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Abstract—This work presents the analysis, design and
optimization of a permanent magnet synchronous motor (PMSM)
for an electric vehicle (EV) used for campus patrol with a specific
drive cycle. Firstly, based on the collected data like the parameters
and speed from a test EV on the campus road, the dynamic
calculation of the EV is conducted to decide the rated power and
speed range of the drive PMSM. Secondly, according to these
requirements, an initial design and some basic design parameters
are obtained. Thirdly, optimization process is implemented to
improve the performance of the designed PMSM. The permanent
magnet (PM) structure, airgap length and stator core geometry
are optimized respectively in this step. Different optimization
processes are proposed to meet multiple optimization objectives
simultaneously. Based on the finite element analysis (FEA)
method, it is found that the harmonic of the optimized PMSM is
lower than that of the initial design, and the torque ripple is
reduced by 24%. The effectiveness of optimization on the core loss
and PM eddy loss is validated and the temperature rise is
suppressed effectively. Finally, a prototype is fabricated for the
optimized PMSM and an experimental platform is developed. The
test results verify that the optimized PMSM meets the
requirements of the specific campus patrol EV well.

Index Terms—Electric vehicles, finite-element
optimization, permanent magnet synchronous motor.

analysis,

I. INTRODUCTION

O solve the problems such as global warming, energy

shortages and noise pollution closely related to the
traditional vehicles, governments, academic and industrial
communities have putting great effort into the development of
electric vehicles (EVs) [1-6]. The key technologies of EVs
development include body design, motor drive system, energy
system and management, and system-level optimization. Motor
drive system is a crucial part because it is the sole power source

Copyright (c) 2019 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must
be obtained from the IEEE by sending a request to pubs-
permissions@ieee.org.

Manuscript received January 07, 2019; revised May 28, 2019;
accepted September 02, 2019. This work was supported by the National
Natural Science Foundation of China under Project 51875261, the
Natural Science Foundation of Jiangsu Province of China under Projects
BK20180046 and BK20170071, the “Qinglan project” of Jiangsu
Province, the Key Project of Natural Science Foundation of Jiangsu
Higher Education Institutions under Project 17KJA460005, the Practice
Innovation Program of Jiangsu Province under Project KYCX17_1815,

in the EVs. Hence, the study on the high-performance drive
motors for EVs has been a research focus for many years.

In the design process of a drive motor, the parameter
matching is of great importance and was studied in several
papers [5-9]. In [10], a permanent-magnet (PM) traction motor
based on magneto static finite-element analysis (FEA) was
proposed based on NEDC. In [11], a new magnetic-planetary-
geared PM motor for hybrid electric vehicles (HEVs) was
presented. By integrating a magnetic planetary gear into PM
machine, the motor can achieve both power split and mixing
flexibly. The new motor structure promises ultralow emission
and high fuel efficiency at different operational modes. In [12],
the design and optimization based on coupled lumped thermal
and magnetic networks for Rare-Earth-Free PM synchronous
reluctance machine (SynRM) was combined with Worldwide
Harmonized Light-duty Test Procedure (WLTP) drive cycle.
These researches improved the drive system performance of the
EVs based on the analysis of determined drive cycles. However,
these drive cycles are not suitable for some situations especially
when the drive motor is designed for EVs as their drive cycles
are quite different from the NEDC. In this case, the main design
parameters of the driving motor need to be matched with the
drive cycle and the transmission system. Therefore, a PMSM is
designed and optimized for an EV used for the campus patrol
in this work with consideration of the practical drive cycle and
road condition obtained from a test EV.

To improve the performance of EVs, many researches have
focused on the structural design and control methods of the
drive motors [13-15]. Initially, the DC motor drive system was
adopted in EVs, but the commutator and brush of the DC motor
need regular maintenance. Nowadays, with the development of
motor control technologies, computer technologies and PM
material, many advanced motor drive technologies show better
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performance than DC motors, such as induction motors,
switched reluctance motors and permanent magnet
synchronous motors (PMSMs) [16]. Among them, PMSM
drives might be the most attractive motor drives for EV
propulsion currently. Their key features including high power
density and high efficiency are attributed to the use of high-
energy PM material [17]. They are becoming dominant in the
market share of EV motor drives [18-22].

