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Abstract: In this paper, the implementation of a switched reluctance motor (SRM) and drive system
for the propulsion system of a two-seat electric motorcycle is described. The overall design focuses
on the required vehicle speed, acceleration, driving distance, and overall system cost, as well as
reliability. The performance of the three-phase 6/4 pole (six-stator pole and four-rotor pole) and
four-phase 8/6 pole (eight-stator pole and six-rotor pole) are investigated and compared by static
performance analysis and dynamic performance analysis. Their performance is further investigated
by finite element analysis. The indirect torque controller in a drive system for optimal torque and
efficiency operation is also mentioned. A methodology for rotor position detection and its hardware
implementation are also proposed. The designed 3.5 kW three-phase 6/4 pole SRM and its drive
system were constructed and tested on the test bench. A maximum efficiency of about 82% could be
achieved for the SRM and drive system. It was also installed on a 120-cc electric motorcycle, and
the vehicle’s performance was also validated by on-road and dynamometer testing. The maximum
vehicle speed reached was 82 km/h, and a cruising distance of about 98 km at a constant speed of
40 km/h was measured.

Keywords: electric motorcycle; switched reluctance motors; indirect torque control

1. Introduction

A motorcycle is the most popular vehicle in Thailand and ASEAN countries. In Thailand,
more than 20 million units, or 50% of all on-road vehicles, registered to the Department of
Transportation are motorcycles. Furthermore, there has been a rapidly increasing trend in
the number of motorcycles during the pandemic for delivery services and urban commuting,
which has caused more serious air pollution and health problems. In order to tackle
this problem, converting existing old motorcycles or using new electric motorcycles is
considered to be an interesting policy of government agencies [1]. Recently, some electric
motorcycles and small electric scooters have been exported. The propulsion systems
of those vehicles mainly use the motors that contain permanent magnets inside, which
causes some difficulties for local mass production and uncontrollable price fluctuation.
From the literature [2,3], the switched reluctance motor (SRM) is one type of motor that
does not contain any rare earth materials or permanent magnets inside. It presents many
advantages, opportunities, and challenges over the other type of electric motors for electric
vehicle applications. Various structures and winding configurations of the SRM as well as
various driving topologies have been reported [4]. It has been widely studied and installed
for traction drives in various hybrid [5–7] and electric vehicles, including bicycles [8],
forklifts [9], and light electric vehicles [10]. The design, production, and verification of a
complete running prototype based on SRM wheel hub drive train has been reported [11].
A control method in the drive systems of electric motorcycles using SRMs [12] has also
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been previously reported. Some previous publications focused only on the performance
improvement of the SRM drive system by optimizing the turn on and turn off angle at each
rotating speed and vehicle load torque [13], or by simultaneously adjusting the geometry
and commutation angles [14].

The SRM has a special structure and several advantages, such as rugged and low-cost
construction, a simple stator and rotor structure, an easy cooling system, high reliability,
and good performance over a wide speed range. These characteristics make it a low-cost
and rugged alterative for industry applications, a worthy competitor to other drive systems,
and suitable for various applications. Additionally, its performance can be easily adjusted
for various load profiles. Thus, it is also one of the most interesting applications for electric
and hybrid vehicle drive systems. Unlike permanent magnet machines, the SRM is easy to
manufacture with a cheaper cost, since it does not need a permanent magnet. Moreover,
the SRM is very suitable for harsh and high-temperature environments. For the sake of
safety in a traction drive system [2], very high torque in the low-speed region is required.
Furthermore, for the wide constant power region during high vehicle speeds, the power
train must be mostly operated in the constant power region. It is reported in [3] that the
three-phase 6/4 pole SRM has an overload capacity and constant power region with a
longer range, which is suitable for the traction drive application. However, it has a bigger
torque ripple and some vibration. Therefore, some papers overlook this problem by using
a four-phase motor [7] or increasing the number of stator and rotor poles [5], such as 8/6,
12/8, or 6/10 pole [8] SRMs. However, the increasing number of components for increasing
phases also causes the drive circuit to be more expensive and have more complexity.

