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Abstract— This study descriptions the effect of an actual driven 

pattern on the battery pack sizing and an ultra-capacitor bank to 

improvement the gross efficiency and driving range of an electric 

scooter, driven directly by a four-phase axial-flux brushless dc 

permanent magnet motor. The key improvement of an electric 

scooter is increasing electric range until the battery discharges to 

a least threshold. The main part of designing an electric scooter 

is maximum battery energy storage with an auxiliary ultra-

capacitor. This study requires a MATLAB simulation code to 

estimate the power and energy demands of the electric scooter in 

variant electric range conditions. 

Choosing the right energy storage system to handle the daily 

driving needs is essential and vehicle manufacturers are expected 

to produce EVs with sufficient electric driving range for their 

customers. 

Finally, in this particular work a regenerative braking system 

restores power to the ultra-capacitors and the ultra-capacitor 

bank supplies power for an additional acceleration and start-up 

when the battery required additional energy on short time and 

also mates prolonging battery life. 

Keywords- battery; electric scooter; ultra-capacitor; efficiency 

improvment ;electric driving range. 

I.  INTRODUCTION  

Rising oil prices because of oil lessening, global warming 
and the introduction of compulsory standard gas emissions in 
cities have had a marvelous effect on the maturity of new 
transportations technologies. By increasing vehicles, descent of 
energy supply, and environmental pollution, governments and 
manufactures concentrate on the research of new green energy 
vehicles. Figure 1 shows forecasting the world oil demand and 
supply between 1998 and the projection of 2026, which is 
given by International Energy Agency [1]. However the oil 
demand is increasing proportionately, the oil supply is 
decreasing from 2014. 

In electric vehicles (EVs), renewable energy is a new 
option for enhancing vehicle efficiency and is economical with 
lower toxic gas emission. To achieve the same power and 
energy density as a combustion engine, fuel cells (FCs) with 
batteries and ultra-capacitors are combined to provide 
additional power rapidly during high demand and to overcome 
the FC start-time. Based on the longer start time and being 

more expensive, application of FCs with batteries and ultra-
capacitors is not much economical. Using only ultra-capacitors 
with batteries can improve cost and driving range of electric 
scooter [2]. 

Nowadays, electric scooters are reasonable as a new 
vehicle with green energy product and have a good potential 
industry for many countries. Two-wheeler vehicle motors 
increasing over half of the vehicle fleet. Asia’s 15-18 million 
scooters in 2006 are expanding at 18% per year. China’s 
scooter expanding at 30% per year and the accounting of two-
wheeler vehicle motors is about 77% of vehicle sales in India 
[3–5]. So the purposeful design of the electric scooter that will 
answer the needs of most consumers is especially important. 

In Taiwan, usually displeasure of consumers is about long 
charging time (6-8 hours), short driving range, and heavy 
weights of scooter because of using lead-acid batteries [6]. 

Li-ion batteries is the better than nickel-based and valve-
regulated lead-acid (VRLA) batteries, because of their unique 
characteristics such as light weight, high energy density, low 
discharge ratio, and high cell voltage [7]. Battery combined 
with ultra-capacitor offers flexibility to increasing electric 
driving range, efficiency, and energy harvesting. By using 
ultra-capacitor one could use the regenerative braking system 
to pump the kinetic energy to the ultra-capacitor and improve 
the electric range of driving. 

 

Figure 1.  Oil price forecasting based on demand and supply. 



 

 

II. SCOOTER MODELING AND SIMULATION 

The scooter dynamics must be described using a 
mathematical model to expand an efficient power management 
strategy system for proposed electric scooter. 

Electric scooter must have the ability to overcome the 
various forces including aerodynamic resistance   , the 

force of gravity on a scooter  and rolling resistance  . 
The selected scooter must be able to fulfill consumer 
satisfaction in various driving conditions. Figure 2 shows a 
diagram of various forces applied to scooter [8]. The demanded 
force of scooter wheels  , is: 

 =  +  +   +                                      (1) 

And the equations of forces can be written as: 

 = 0.5                                                                     (2) 

 =    cos                                                                     (3) 

 =                                                                            (4) 

 

 

Figure 2.  Review of forces in two-wheeler. 

where   is density of air,   is the aerodynamic drag 
resistance,  is vehicle speed,   is the coefficient of rolling 
resistance,   is total mass of vehicle, rider, passenger, and 
load,   is the gravitational acceleration, and   is the angle of 
road slope and parameters for a typical scooter are listed in 
Table 1. 