In the aspect of motor topological optimization, a large
number of papers have studied the optimization of motors.
Advances and trends in mathematical modeling and computer
simulation, together with the availability of sophisticated
optimization techniques, have opened the way to a new
approach for electrical machine design. A large number of
algorithms have been applied to motor optimization such as
genetic algorithm (GA), differential evolution (DE), response
surface methodology (RSM), grid search (GS), particle swarm
optimization (PSO) [23-28].

In [23], an interior permanent magnet synchronous motor
(IPMSM) was optimized by combining GA with the coarse
mesh finite element method (FEM) which can automate the
process and reduce the time it takes to design an IPMSM to
meet such specifications. The proposed optimization method
effectively improves the efficiency of optimization. In [24], a
five-phase external rotor PM-SynRMs with neodymium and
ferrite-based PMs was optimized through DE method. In [26],
RSM was used for the optimization of a synchronous reluctance
machine for flywheel energy storage system. A comprehensive
optimization of rotor parameters has been carried out and the
performance of the machine was well improved. In [27], Pareto
optimization and NSGA-II were used on the design of a PMSM.

These optimizations can obtain the global optimal solution
through a large number of calculations by using advanced
optimization algorithms and methods. While the consumption
of time calculation is enormous. And most optimization focus
on the PMs shape, rotor parameters, and electromotive force
harmonics. However, these optimization methods are usually
lack of pertinence. The relationship between optimization
objects and optimization objectives is not strong. In this paper,
the PMs shape, airgap length, and stator core geometry are
optimized respectively, and different optimization objectives
are set for them respectively.

This paper is organized as follows. In section II, the size
parameters and the driving system of a test EV is studied to
obtain some dynamic parameters of the proposed PMSM.
Section III shows the designed PMSM based on the power
equation and the FEM. Some design parameters, such as PM
dimensions, are optimized to meet the requirement of the output
torque while reducing the cogging torque and the eddy loss in
PMs. Section IV presents the performance of the motor before
and after optimization by using the FEM and thermal network
model. Section V presents a prototyped PMSM with tested
results for verification of the motor performances, followed by
the conclusion.

II. DYNAMIC CALCULATION OF THE CAMPUS PATROL EV

In order to design a PMSM for the campus patrol EV, a key
preliminary work is to calculate the output power and the speed
range. These key parameters are closely related to the motor
size, speed requirements, drive system of the studied EV and
the road condition.

The correct determination of the PMSM parameters is very
important. The motor will be overloaded for a long time if the
rated power is too small. On the contrary, the motor will be
underloaded if the rated power is too large, resulting in low
efficiency and power factor. This is not only a waste of energy,
but also an increasing the cost of the motor.

A. Power parameter matching

When calculating the rated power of the motor, it is necessary
to investigate the normal operation of the EV under various
conditions. In the operation, the output power of the drive motor
and the EV running resistance power balance each other, so in
every moment the power of the motor is equal to the power
consumption of mechanical transmission power loss and all
resistance to motion. Vehicle driving resistance can be divided
into rolling resistance (F;), air resistance (Fy), climbing
resistance (F), and acceleration resistance (£;). Hence, the total
resistance of the vehicle can be expressed as
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where f; is the rolling resistance coefficient, p the air density,
Cb the air drag coefficient, o the pavement inclination angle, &
the rotary mass conversion coefficient, and m the total mass of
the EV. The consumption power (P.) of EVs can be expressed
as
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where u, is the speed of the EV and xr the transmission
efficiency. The rated power (P) of the PMSM should meet the
requirements of the maximum speed, acceleration time and the
climbing ability. Therefore, the rated power should meet the
follow requirements.

P>P 3)
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max
where A is the overload factor of the motor.

