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Abstract. Electric tricycles are one of the most promising options for
reducing CO, emissions in sub-Saharan Africa, with lower energy
requirements. They are also suitable for transporting passengers and goods
in rural areas of sub-Saharan Africa, where urbanization is rife. The lack of
recharging infrastructure is holding back the development of tricycles. This
paper proposes a methodology for the design of a photovoltaic (PV)-battery
stand-alone fast charging station for electric tricycles in Thienaba, Senegal.
An ultra-fast charging station powered by photovoltaic panels was designed,
modelled and simulated using the Matlab/Simulink platform. The results of
this work gave a photovoltaic array with a peak power equal to 45 kW. At
least, eight tricycles can be charged between 11 am and 2 pm. At the same
time, the storage system can be charged up to 70% of its total charge.

1 Introduction

The market for electric vehicles(EV) is growing worldwide. Sales of EVs have doubled in
2021 compared with 2020, reaching 6.6 million [1]. China, Europe and the United States
account for almost two-thirds of sales. EV sales in Africa are low compared with other
regions of the world but have increased by 90% in 2021[1]. A clean transition to electric
vehicles would eliminate unreliable fuel supplies in sub-Saharan Africa. Many sub-Saharan
countries have adopted e-mobility projects, including Ghana, Sierra Leone, Cote d'Ivoire and
others. In 2019, Senegal launched a project to replace motorbike taxis with electric tricycles.
The ultimate aim of the project is to provide 230,000 drivers with this new type of transport
to help create green jobs. Tricycles can be used to transport both passengers and people and
remain one of the most widely used means of transport in sub-Saharan Africa. Electric
tricycles have the advantage of smaller battery packs and lower energy requirements [2].
Electric tricycles are a suitable means of transport in rural areas of sub-Saharan Africa, which
is now undergoing increasing urbanization. At present, one of the main problems associated
with the development of tricycles is the lack of recharging infrastructure. The tricycle
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batteries are recharged in the homes of the drivers or owners. Charging takes a long time, up
to 2 hours. The unavailability of the electricity network is also a limiting factor. Only 50.6%
of people in sub-Saharan Africa have access to electricity [3]. Of those without access to the
electricity grid, 80% live in rural areas. To remedy this situation, fast-charging stations using
renewable energy sources should be considered. Sub-Saharan Africa has significant solar
energy potential. Consequently, the most likely source for recharging tricycles is photovoltaic
solar energy. The performance of photovoltaic modules is increasing and the price of
photovoltaic panels is falling. A great deal of research has been carried out into photovoltaic
charging stations. Dominguez-Navarro et al [4] have studied the design of an ultra-fast.
charging station integrating renewable energy sources and a storage system. The main
drawback of ultra-fast charging stations is their high power. The use of renewable energy
sources can improve the profitability of a station, and the presence of a storage system can
balance out the intermittent nature of the renewable energy source. Mouli et al [5] have
developed a three-port, 10 kW bi-directional converter for charging EVs using photovoltaic
panels. The 10 kW prototype produced and tested has a peak efficiency of 95.2% for PV-EV.
Omran et al [6] proposed a methodology for the optimal sizing of an EV fast-charging station
in Cairo, Egypt. The study aims to minimize the total system cost and ensure system
reliability by obtaining the optimal number of PV modules and storage units. Ibrahem E.
Atawi et al [7] carried out work on the analysis and design of an autonomous photovoltaic
powered charging station in Saudi Arabia. The system was modelled and simulated using the
Matlab/Simulink platform and a prototype was built to validate the numerical model. Aqib
Shafiq et al [8] studied the design of photovoltaic charging for bicycles in the state of Azad
Jammu and Kashmir in Pakistan. The energy cost is $ 0.0962 for the system without storage
and § 0.191 for the system with storage compared to $ 0.20 for the existing system. Despite
the significant contributions in studies on the design of charging stations based on
photovoltaic panels, no work to our knowledge has been carried out in Sub-Saharan Africa.
Our study focuses on the design of an ultra-fast charging station for electric tricycles in the
rural commune of Thienaba in Senegal. An analysis of the solar resources at the site was
carried out. The various components of the charging station were designed. The photovoltaic
charging station was modelled and simulated using the Matlab/Simulink platform. A
charging station management strategy has been analyzed.

