface of the panel, P is the power electricity produced by regeneration, t' is the maximum
duration of regeneration, U is the phase-to-phase voltage of the motor, I' is the current. generated
during regeneration, cose is the phase shift between current and phase of the generator.

2.4.2. Energy consumed

Various energy consumptions are available at almost all levels of the:power system. It is therefore
necessary to find the energy consumption at the level of the traction system,,at the level of the 12V
system and even at the level of the PV panel-MPPT regulator-battery system. The energy consumed
(Ec) can be calculated as follows:

Ec = EcT+ EcA+ EcP
EcT = (Pu+Pc +Pj+Pconw) Xt
P=Pu+Pc=Cm >2<.(2 (Eq.22)
ur "
ECA:rlccxncabext

EcP.= Epp X (1 v rlreg)

EcT is the energy consumed by the traction system, EcA is the energy consumed by the 12V system,
EcP the energy lost between the PV panel and the battery, Pu the useful power delivered by the
motor, Pc the constant losses of the motor, Pconv the losses of the reversible converter and of the
wiring system of the traction part, P the electromagnetic power of the motor, Cm the electromagnetic
torque of the motor, Q the speed of rotation of the motor, t is the operating time of the motor, MNcc is
the efficiency of DC-DC converter, Ncab is the efficiency of the wiring system of the 12V circuit part, U'
is the 12V system voltage, R is the resistance of the 12V circuit appliances, t" is the operating time of
the 12V system devices, MNreg is the efficiency of the MPPT regulator.

The relation of the useful power of the engine, can be written taking into account the equation of the
dynamics of the vehicle. Thus, we have:

{ Pu= (Cr)roues x Vvéh (Eq 23)

(Cr)roues = (CRRuoy X M X g+ =% p x Sp X C,y X V&, + M x g x p% + My) x Rr

(Cr)wheels the resistive torque applied to the wheels, Vveh the speed of the vehicle.

2.4.3. Energy balance

It represents the difference between the vehicle's energy production and consumption. Its expression
can therefore be deduced as follows:

BE=Ep- Ec (EQq.24)
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2.5.  Hypotheses and Simulation algorithm

2.5.1. Hypotheses

Before starting the calculation of the various electromechanical performances of the vehicle, it is
necessary to review certain calculation hypotheses:

» A type of rolling is imposed on the vehicle during which there is neither braking nor

deceleration producing energy;

The vehicle is exposed to the sun all day;

The battery pack is fully charged at the start of the experiment;

» The internal resistance of the battery pack, as well as the resistance of the motor stator
windings being very low so they are neglected;

» The iron losses as well as the mechanical losses observable within the motor. being very low
so they are neglected,;

» The speed of the vehicle being lower than 50 km/h, then the aerodynamic resistance on this
one is neglected.

vV VvV

By taking into account all its hypotheses, the energy balance of the vehicle can be rewritten by the
relation (Eq.25) and whose numerical resolution makes it possible to calculate the electromechanical
performances of the vehicle.

BE =Ep —Ec
Ep = CoxV +1I] % En % Sa

i
Ec=(Cm x 0 + Pconv) Xt + N X NeapX UT x t"a 1 x En x Sa % (1 —1,0,) (Eq.25)

sz(CRRmoyxMXQ+§xPxSfxCxxVIféh+M><g><p%+My)x%

2.5.2. Simulation algorithm

The algorithm used for the performance evaluation consists, first of all, in fixing the invariable
parameters of the system (CRRmoy, g, Sf,:Cx, p, Pconv, Ncc, Ncab, U ',N, Nreg, Rr, V, Co, Sa),
then to choose a parameter whose evglution considerably influences the range and finally to study the
influence of this parameter<on the car's range during the existence or not of sunshine. Fig.4 shows
more clearly the different steps of this algorithm.
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Fig.4: Simulation algorithm
3. RESULTS AND DISCUSSION

Taking account, the different equations of the relation (Eg.25), we evaluate the SEC’s range in
different conditions using MATLAB's software.

3.1 Solar radiation

It shows the variation of the intensity of solar radiation during the day used for the simulation (mean
day of the month of February). The site considered is Lomé’s city. These global radiation data for each
hour of the day were obtained from the European Commission's online software PVGIS.
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As shown in Fig.5, this radiation is weak at the start of the day, gradually increases until it reaches its
maximum at noon before gradually decreasing until it disappears at the end of the day. This variation
in solar radiation made it possible to evaluate the overall daily sunshine of the day.