Until now, there has been a variety of literature on the design of SRMs. The design
in each paper focuses on different points of view. In the case of electric motorcycle appli-
cations, it is very challenging to design a drive system and a high torque density motor
(per volume or weight) with limited space, low cost, and high reliability in order to meet
high performance and high efficiency requirements and to make it acceptable for many
customers. In this paper, the first task to be accomplished is to design a motor to satisfy the
performance specifications and requirements of the vehicle. A high starting torque motor
and drive system was designed in order to reduce the acceleration and deceleration time to
an acceptable value. The motor design mainly focuses on the starting torque, whereas the
other criteria, such as the good performance and high efficiency of the motor for longer
driving distances, are also taken into consideration. The geographical dimensions for the
design guidelines of the stator, rotor core, and winding parameter for the four-phase 8/6
pole and three-phase 6/4 pole SRM were considered. The comparison of both types of
SRMs was investigated by the simulation results using a static performance analysis tool.
The dynamic performance analysis of the four-phase 8/6 pole and three-phase 6/4 SRMs,
including the control methodology in the drive system, were also investigated using the
dynamic simulation tool. Furthermore, the developed torque and flux density of different
winding configurations for the three-phase 6/4 SRM were also investigated. In order to
implement a low-cost and high-reliability drive system, an indirect toque control method
for optimal torque and efficiency operation and higher accuracy of rotor position detection
based on a combination of a magnetic sensing circuit and an initial rotor position estima-
tion method are proposed. The construction and the measured performance on the test
bench of the selected three-phase 6/4 pole SRM and drive system are described. Finally,
the measured results for the vehicle performance on a dynamometer and during on-road
testing are also considered.

2. Design Methodology
2.1. Specification of the Electric Motorcycle

In this paper, the SRM is designed for an electric motorcycle, comparable to a con-
ventional internal combustion engine (ICE) with a motorcycle size of 120 cc. The targeted
specifications of the electric motorcycle for one or two passengers, including maximum
speed, acceleration from 0–30 km/h, and driving range per charge (at a constant speed
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of 40 km/h), are indicated in Table 1. This targeted specification is considered one of the
suitable driving patterns in urban areas with heavy traffic, which requires good acceleration,
a high payload, a long driving distance, and a moderate vehicle speed.

Table 1. Targeted specification of the electric motorcycle.

Parameter Unit 1 Passenger 2 Passenger

Maximum speed km/h 80 70
Acceleration 0–30 km/h s 4 6
Driving Range at 40 km/h km 90 80
Payload kg 75 150

In order to simplify the mechanical works, the conventional engine that is directly
connected to the existing continuous variable transmission (CVT) gearbox will be replaced
by the designed SRM. The CVT amplifies and transfers torque to the rear wheel. Its gear
ratio can vary from 2.159:1 to 0.8:1, depending on the input shaft rotational speed of the
engine or motor. The centrifugal clutch begins to transmit torque to the rear wheel when
the input shaft rotates at about 1200 rpm, so the CVT is one of the key mechanical parts
taken into the calculation of the SRM’s required torque and speed characteristics. Spaces
below the footrest and inside the driver’s seat are modified to install the inverter, the battery
charger, and the 60 Ah 51.20 V Li-ion battery packs along with the battery management
system (BMS). The overall system and the developed prototype are shown in Figure 1.

Figure 1. The electric motorcycle driven by the SRM and drive system. (a) The schematic of the
electric motorcycle system; (b) the installed SRM and drive system.

The tractive force necessary to fulfill the requirements of vehicle performance in
Table 1 can be calculated using vehicle dynamic equations from [15], such as the following
key Equations:

FT −
(

Fa + Fg + Fw
)
= Cmma (1)

where the tractive force FT must exceed all resistance forces, including the aerodynamic
drag Fa, the grade resistance due to gravity Fg, and the wheel resistance Fw. The mass of
the vehicle is m, a is the acceleration, and Cm is the inertia coefficient that represents the
inertia of the rotating mass, such as the gears and wheels. Each resistance force could be
defined by

Fa =
1
2

ρA f CD(V − Vw)
2 (2)

Fg = mg sin α (3)

Fw = frmg cos α (4)

where ρ is the density of air, CD is the drag coefficient of the vehicle depending mainly
on its shape, A f is the frontal area of the vehicle, Vw is the wind speed in the opposite
direction of the vehicle’s movement, and α is the grade angle. For a motorcycle, CD is
between 0.5 and 1.0.
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The tractive force requirements can be calculated from (1)–(4) in the design process
to achieve the desired driving performance, as shown in Table 1. Then, the traction motor
torque Tmot can be calculated by

Tmot =
FT rw

Gr × ηG
(5)

where rw is the tire radius, Gr is the gear ratio, and ηG is the gearbox efficiency.
The required torque speed characteristics of the traction system in the low-speed

region include a requirement for high torque in order to shorten accelerating time, especially
during hill climbing, as well as a wide power range in the high-speed region. From the
above-mentioned equations and the dynamometer testing results of one commercial electric
vehicle, which has a similar targeted specification, it can be seen that at least 8 Nm of torque
in the low-speed region and about 7900 rpm of motor speed (which equals to a vehicle
speed of 80 km/h) are required.