2 Methodology

2.1 Site selection

Located at latitude 14.45° N and longitude 16.48° W, the commune of Thienaba is in the
administrative region of Thies in Senegal (Fig. 1). The commune covers an area of 158 km?
and has a population of 28,550[9]. The commune has many economic and agricultural
activities, including cashew nut cultivation and processing, livestock farming and trade. It
also hosts an annual religious event, attended by several thousand people. All these activities
contribute to the use of means of transport in the commune. Solar irradiation values for the
area were obtained from the PVGIS-Sarah2 database over the period 2011-2021[10]. The
average values of monthly solar irradiation are shown in Figure 2. Monthly irradiation is
always above 150 kWh/m?*/month.
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Fig.1. Map of the municipality of Thienaba
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Fig.2. Monthly solar irradiance

There are more than 100 electric tricycles in circulation in the municipality. A tricycle has a
power of 1 kW and can reach a speed of 25 km/h. The motor is powered by an electrochemical
battery with a capacity of 160 Ah and a voltage of 48 V-60 V. The batteries are charged from
the mains and take around two hours to charge. Operating a tricycle can earn $13.17 a day,
making it a very important source of income for drivers and tricycle owners. However, the
long recharging time is an obstacle to the development of electric mobility in the
municipality.

2.2 System model

The schematic diagram of the proposed PV-battery autonomous fast charging station for
electric tricycles is shown in Figure 3.
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Fig.3. Photovoltaic ultra-fast charging station
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2.3 Flowchart

The various stages of this work are summarized in Figure 4. The work begins with an
assessment of the site's solar resource. The station loads are evaluated. The capacity of the
photovoltaic field and the storage system are also determined, along with the various inverter
components. A numerical model of the charging station is implemented in Simulink to
determine the electricity production, the load of the tricycles and that of the station's storage

batteries.
Site selection —P[ e  Solar ressource ]

A

e PV field
System modelling e Storage
and sizing e Converters

A4

Simulation results

Fig.4. Flow Chart for the Design of tricycle Charging Station
3 Modelling of PV fast charging station

3.1 Photovoltaic field modelling

The electrical power generated by the PV array depends on the amount of solar irradiance
and the photovoltaic cells temperature. Many models for estimating the output of a
photovoltaic array have been proposed in the literature. In this work, the power produced by
the array is modelled by the following equation [11,12]:

G(t)
Pph = vaPmax,mod a [1—-K.(T. - Tref] )
Where Npv is the module number, Pmax,mod is the maximum power of module, G(t) is the
solar insolation in W/m?, Gret is the reference solar insolation of 1000 W/m?, Tc denotes the
cell temperature in °C, Trer is the reference cell temperature of 25 °C, and K is the temperature
coefficient of the utilized PV module.

3.2 Storage system modelling

The batteries are used to store excess energy from the PV array for use in the charging station.
- When the production of the PV array is greater than the charging demand, the state of charge
of the battery can be described by [13] :
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Ct) =C(t =D = 0) +n,[Ep(6) — EL(D)] @

- When the load demand is greater than the energy generated by the PV array, the batteries
are in a state of discharge. The available capacity of the batteries at any time can be expressed
as follows :

C(t) =C(t -1 —o0)+[E(t) - Ep (8)] ®

3.3 Total daily load of the station

The average daily power demand of an EV (Pev) is the power required to increase the state of
charge of the EV battery from an initial value of 20% to a final value of 95% over a daily
charging period:

)

Where Cey is the nominal capacity of the vehicle battery in kWh, DOD is the maximum depth
of discharge and Tch is the estimated charging time of 30 minutes.
The average daily charging energy for tricycles (Eev) is calculated as follows:

Eev = NpD(t)Pve (5)

D(1) is the daily time-dependent duty cycle of the station.
The station's total daily load demand is:

_ EeytEp

E
L Ns

©)

Eb : basic station energy (lighting)

7, : overall system performance

The sizing results for a PV charging station for 4 hours of operation are Pev=15 kW;
Eev=33.7 kWh and EL=34 kW.

3.4 Fast charger DC-DC

The primary function of the charger is to adapt the bus voltage and the electric vehicle battery
so that charging can be carried out efficiently. The charger used is type SAE J1772 2009 with
a voltage of 400 V, a maximum power of 240 kW and a maximum current of 400 A [14].

3.5 PV array sizing

The characteristics of the chosen PV module are given in table 1. The power of the panels to
satisfy such consumption is given by:

_ 1000 Ej

c KE; ()

k : coefficient de correction
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E; : Daily energy consumption
Ei: Average daily irradiance

Table 1. PV module characteristics.

Parameters Value
Pu(W) 300
Vinp (V) 38.17
Voe (V) 44.6
Inp(A) 7.83

The sizing results give a PV array power Prvc=45 kW and a PV array voltage Vevg=320 V.

3.6 Storage system sizing

Battery storage capacity is calculated as follows:

_ NEj
~ popvy ®
Nj : Number of days autonomy
E; : Daily energy consumption
DOD : Discharge depth
Vb : Battery voltage
The battery characteristics are shown in the table 2.