Solar radiation variation
L] T T T T T
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To0r

Solar radiation
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Fig.5: Variation of solarirradiation as a function of time of day

3.2. Variation of thermal losses in the.thermal converter

Any increase in the resistive:torque of the motor leads to thermal losses within the reversible
converter. These heat losses lead to electrical stresses. These electrical constraints have the direct
consequence of reducing the range of the vehicle.

3.2.1. Variation of thermal losses according to the car’'s weight

As shown in Figure 6, any increase in the mass of the vehicle leads to an increase in heat losses in
the reversible converter.
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Variation of thermal losses according to the weight of the vehicle (with p=0, t= 1h)
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Fig.6: Variation of thermal losses according to the car's weight

3.2.2. Variation of thermal losses according to the slope

As shown in Fig.7, the thermal losses within the reversible converter increase considerably as a
function of the slope to be crossed hy.the vehicle.

Variation of thermal losses according to the slope of the vehicle (with M=467 Kg, t= 1h)
5000 T T T T I
I Thermal losses I

5000 1

400071 i

3000 - ]

Thermal losses (kJ)

T
1

2000

1000 - g

E} 'l L L
o] 05 1 1.5 2 25 3

Slope (%)

Fig.7: Variation of thermal losses according to the slope
3.3.  Range depending on car speed
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3.4.

Fig.8 illustrates the variation in the range of the vehicle as a function of the vehicle's driving speed

during a sunny or non-sunny day. It shows that an increase in the vehicle's driving speed leads to a
reduction in the vehicle's range. This range is further extended for a sunny day.

In addition, range decreases more considerably when it is accompanied by a consumption of 12 V

circuit devices. This is illustrated in Fig.9, showing the variation in car's range as a function of vehicle
driving speed with constant consumption of 5A current from 12V circuits.

Ramnge wariation depending on wehicle speed
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Fig.8: Range variation as a function of car speed
Range wariation depending on vehicle speed (with |1=54)
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Fig.9: Range variation as a function of car speed with 5A’s loads consumption

Range according to the consumption of the 12V circuit
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High consumption of 12V equipment has a considerable influence on the vehicle's range. And this
even when the vehicle is stationary (Fig.10) or when it is traveling at a constant speed. Nevertheless,
an availability of sunshine makes it possible to increase a little more the range of the car as could

illustrate itin Fig.11.

Range according to the 12 WV circuit’s consumption
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Fig.10: Range according to the current cansumption of 12V devices when the vehicle is stationary

Range according to the 12 WV circuit’s consumpton (with 32km'h speed)
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Fig.11: Range according to the 12 V circuit's consumption
speed of 32 km/h.

4. CONCLUSION
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when the car is traveling at a constant



At the end of our analysis, we obtained results making it possible to understand the car's range
variation in various situations taking into account the rolling environment and its internal electrical
loads. These results show a considerable decrease in range when the car is confronted with crucial
mechanical situations and high energy consumption of the 12 V circuit’s loads.

This study therefore provides a general understanding of the behavior of electric vehicles in a sub-
Saharan African context. It makes it possible to affirm that the electric vehicle presents very good
performance compared to the thermal vehicle for short-distance travel and low driving speeds (as is

the case in most African cities).

Table 1 : Designation and units used in the study

ABREVIATIONS

Designation Meaning Units
Cm Engine couple N.m
Co Battery capacity Ah

CRRmoy Rolling resistance coefficient -
CT Total capacity Ah
Cu Useful motor torque N.m
Ec Energy consumed Wh
Ep Energy produced Wh
ET Total energy Wh
FF Form factor -

g Gravity N/kg
G Solar radiation W/m2
Icc short circuit.current A
[pm Optimal current A
Ireg Regulator intensity A
M Mass kg
N Yield -
p% Slope -
Pc Peak power Wp
Pdispo Panel power available Wp
PT Total power W
Pu Useful power W
S Surface m2
Smin Minimum cable section mm?
\ Battery voltage \
Vco Open circuit voltage \
Vpm Optimal tension \
Vvéh Vehicle speed km/h
Q Rotation speed rd/s
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