Figure 2 shows the overall electric motorcycle design process under consideration.
The electric motorcycle specifications are cascading as subsequent targets for the following
subsystem design. The specification of each subsystem, namely the traction motor, the
motor drive system, battery system and mechanical structure, are taken into consideration
since they have interactive impacts on the performance of the vehicle. Several iterative
simulations have been conducted between system and subsystem levels in order to attain
the desired design goals. These interactions include motor torque–speed characteristics,
motor weight and size, DC voltage, battery DC current, drive and motor current, battery
weight and size, and battery capacity. As the battery system is one of the key components
in the electric motorcycle, the LiFePO4 battery pack has been chosen for its high capacity
per weight ratio, size, and charge/discharge rate.

Figure 2. The flowchart of the electric motorcycle design process.
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2.2. Traction Motor Design Consideration

The SRM was designed using a commercial analytical software package PC-SRD [16]
and a 2D finite element analysis (FEA) using JMAG software. PC-SRD was used in the
preliminary design phase to compare and adjust various design parameters, such as the
number of stator/rotor poles, the number of phases, and the winding parameters. The
software can calculate torque, current, efficiency, copper loss, iron loss, etc. It also includes
a core structure, core material data, such as BH curves, iron loss curves, winding structure,
applied voltage, rotational speed, and the on-off timing of an inverter. In order to gain high
starting torque in the low-speed region, a four-phase 8/6 pole SRM and a three-phase 6/4
pole SRM were selected for performance comparison. Moreover, the weight and cost of the
traction motor are also factors under consideration.

The design procedure of the switched reluctance machines starts with the selection
of a frame size, which is performed in accordance with the existing standard of induction
frame size (IEC71). The selection of frame size according to the IEC recommendations fixed
the outer diameter of the stator and stack length in order to maintain a similar volume.
According to the available space in the motorcycle, the key initial parameters included the
stator’s outer diameter, which was fixed to 140 mm, and its stack length, which was fixed
to 70 mm, as shown in Table 2.

Table 2. Key initial parameters of each motor.

Parameter Unit 8/6 Pole SRM 6/4 Pole SRM

Rated motor voltage (DC) V 48 48
Outer stator dimension mm 140 140
Stack length mm 70 70
Air gap mm 0.3 0.3

Based on the guideline for selecting a suitable stator and rotor pole arc in [17,18],
a stator pole arc at βs = 30 degrees and a rotor pole arc at βr = 31.5 degrees were selected as
the initial parameters for the three-phase 6/4 pole SRM. Additionally, the air gap was set
to 0.30 mm. The silicon steel with a thickness of 0.35 mm (35A300) was used and its BH
curve was used for analysis in the simulation. The magnetic characteristics of iron cores
are particularly important because SRMs do not use a permanent magnet. In this paper, the
35A300 in JIS, i.e., a general low-loss silicon steel, was used. This steel has a thickness of
0.35 mm and is equal to 36F168, 300, and V300-35A in AISI, BS, and DIN, respectively.

The torque performance in the low-speed region (2000 rpm) of the four-phase 8/6
pole and three-phase 6/4 pole SRMs was investigated for each combination of rotor yoke,
stator yoke, rotor pole width, stator pole width, as well as the number of turns and number
of strands, in order to satisfy the requirements presented in Table 1. Each parameter was
varied under the same boundaries of maximum phase current, maximum current density,
and flux density. Then, the maximum value of the developed torque was determined
(optimal torque operation). The calculated outline geometry and winding parameters of
both SRMs are shown in Figure 3 and Table 3. The preliminary results of both SRMs at
2000 rpm are shown in Table 4. It was found that both motors could generate torque larger
than 8 Nm and the three-phase 6/4 pole SRM has a 13.2% larger torque and a 14.7% larger
torque per weight than the four-phase 8/6 pole SRM. The total cost of the copper and iron
of the three-phase 6/4 pole SRM is 6.5% more expensive, and its efficiency is 9.8% lower
than the 8/6 pole SRM.
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Figure 3. Outline of the designed motor: (a) four-phase 8/6 pole SRM; (b) three-phase 6/4 pole SRM.