So the mechanical power of wheels, demanded at wheels 
can be written as: 

 = ( +  + ) + .                         (5) 

Finally, the required power of source is resulted: 

 =



+                                             (6) 

where is auxiliary systems power such as head lights, 

signal lights, etc and is about 60 W;  is efficiency of 
electric scooter and controller subsystem [9] and is about 80% 
in this paper.  

TABLE I.   TYPICAL PARAMETERS OF ELECTRIC SCOOTER [9] 

          

0.6  1.23

 0.9 0.014

The mass of electric scooter was 120 kg, which was 20 kg 
more than “FORTUNE 200e” electric scooter, and the driver 
weight was 75 kg. Also by using of high efficiency batteries 
(Li-ion), mass of scooter can be lighter than 80 kg. 

Figure 3 shows the instantaneous power requirements and 
aerodynamic power for an electric scooter at constant 
acceleration (0.4 m

2
) at various speeds. 

III. DESIGNED ELECTRIC SCOOTER SPECIFICATIONS 

 
In Malaysia, it is estimated that half of the vehicle are used 

to travel 20 km below per day and half of them may travel 
more than 30 km per day [10]. At present, two-wheelers 
market represents 77% of vehicle sales in India and has the 
second highest density of two-wheelers in the world. Also it is 
estimated that the Indian two-wheeler population will go 
beyond that of China sometime between 2010 and 2020, and 
will have the largest two-wheeler fleet in the world [8]. 

 

Figure 3.  Required and aerodynamic power for variuos speeds. 

The average travelled kilometers per day by two-wheeler 
commuters in Coimbatore city is about 25km and closely 61% 
of riders drive less than 25km per day. About 32% of riders 
travel between 25 and 50km per day and only 7% of them 
travel more than 50km per day [11]. 

In this paper, designed scooter must be able to meet the 
needs of most users (50 km per day on single battery charge) 
and also provides a two-seat advantage in different situations. 

A. Matlab simulation using driving cycle 

One typical driving cycle must be identified to optimize the 
energy source of any electric scooter. In this study, the 
simulation process has been started ECE-47 driving cycle as 
shown in Figure 4. 

In this simulation, the peak power is appraised by feeding 
the velocity and acceleration values from the ECE-47 driving 



 

 
cycle. For the developed ideal model, the peak required power 
at ECE-47 is about 3 kW (one-seated) and 3750 kW (two-
seated), as shown in Figure 5. 

 

Figure 4.  ECE - 47 driving cycle. 

 

 

Figure 5.  Load  power of scooter uder ECE-47 driving cycle. 

B. Electric Motor 

A multi-objective optimal choice of an axial flux 
permanent magnet wheel motor is selected. This brushless dc 
motor has a motor efficiency and high torque-to-weight ratio 
and also is fitting for in wheel motor applications. The pulse-
width modulation (PWM) drive controls this axial flux 
brushless dc wheel motor with optimum current waveforms. 

The number of magnets in the rotor disk of motor is 18, 
which is sandwiched between two plates of the stator, in order 
to form an axial-flux motor. The magnetic flux flows through 
the air gaps between the rotor and the stator in the axial 
direction. Table II contains the technical data and parameters 
of the proposed motor [12]. 

The output torque ripple is 2.7% in four-phase motor, 
which is much smaller than three phase motor. Moreover, 
better driving performance for the four-phase motor can be 
expected. For optimal current excitations, the four-phase motor 
presents better efficiency (91% at maximum power) and 
becomes a promising solution for the electric motorcycle of 
required specifications such as improvement electric range. 

