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Abstract —Calculation and matching of the main
parameters of a brushless DC (BLDC) motor for a Battery
electric vehicle (EV) is studied in this paper. Usually, different
shapes of permanent magnet (PM) and different magnetizing
methods will affect the performance of the motor. Especially
when the motor is designed for an EV, more elements need to
be considered, such as efficiency under normal operating
conditions and torque ripple. So in this paper the performance
of PMs with different shapes and different magnetizing
methods will be compared by finite element analysis (FEA).
Finally, the structure of the stator and rotor will also be
optimized to obtain the required prototype model.

1. INTRODUCTION

Increasingly concerning about our environment and
energy sources, there is a rapid growth of interests on
electric vehicles (EVs) and hybrid electric vehicles (HEVS)
from the society. Electric power is very important for EVs
and HEVs [1-3]. It is an urgent need for research and
development of advanced electric drive system for EVs.
Among all types of motor drives, the brushless DC (BLDC)
motor is the most attractive motor drive for EV so far. High
power density and high efficiency are their notable features,
which are attributed to the use of high-energy permanent
magnet (PM) material. In EV applications, the motor has to
be capable of providing enough torque when accelerating.
At the same time the efficiency under normal operating
conditions must be high enough to save energy and must
ensure the heat dissipating capability [4, 5]. In this paper the
main parameters of the BLDC motor will be calculated by
the parameters of the EV in section Il. In section IlI,
different types of PMs with different shapes and directions
of magnetization were studied under no-load and load
conditions by finite element analysis (FEA) to choose the
suitable PM type for the proposed motor [6,7]. The
conclusion is shown in section V.

Il. PARAMETER MATCHING

For conventional gasoline-powered vehicles, the power
is transmitted from the engine to the wheels. For EVs,
batteries output electrical energy to the motor, and then the
motor generates a driving force to drive the vehicle [8, 9].
So in every moment the power of the motor is always equal
to the power consumption of mechanical transmission power
loss and all resistance to motion. Vehicle driving resistance
can be acquired though the calculations of the EV
parameters which can be get from the test EV shown in Fig.
1. And the parameter values of the test EV are given in
Table I.

Fig. 1 Test EV.
TABLE |
THE PARAMETER VALUES OF THE TEST EV

Parameters Symbol Value

Total mass of the EV M 900 kg
Front cross sectional area A 2.1m?

Air drag coefficient Co 0.34

Rolling friction coefficient f 0.015
Radius of wheel R 275 mm

Final drive fixed gear ratio git 8.83

According to the above theory, when the EV is running
at a constant speed on a horizontal road, the power of the
motor (Pe) can be expressed as follow
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where 7 is the mechanical efficiency of transmission
system, G is the total gravity of the EV, f is the rolling
friction coefficient, Cp is the air drag coefficient, and A is
the front cross sectional area. In the case of having Pe and ua,
the torque (Ty) and rotational speed (n) required by the
motor at a certain u, can be given by
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where r is the radius of the wheel and the iy is the
transmission ratio. The main parameters of the motor can be
calculated by the parameters in Table | and are given in
Table Il.

TABLE Il
MAIN PARAMETERS OF THE BLDC
Parameters Value
Work Voltage 300V
Rate/ Peak Power 6/18 kw
Max Torque 90 N:m
Max Rotating Speed 4200 r/min




TABLE IlI
INITIALIZATION OF BLDC MOTOR DESIGN

Phase number 3
Pole number 8
Slot number 24

Stator outside diameter 154 mm

Rotor diameter 101 mm

Shaft diameter 31.5 mm

Air-gap length 0.5 mm
Core length 134 mm

Slot-fill factor 0.68

Lamination material MG19-29G
PM material NdFe35
I11. BLDC OPTIMAL DESIGN

Here the BLDC motor is designed for a certain operation,
the required size and weight should be designed properly for
the test EV. At the same time, in order to match the speed of
the motor and wheels, good coordination of the motor and
transmission system should be put into consideration. On the
basis of the specifications, the geometric dimensions and
parameters of this motor can be initialized as listed in Table
1l.

In several topologies of the BLDC, the rotor PMs type
BLDC topologies are under widespread application.
According to the different arrangements of PMs in the rotor,
they can further be classified as surface-mounted, surface-
inset, interior-radial and interior-circumferential topologies.
In recent years, the research of interior-radial is the most
popular type, since the PMs are mechanically protected, and
it allows for a high-speed operation. In addition, due to its d-
g saliency, a reluctance torque exists [10, 11]. However,
considering the high cost of interior-radial structure and the
complex manufacturing process, it is not so suitable for the
miniature battery electric vehicle which is studied in this
paper. Thanks to the lower manufacturing costs the surface-
mounted PM structure is chosen for the test EV here.

In order to save the cost of motor manufacturing, the
most important thing is to make sufficient utilization of PMs
materials as the material cost of PM materials is quite
expensive. The design of the shape of the PM materials will
affect the performance of the motor and the economy of the
motor. So the design of PM shapes and magnetization
methods is of great importance. Different types of PM
shapes are shown in Fig. 2. The influence of two kinds of
PM shapes with parallel and radial directions of
magnetization on the air gap flux density, cogging torque,
core loss, output torque and torque ripple is analyzed by
FEA. For aesthetics of description, two shapes of PMs are
defined as type 1 and type 2. Both typel and type2 are all
surface-mounted while their shapes are different and typel
is radially magnetized while type2 is parallel magnetized.
To study the motor performance with different PM shapes
and magnetization directions the volumes of these two types
are exactly the same. In addition to the shape of PM and
different directions of magnetization, the other parameters
and dimensions of the motors are exactly the same.