Table 3. Calculated parameter of each motor.

Parameter Unit 8/6 Pole SRM 6/4 Pole SRM

Radius to the bottom of the rotor slot (R0) mm 24 22.5
Rotor surface radius (R1) mm 32.5 32.5
Radius to the bottom of the stator slot (R2) mm 56 56
Stator outside radius (R3) mm 70 70
Air gap mm 0.3 0.3
Stator pole arc (βs) deg 22.5 24
Rotor pole arc (βr) deg 20 31.05
Number of turns - 9 16
Number of strands - 11 11
Wire diameter mm 0.914 0.813
Material - 35A300 35A300
Rotor inertia kg*·m2 4.8777 × 10−4 5.1453 × 10−4

Table 4. Preliminary result of the four-phase 8/6 pole and three-phase 6/4 pole SRM at 2000 rpm.

Parameter Unit 8/6 Pole SRM 6/4 Pole SRM

Phase resistance Ohm 0.012 0.032
Aligned inductance mH 0.546 2.065
Unaligned inductance mH 0.062 0.264
Theta on deg 29 34
Theta off deg 58 80
Average torque Nm 8.34 9.44
Phase current (rms) A 85.62 82.8
Shaft power W 1746.37 1976.89
Overall system efficiency % 80.46 73.27
Copper loss W 362 659
Iron loss W 55 53
Mechanical loss W 6 8
Flux density at rotor pole T 2.179 1.723
Flux density at stator pole T 1.922 2.197
Copper weight kg 1.3305 1.5959
Iron weight kg 5.3165 4.9165
Torque per weight Nm/kg 1.25 1.44
Total copper and iron cost $ 52.75 56.19

2.3. Static Performance Consideration

Figure 4 shows the torque, power, and efficiency characteristics of the designed four-
phase 8/6 pole SRM and three-phase 6/4 pole SRM at each motor rotating speed. In the
low-speed region, the motor is controlled by the current control mode, and it is controlled
by voltage control in the high-speed region. At each operating speed, the turn-on and turn-
off angles were adjusted under the same maximum value of the hysteresis band in order
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to search for the best combination value that serves either the optimal torque or optimal
efficient operation. To find the best turn-on and turn-off control angles for the maximum
torque and efficiency of the SRM, the grid search method, which is the easiest to implement
for the small number of parameters, was applied to reach the optimal control angles.
The optimization grid search method was implemented in Visual Basic for Applications
(VBA) of Microsoft Excel, which can be linked to PC-SRD motor design software. Grid
search was performed across different values of turn-on and turn-off angles. The different
combinations of turn-on and turn-off angles are used as input for PC-SRD to evaluate and
compare the torque and efficiency to find the optimal turn-on and turn-off angles.

Figure 4. The simulated performance of the designed four-phase 8/6 and three-phase 6/4 SRM under
optimal torque and optimal efficiency operations: (a) average torque versus rotating speed; (b) power
versus rotating speed; (c) efficiency versus rotating speed.

Two objectives were defined for the optimization of this traction motor. The first
objective is to search for the conduction angle that can give the highest torque at each
speed. The second objective is to find the conduction angle that can achieve the highest
efficiency at each speed. Constraints are that the torque of the second objective must be
within the threshold level of 1.5 Nm of the required torque, maximum DC current is 120 A,
and maximum DC voltage is 48 Vdc. Design variables are the turn-on angle (20–60 deg. for
6/4 SRM and 20–40 deg. for 8/6 SRM) and the turn-off angle (65–85 deg. for 6/4 SRM and
45–65 for 8/6 SRM). The objective function can be given in

Objective Function = η + ktorque · Torque (6)

where η and ktorque are the efficiency of the SRM and a factor which converts torque into an
efficiency equivalent, respectively.