TABLE II.  ELECTRIC MOTOR TECHNICAL DATA 

Geometric dimensions 4-phase 

Max. power  3 kW 

Rate speed 430 rpm 

Max. current per phase 54.3 A 

Rated voltage 15.2 V 

Avg. torque 5.9 kg-m 

Max. speed 1000 rpm 

Torque peak 6.05 kg-m 

Number of stator poles 24 

Number of Magnets 18 

Magnets BdFeB30SH 

Max. flux density 1.8 T 

Outer diameter 89 mm 

Inner diameter 56.5 mm 

Motor weight  10 kg 

IV. ENERGY SOURCES 

The commercially traction batteries detailed specifications 
are listed in Table III. As shown, lithium-ion batteries have 
higher energy and power density than the lead–acid and Ni-
MH batteries, sufficient acceleration and high calendar life, 
which makes the lithium-ion appropriate for rising the travelled 
range of an electric vehicle. Although, Ni-MH batteries at this 
time is employed in hybrid electric vehicle (HEV), Li-ion 
battery has twice the energy density of Ni-MH battery and if 
the thermal safety issue is successfully addressed,  Li-ion 
batteries have the potential to replace the Ni-MH battery for 
HEV applications[13]. 

TABLE III.  TECHNICAL DATA OF TRACTION BATTERIES 

Type of Battery Lead-acid Ni-MH Li-ion 

Energy density 

(Wh/kg)
30-50 60-120 110-160 

Cycle life 

Power 

density(W/kg) 

200-300 

200-400 

300-500 

150-400 

500-1000 

700-950 

Fast charge time 8-16 h 2-4 h 2-4 h 

Self-discharge 

/month 

5% 30% 10% 

Cell voltage 2 V 1.25 V 3.6 V 

Operating 

temperature 

-20 to 60°C -20 to 60°C -20 to 60°C

Maintenance 

requirement 

3-6 month 60-90 days Not required 

The variation travel range and mass of the batteries has an 
important function in electric range. Lead–acid batteries have 
lower energy density and are heavier compared with the other 
traction batteries. For 2400 kWh energy storage batteries, lead-
acid batteries weight is about 60 kg , Ni-MH is 27 kg  and Li-
ion is 17.7 kg. 

By increasing the weight of vehicle, the electricity 
consumption would also be increased linearly. For 50 km 
electric driving range, the Li-ion battery can last up to 5 km 
longer than the Ni-MH and 20 km than the lead-acid battery. 

A. Li-ion Battery modelin and simulation 

In this study, the model of the battery used in [14] has been 
simulated in order to show the performance of the Li-ion 
battery (Sony 18650-1.8 Ah at C/1). The model outputs the Li-
ion battery voltage profile and discharging time based on the 



 

 
required power of electric motor. Figure 6, shows the open 
circuit voltage profile versus depth of discharge (DOD) that is        
generated by the simulation and Figure 7 shows Li-ion battery 
resistance as a function of DOD. 

B. Determining of Li-ion battery cpacity 

Required power of the electric scooter as a function of 
weight of scooter, rider weight (75 kg), passenger (75 kg), 
acceleration, road inclination, etc is modeled for ECE-47 cycle 
as shown in Figure 8. 

In this simulation work, the Li-ion battery with a capacity 
of 32 Ah, 47 V was able to sustain for close to 5350 seconds 
(Figure 9.) before the battery is not able to provide further 
current, which that this point depth of discharge is about 72% 
and electric range is about 43 km in two-seater condition. 
Figure 10, shows output voltage of battery pack in various 
DODs and indicate cut off voltage about 30 V. 

 

Figure 6.  Simulated open circuit voltage profile vs. DOD for Sony 18650  

Li-ion cell. 

 

Figure 7.  Discharge resistance vs. (DOD) for Sony 18650 Li-ion cell. 

 

Figure 8.  Battery power demand at ECE-47 cycle. 

 

Figure 9.  Discharging time of battery at ECE-47 cycle  in two-seater 

condition. 

 

Figure 10.  Output voltage of battery vs. DOD in two-seater condition. 

C. Supercapacitor selecting 

Ultra-capacitors are relatively new type of capacitors 
distinguished by phenomenon of electrochemical double-layer, 
diffusion and large effective area, which leads to extremely 



 

 
large capacitance per unit of geometrical area (in order of 
multiple times compared to conventional capacitors). They are 
taking place in the area in-between lead batteries and 
conventional capacitors (Figure 11) [15]. 