Table 2. Battery characteristics.

Parameters Value
Rated voltage(V) 12
Rated capacity(Ah) 180

3.7 Sizing DC-DC converters

3.7.1 Boost converter

Sizing the Boost converter involves determining L, Ci and Cs of the following circuit(fig.5):

lpv IL L D leh
N B
I i :
I I
c1 c2
Vov T C1 U%} C, T Ve

Fig.5S Boost converter
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The values of the ripple rate of the current and voltage are 2% and 5% respectively. The
expressions and values of L; Ci and C; are given in the following equations:

_ _Yac _
= Y =11mH ©)
— I —

Cl = AV apy =01 ,LLF (10)

—_v _
CZ = AV e =1.3 ,LLF 11

Ve : DC bus voltage.

fth : Switching frequency

AlL : Ripple rate of coil current.
IL : Coil current

Ipv : Photovoltaic generator current

3.7.2 Buck-boost converter

The sizing of the Buck-Boost converter shown in Figure 6 involves determining the value of
the minimum coil inductance Lmin and the minimum capacitor capacitance Cumin.

Fig.6 Buck-Boost converter

The expressions for the minimum coil inductance and the minimum capacitance are given by
the equations :

—__Vac _

me = nilpa = 2.2mH (12)
_ Ipat _

Cmin = 1rrvopy — 207 HE (3)

4 Simulation results

The proposed photovoltaic fast-charging station is simulated using Matlab/Simulink
software. The Simulink numerical model is shown in Fig.7.
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Fig.7. Numerical model of the fast-charging station in Simulink plaform

A PO-type MPPT control was used. The MPPT control is used to find the optimal operating
point of the PV array under variable weather conditions. The results of the simulation of the
photovoltaic array with the PO-type MPPT control are shown in Figure 8. This control makes
it possible to extract the optimal operating point of the photovoltaic array.

Array type: Shanghai Topsolar Green Energy TSM72-156M 300V
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Fig.8. Variation of the current and power of the photovoltaic generator

The operation of the boost converter was simulated. The results are shown in Figure 9. The
results show that the boost converter raises the PV array voltage to that of the DC bus.
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Fig.9. Photovoltaic generator voltage and Boost converter output voltage
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In addition, a load management strategy has been developed for a typical day with solar
irradiance measured as shown in Figure 10.
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Fig.10. Global solar irradiation

The daily output of the PV array is shown in Figure 11
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Fig.11. Daily production of PV array

A scenario for use of the station in the commune of Thienaba is developed. This scenario is

used to construct the energy consumption profile of the tricycles. The charging station usage
profile is shown in Figure 12.
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Fig.12. Load profile from 11 am to 2pm



E3S Web of Conferences 601, 00074 (2025) https://doi.org/10.1051/e3sconf/202560100074
ICEGC’2024

The station consists of two charge points, each with a maximum power of 15.360 kW. The
tricycles are charged between 11am and 2pm. This period corresponds to the photovoltaic
generator's maximum output. A full charge takes 30 minutes. At 1lam, the station's two
terminals are connected to batteries 1 and 2 respectively of two tricycles. The initial charge
level of the batteries is 20%. The final state of charge of 95% was reached at 11.30 am. At
11.40 am, batteries 3 and 4 from tricycles are connected to the station terminals. The final
state of charge was reached at 12.10pm. At 12.20 pm, tricycle batteries 5 and 6 are connected
to the station terminals. Charging continued until 12.50 pm. Tricycle batteries 7 and 8 are
connected to the station terminals between 1pm and 1.30pm. Between 11 am and 2 pm, the
station can charge eight (8) tricycles.

At the same time as the tricycle batteries were being charged, the state of charge of the
station's storage system battery as analyzed. The simulation results are shown in Figure 13.
The results of the charging of the storage system show that a charge rate of 70% can be
achieved.

Battery charge state (%)

0 5 10 15 20

Time(hour)

Fig.13. Station storage battery charging

5 Conclusion

This study focused on the design of a photovoltaic fast-charging station in the rural
commune of Thienaba in order to demonstrate its feasibility. The area has significant solar
potential that could be used to power tricycle fast-charging stations. The main conclusions of
this work are as follows:

- tricycles are suitable for electric mobility in rural communities in sub-Saharan Africa

- the PV-based ultra-fast charging station is capable of recharging eight(08) tricycles
between 11 a.m. and 2 p.m.

- The storage batteries are charged to a level of 70%.

As a follow-up to this work, we plan to

- optimize the design of the photovoltaic ultra-fast charging station

- develop a prototype in the commune of Thienaba

- coupling the photovoltaic field with another renewable energy source, such as a wind
turbine.

10
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