Equation (6) is maximized using a grid search optimization algorithm across the
observed values of the threshold variable. Finally, the turn-on and turn-off angles for
maximum torque and maximum efficiency at each speed (1000–8000 rpm) are obtained.
For the optimal efficiency operation, the peak efficiency for the four-phase 8/6 pole SRM of
about 91.13% at 6000 rpm can be achieved, which is not different from the peak efficiency
for the three-phase 6/4 pole SRM of about 89.87% at 8000 rpm. Furthermore, for the
optimal torque operation, in the low-speed region, the maximum average torque for the
three-phase 6/4 pole SRM of about 9.57 Nm can be achieved, which is bigger than the
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maximum average torque for the four-phase 8/6 pole of about 8.66 Nm. That means the
three-phase 6/4 pole SRM has better torque performance in the low-speed region and good
efficiency performance in the high-speed region, which are preferable characteristics for
electric motorcycle application.

The optimal angles for maximum torque were applied to control the vehicle during
the low-speed regions or when a high dynamic response was required (braking and accel-
eration). The optimal angles for maximum efficiency were used to control the vehicle at
medium to high-speed regions or at low torque requirements to increase the range of travel
and reduce the power consumption of the battery.

2.4. Dynamic Performance Consideration

Basically, the three-phase 6/4 pole SRM has large torque ripple in the low-speed region.
Therefore, it was necessary to observe the motor phase current and torque waveforms. The
2D FEA models for dynamic simulation are revealed in Figure 5. Figures 6 and 7 show
the dynamic simulation at 2000 rpm under the optimal torque operation calculated by
PC-SRD and FEA for the four-phase 8/6 pole and three-phase 6/4 pole SRM, respectively.
The calculated values of the average torque and torque ripple rate are shown in Table 5.
According to the FEA calculation, some effects from the magnetic coupling between the
phases could be clearly observed on the phase current and torque waveforms. The results
calculated by FEA are smaller than the results calculated by PC-SRD. The three-phase 6/4
pole SRM has a larger torque ripple rate than the four-phase 8/6 pole SRM. The effect
of torque ripple would be absorbed by the CVT gearbox. However, the three-phase 6/4
pole SRM also has a larger average torque. Therefore, the three-phase 6/4 pole SRM was
selected and the final design verification was conducted. Afterwards, FEA was used to
finalize the design before constructing the prototype as shown.

Figure 5. Mesh size of FEA model (a) 6/4 SRM; (b) 8/6 SRM.

Figure 6. Four-phase current and total torque waveforms of the four-phase 8/6 pole SRM at 2000 rpm
calculated from (a) PC-SRD; (b) FEA.
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Figure 7. Three-phase current and total torque waveforms of the three-phase 6/4 pole SRM at 2000 rpm
calculated from (a) PC-SRD; (b) FEA.

Table 5. Calculated average torque and torque ripple rate of each motor.

8/6 Pole SRM 6/4 Pole SRM

PC-SRD FEA PC-SRD FEA

Average torque (Nm) 8.34 8.23 9.44 9.15
Torque ripple rate 0.96 0.72 1.33 1.27

The result of the preliminary three-phase 6/4 pole SRM design was verified by FEA,
which can compute the magnetic field distribution with a ferromagnetic material saturation
effect within the structure of the SRM. The results indicate that the flux density levels
are within the limit of the chosen 35A300 silicon steel material. The flux linkages of SRM
at different current levels are shown in Figure 8, where the rotor position is varied from
an unaligned to aligned position. The electromagnetic torque was calculated for various
current levels where the maximum instantaneous torque of 18 Nm was achieved at 180 A,
as shown in Figure 9.

Figure 8. Flux linkage calculation from FEA.
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Figure 9. Torque versus current and rotor position.

Winding arrangement is another factor that could affect the static torque performance
of the SRM. Figure 10 shows two winding configurations of the three-phase 6/4 pole SRM
when a single phase (phase A) is excited with a unipolar operation. Figure 11 shows the
flux density and flux path of the short-flux path and long-flux path winding configurations,
respectively. The comparison of the static torque developed at each rotor position for
both the short-flux and long-flux paths of the three-phase 6/4 pole SRM is based on
the same conduction loss condition, which is also shown in Figure 12. The long-flux
path winding could produce more positive torque during the effective torque production
region, which is 45 mechanical degrees for the three-phase 6/4 pole SRM. The short-
flux path winding could produce lower peak torque and it produces negative torque at
77–90 degrees. The three-phase 6/4 pole SRM should also be excited by bipolar excitation
with a sinusoidal waveform [19] in order to reduce the torque ripple rate. However, the
average torque and efficiency are also smaller than the unipolar excitation. Therefore, the
static torque performance of the three-phase 6/4 pole SRM excited by bipolar excitation is
not investigated here.