 

Figure 11.  Area diagram for various energy storage systems. 

The possibility of fast charge and discharge without lost of 
efficiency for thousands of cycles is the principal characteristic 
of an ultra-capacitor that makes it appropriate for using in 
energy storage systems (ESS).  

Table IV contains detailed specifications of an ultra-
capacitor unit [17]. 

TABLE IV.  SPECIFICATIONS OF ULTRA-CAPACITOR UNIT. 

Type HE1700P-0027A 

Rated voltage 2.7 V 

Peak operation voltage 2.85 V 

Rated current 360 A 

Capacitance 1700 F 

Specific power 6.85 kW/kg 

Life cycle 500000 cycles 

With the serial connection of the ultra-capacitor in 6 units, 
the powerful energy can be used to operate the scooter at the 
initial start and low-speed range; such units provide enough 
capacity to restore regenerative energy as well. 

A full-wave rectifier applied direct current to ultra-
capacitors in order to have regenerative braking (Figure 12). So 
as a replacement for the chemical reaction in a conventional 
battery, the ultra-capacitor charges and discharges electric 
power in a physical process, thus professionally absorbing and 
releasing impulsive and high power within an infinitesimal 
period of time [16]. 

 

Figure 12.  Shematic configuration of regenerative braking. 

V. MODELING AND SIMULATION USING WITH 

ULTRACAPACITOR 

Maximum energy storage of 16.2 V–283.3 F ultra-
capacitor bank must be 37.179 kJ according to the 
manufacturer’s detailed specifications. Each charge over an 
ECE47 cycle from regenerative energy fills the ultra-capacitor 
bank with about 6.36kJ (one-seated) and 10.628 kJ (two-
seated), which is 17% and 34% of ultra-capacitor maximum 
energy storage. This energy is able to use for short time 
acceleration. Power requirements of the electric scooter are 
shown in Figure 13. 

 

Figure 13.  Power of battery with regenerative braking at ECE-47 cycle. 

 

Figure 14.  Discharging time at ECE-47 cycle in to-seated condition with 

ultracapacitor. 

In this simulation, the Li-ion battery bank (32 Ah, 47 V) 
with an ultra-capacitor bank (27 V, 170 F) was able to prolong 
for 6400 seconds (Figure 14.) in two-seated condition and 
8150 seconds in one-seated condition before the battery is not 
able to provide further current. So the electric driving range 
must be 66 km in one-seated condition and 51.7 km in two-
seated condition. For better comparison, the overall driving 



 

 
range of the vehicle without regenerative charging was 58 km 
in one-seated and 43 km in two-seated conditions. On the other 
hand, ultra-capacitor with regenerative braking improved 
electric range electric scooter about 8 km to 8.7 km in various 
conditions. 

VI. CONCLUSIONS 

In recent years, integration of different energy sources, 
auxiliary energy storage elements, electric motors, and power 
electronic devices as the energy management strategies will 
operate the electric two-wheeler within the wide driving range 
and effective speed. As a secondary source of saving energy, 
the use of ultra-capacitors have become more and more 
attractive and viable for the next generation of electric 
scooters, which features quick recharge capability, high 
energy/power density, high efficiency, and  long life cycle. 

In this study, the proposed energy source system with a 
regenerative braking ability has been successfully simulated on 
an electric scooter. 

From the results it is concluded that using the Li-ion 
battery reduced the charging time about 50% and the weight of 
scooter in compare with using lead-acid or Ni-MH batteries. At 
the same time it increases driving range on single battery 
charging up to 10%. 

The results of simulations show that integration of 
regenerative braking with ultra-capacitor is able to provide 
excess acceleration, cruising, and capture regenerative energy 
of the scooter and finally improve the electric driving range 
(about 8.7 km per day). By increasing this amount of range, the 
proposed electric scooter will be able to satisfy 93% of 
consumers in two-seated conditions (heavy load). 

The electric driving range and battery life in the proposed 
scooter with ultra-capacitor and regenerative braking system 
ability is 20% higher than traditional one.  Generally speaking, 

integration of a conventional batteries, four-phase wheel 

motor, and ultra-capacitors is a promising goal for an electric 
scooter that is applicable to many models of electric vehicles. 
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