The FEA is used to obtain the simulation results of the
magnetic field lines in different directions [12-14]. In the

FEA, two types of PM shapes were established and their
magnetization directions were defined in different ways.
From Fig. 3, the simulation results show that the distribution
of magnetic field lines is consistent with the directions of
magnetization directions defined in Fig. 2.
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(a) Type 1(Radial magnetization)

(b) Type 2 (Parallel magnetization)
Fig. 2 Different types of PM shapes with different magnetization directions.
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Fig. 3 Simulation results of magnetic(f?eld lines in different magnetizing
directions (a) Type 1 (b) Type 2

With the exception of the difference in the PM shapes
and magnetization directions, rotors and stators of two types
of the BLDC are almost the same, so the air gap flux
densities of two different types are close, which is matched
with the diagram shown in Fig. 4. However, as the odd
harmonic amplitudes from the one to eleven orders shown in



Fig. 5 respectively, it can be seen that the figure for
fundamental wave of type 2 is 5% higher than that of typel
and the figure for 3rd harmonic of type2 is obviously lower
than that of typel.
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Fig. 4 Permanent magnetic airgap flux density.
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Fig. 5 FFT analysis to Br.

Higher air gap flux density means better torque output
performance. From this point of view, type2 is better than
typel. In order to ensure smooth operation of the EV motor,
the cogging torques of two different types shown in Fig. 5
are also analyzed. It can be seen from the Fig.5 that the
amplitudes of cogging torque of typel is 28% higher than
that of type2.

Through the above FEA, type 2 has better
electromagnetic characteristics and lower cogging torque.
From the above analysis, it can be concluded that type2 with
parallel direction of magnetization has better static
performance.
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Fig. 6 Simulation results of cogging torque.

The analysis and comparison of two PM shapes under
no-load conditions have been stated above. In the same way,
the characteristics of two PM types under load are also
analyzed and compared [15, 16]. The Maxwell 2D module

of the ANSYS software is used to analyze the performance
of the two types under the effective current of 8A. The core
loss of the two different types is shown in Fig. 7. In order to
obtain the value of core loss in steady operation, the average
value of iron loss from 10ms to 20ms is calculated. Average
core loss of typel is 67.9w which is 5.4% higher than that of

type2.
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Fig. 7 Core loss.

The output torques of the two different types are shown
in Fig. 8. It can be seen from Fig. 8 that the torque ripple of
type2 is obviously smaller than that of typel. Besides, the
average torque of type2 under the effective current of 8A is
15.6 N-m which is also higher than that of typel which is
15.1 N-m. That means type2 PM shape with parallel
direction of magnetization not only has higher output torque
but also limits the torque ripple.
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Fig. 8 Output torque.

Based on the above study of two PM shapes with
different magnetization methods, type2 is more suitable for
the design with lower core loss and smoother output torque.

Apart from the shapes and the magnetization methods of
PM, the structure of stator and rotor cold-rolled silicon steel
sheet will seriously affect the performance of the motor.
Especially the structure of the stator slot includes the stator
slot opening length, the groove depth, and the tooth wide
will affect the cogging torque, torque output capability and
core loss. On the basis of ensuring the groove area, the
parameters are optimized synthetically. In addition,
optimizing the structure of the rotor can not only improve
the electromagnetic characteristics of the motor, but also
reduce the mass of the rotor which will improve the
response characteristics of the motor [17], which is of great
significance to the use of motors in EV. Finally the specific



dimensions of the motor are shown in table 1V, and the
exploded diagram of prototype motor is shown in Fig. 9.

TABLE IV
OPTIMIZED STATOR AND ROTOR DIMENSIONS
STATOR DATA ROTOR DATA
Outer Diameter Minimum Air Gap
of Stator (mm) 154 (mm) 12
Inner Diameter Inner Diameter
of Stator (mm) 102.2 (mm) 315
Stator Slot hsO Polar Arc Radius
(mm) 11 (mm) 50.5
Stator Slot hs2 15.56 Mechanical I?ole 08
(mm) Embrace:
Stator Slot bsO 26 Electrical P.ole 078
(mm) Embrace:
Stator Slot bsl 83 Width of Magnet 3121
(mm) (mm)
Stator Slot bs2 12.36 Stacking Factgr of 0.64
(mm) Iron Core:
Tooth Width .
(mm) 5.8 PM Weight (kg) 1.04
Stator Core Steel Rotor Core Steel
Weight (kg) 6.05 Weight (kg) 3.74
Motor shaft

Air slot

Fig. 9 Exploded diagram of prototype motor.

IvV. CONCLUSION

The parameters of the test EV are measured in order to
be used to calculate the requirements of the drive motor. The
main parameters of the BLDC were calculated by the
parameters of the EV in this paper. Different types of PMs
with different magnetization methods were studied by FEA.
Through the electromagnetic analysis of different PM
structures under no-load and load conditions, a more
suitable PM structure with parallel direction of
magnetization was chosen for design. Finally the stator and
rotor structures were also optimized. Further studies,
including real EV testing will be continued in the next step.
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