Figure 10. Winding configuration of the three-phase 6/4 pole SRM: (a) short-flux path; (b) long-flux path.
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Figure 11. Flux distribution of each winding configuration: (a) short-flux path; (b) long-flux path.

Figure 12. Static phase torque for each winding configuration.

3. Construction of the Motor and Drive System

Figure 13 shows the constructed three-phase 6/4 pole SRM prototype and drive
system. In total, 30 units of the three-phase 6/4 pole SRM were manufactured by the
private company in order to control the quality of the prototypes.

Figure 13. The prototypes of the three-phase 6/4 pole SRM and drive system.

The motor drive system employs the conventional three-phase, asymmetric half-
bridge inverter. This topology has the advantages of simplicity, robustness, and fault
tolerance, where each phase can be controlled independently with unidirectional current
flow. These greatly enhance the safety features of the electric motorcycle drive system.
The control block diagram for the SRM drive system is shown in Figure 14, where the
user turns the accelerator to define the torque command as an input. The motor torque is
estimated based on the torque to current block. The optimal turn-on angle, turn-off angle,
and current command for maximum efficiency operation (optimal efficiency operation)
at each torque and speed level will be calculated off-line by FEA and put into the 3D



Energies 2022, 15, 694 12 of 17

look-up table, as shown in Figure 15. At each torque command and detected motor
speed, the corresponding current command and on/off angles will be calculated by the
following Equation.

f (τi, si) =
si − s2

s1 − s2

[
τi − τ2

τ1 − τ2
f (τ1, s1) +

τi − τ1

τ2 − τ1
f (τ2, s1)

]
+

si − s1

s2 − s1

[
τi − τ2

τ1 − τ2
f (τ1, s2) +

τi − τ1

τ2 − τ1
f (τ2, s2)

]
(7)

where τi and si are the torque command and detected motor speed, respectively.

Figure 14. The control block diagram.

Figure 15. Optimal value of (a) current command; (b) turn-on angle; and (c) turn-off angle at each
torque command and motor speed level for optimal efficiency operation.

The rotor position is also a necessary parameter for the indirect torque controller and
current controller in the drive system. For the electric motorcycle application, especially
when the vehicle with maximum payload starts from the standstill condition on the slope,
the initial rotor position is very necessary for high starting torque development. Some
low-cost, incremental optical encoders may be used for rotor position detection. However,
they cannot detect the initial rotor position at a standstill condition, leading to torque
jerk [20], which seriously affects the safety of the electric motorcycle. Furthermore, due
to the harsh environment on the road, with dust, water, and vibration, a more reliable
detection system for a non-contact rotor position is required. In this paper, the contactless
magnetic-based position sensor was installed on the rotor shaft for position and speed
feedback, as shown in Figure 16. It is a very low-cost and high-reliability solution. With the
proposed mechanical coupling device using a bolted shaft and ball bearing, the effect of
the deviated distance between the permanent magnet and sensing circuit caused by speed
variation and vibration could be eliminated effectively. A resolution of the rotor position
detection of about 0.87 degrees could be achieved from 0 to 8000 rpm. The proposed initial
rotor position estimation method [20] based on pulse injection and phase current profile has
a maximum error of about 2.5 degrees, but it could identify the sector of the rotor position.
Therefore, the combination of the proposed rotor position estimation and magnetic sensing
system could increase the reliability of the electric motorcycle.
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Figure 16. Rotor position detection system: (a) mechanical coupling device; (b) a constructed rotor
position detection system installed on the three-phase 6/4 pole SRM.

The motor phase current is sensed by current sensor model ACS758ECB-200U which
can be mounted on a PCB. The current regulation is also performed by an inner digital
hysteresis controller. A 32-bit micro-controller, STM32F103RET6, and a power MOSFET,
IRF4468, were used. Figure 17 shows the battery pack and circuit board in the bat-
tery management system. In one battery pack, a total of eight cells of LiFePO4 model
NLC36130185PF (3.2 V 63 Ah) were connected in a series and two sets of battery packs
were installed in each electric motorcycle. The voltage of each cell is monitored by the
cell monitoring board and it is transmitted to the master board. The master board will
perform passive balancing by bypassing the current to the cell that has the lower capacity
and it will make a decision for communication to the quick charger and interlock circuit for
safe operation.

Figure 17. (a) Lithium ion battery pack; (b) master board of the battery management system; (c) cell
monitoring board of the battery management system.

4. Experiment Results
4.1. Motor and Drive System Test Result

The static test of the SRM prototype was conducted. The electrical characteristics of
the prototype, such as the resistance and inductance, can be measured via a static test with
the locked rotor. Table 6 shows the measured inductance and simulated value obtained
from FEA. The small discrepancy may be caused by the effect of 2D FEA.

Table 6. Measured inductance value compared to FEA.

Phase L-Aligned (mH) L-Unaligned (mH) L-Ratio

A 1.9767 0.2960 6.6774
B 1.8016 0.3342 5.3904
C 1.9385 0.2864 6.7666

FEA 2.0652 0.2643 7.8150

Figure 18 shows the efficiency map of the SRM prototype from the test results on the
test bench. With the limited capacity of the testing equipment, the SRM drive was supplied
with a 50 VDC voltage source and maximum DC current of about 100 A, which is less than
the value used in the simulation. Therefore, performance of up to 7000 rpm was measured.
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Figure 18. Efficiency map of the constructed three-phase 6/4 pole SRM.

The maximum torque measured via a torque transducer was approximately 8.6 Nm
at 3000 rpm. The motor has an efficiency of more than 80% at a high speed and medium
torque output range (81.85% at 7000 rpm), which is very suitable for an electric motorcycle
running at medium to high speed. This load condition is the most practical scenario for the
normal usage of a general purpose electric motorcycle.

4.2. Electric Motorcycle Performance Test Result

The performance of the constructed electric motorcycle was tested by a chassis dy-
namometer, as shown in Figure 19. The driving range of the electric motorcycle at a constant
40 km/h cruising speed (motor speed 4686 rpm) with a 150 kg pay load was measured.
Figure 20 shows the measured values during the test run. From the starting time to 140 min,
the measured current was about 30 A and the measured voltage gradually decreased from
51.20 V. When the running time reached 140 min, the battery voltage was lower than the bat-
tery threshold, and the drive system was then turned off. The total driving range of about
98 km could be achieved. The maximum vehicle speed and acceleration from 0 to 30 km/h
during on-road testing with full payload (150 kg) were measured and compared to the
commercial electric motorcycle, as shown in Figure 21. The maximum speed could reach
82 km/h and the acceleration time was about 5.1 s, which is better than the requirements
in Table 1.

Figure 19. Test run of the constructed electric motorcycle on a chassis dynamometer.
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Figure 20. (a) Measured DC voltage and distance; (b) measured DC current and vehicle speed.

Figure 21. (a) Maximum vehicle speed; (b) acceleration from 0 to 30 km/h.

The constructed electric motorcycle was tested and complied with the electromagnetic
compatibility standards, including radiated emission and immunity testing based on
CISPR25:2002 and ISO 11452-2, respectively, as shown in Figure 22. Furthermore, the
SRM drive system was also in compliance with the IEC1-60335 standard for the safety of
household and similar electrical appliances. The SRM was also tested and complied with
the IEC60529:2001 (IP56) standard. All 30 units of the completed electric motorcycles were
produced and transferred to the Provincial Electricity Authority (PEA) for their internal
routine services.

Figure 22. EMI/EMC testing of the constructed electric motorcycle.

5. Conclusions

This paper described the performance improvement of an electric motorcycle driven
by an SRM and drive system. The static performance comparison of the three-phase 6/4
pole and four-phase 8/6 pole SRM was undertaken. It was found that the three-phase
6/4 pole SRM had a larger starting torque and torque per weight in the low-speed region.
In the high-speed region, both SRMs could reach about 90% with the optimal efficiency
operation. The average and torque ripple rate of both SRMs were also investigated by
dynamic simulation. The torque ripple rate of the three-phase 6/4 pole SRM was a bit
larger than the four-phase 8/6 pole SRM. However, the three-phase 6/4 pole SRM also
had a larger average torque. Therefore, the three-phase 6/4 pole SRM was also suitable
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for the propulsion system of the electric motorcycle. The performance of the three-phase
6/4 SRM was also investigated by FEA. The implementation of indirect torque control and
rotor position detection in the drive system was proposed. According to the testing results
obtained on the test bench, the highest motor efficiency of about 82% could be achieved.
The vehicle performance, including a maximum speed of 82 km/h and a driving range of
98 km at a constant speed condition of 40 km/h, could be also achieved.
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