B. Transmission Parameter Matching

For a traditional vehicle, the power is transmitted from the
engine to the wheels. For EVs, the batteries output electrical
energy to the motor, and the motor generates a driving force to
drive the vehicle. The driving force of the vehicle can be
expressed as
poL _ Lo, )

t
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where F; is the force on the wheel from the ground, 7 the torque
motor acting on the driving wheel, 74 the wheel radius, 7 the
motor torque, i, the transmission ratio, ip the main reduction
ratio, and #; the mechanical efficiency of transmission system.
The u, can be given as
u =T
* 304,
where n is the rotational speed of the motor. The rated speed,
maximum speed, and the minimum stable speed of the proposed
motor can be calculated through (6) with the highest speed, the
minimum stable speed of the test vehicle, the reduction ratio of
the transmission system, and the transmission ratio of each gear.

(6)

C. Vehicle Driving Cycle

In the design progress of drive motors for EVs, the NEDC
are usually employed as the road condition requirements.
However, in this study the PMSM is design for a campus patrol
EV which is different from the NEDC obviously. The design
requirements related to the driving cycle closely. The influence
of drive cycle on the motor design is obvious. An inappropriate
drive cycle will have a negative impact on the final design. The
negative impact mainly manifested in the selection of motor
efficient area and maximum design torque. Different drive
cycles have different high frequency working condition. In the
process of motor design, it is necessary to adjust the high
efficiency area of motor to match the high frequency working
condition. The mismatch of the high efficiency area of motor
and the high frequency working condition of the campus patrol
EV will lead to lower overall efficiency and will cause higher
loss which will lead to extra temperature rise in the motor.
Besides, the maximum design torque is mainly based on the
miniature EV parameters, the maximum acceleration, and the
maximum pavement inclination angle of the road. A low
maximum design torque cannot meet the dynamic requirements
of EV, and a high maximum design torque will increase the
volume of the motor.

Therefore, it is necessary to sample the working conditions
of the patrol EV. As the inconvenience of the pavement
inclination angle value sampling, the altitude is sampled, and
the pavement inclination angle can be calculated. In addition,
high frequency working condition of the motor can be
calculated more accurate by sampling both speed and pavement
inclination angle.

Fig. 1 shows the test campus patrol EV. The speed and torque
requirements are investigated for this EV by recording an actual
drive cycle of a car route in a campus road. Fig. 2 illustrates the
recorded data for the speed profile of the car route in the road
around Jiangsu University. As shown, the average speed of this
road could reach 60 km/h. In addition, the total length of this
road is 8 km and the maximum track gradient of this road is 6%.

D. Motor rating data selection

Based on above discussions and the parameters of the EV
listed in Table I, the required power of the motor is calculated
and shown in Table II. In addition, the acceleration of this EV
with the output power increased from 6 kW to 18 kW is shown
in Fig. 3.

Fig. 1. A campus patrol EV for road test.
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Fig. 2. Speed and altitude profiles of the EV route.
TABLEI
MINIATURE EV PARAMETERS
Parameters Symbol Uint Value
Total mass of the EV M kg 700
Front cross-sectional area A m? 23
Air drag coefficient Cp 0.34
Rolling friction coefficient f 0.015
Radius of wheel rd mm 245
Reduction ratio iy 4.8
TABLE II
MAIN DESIGN SPECIFICATION AND PARAMETERS OF THE MOTOR
Parameters Symbol Uint Value
Work Voltage Ux Y 72
Rated Power Py kW 9
Max Torque Tmax N'm 90
Rated Speed N r/min 2500
Max Rotating Speed NINMAX r/min 4000
Pole number P 8
Rated efficiency n 0.94

As shown, the maximum speed is 65 km/h when the output
power is 6 kW, and the maximum speed can reach 94 km/h
when the output power is 18 kW. Considering the driving speed
of the test EV and overload capacity of the PMSM, the rated
power of the PMSM is set to 9 kW.

As the campus patrol EV lacks abundant transmission ratio,
higher starting torque is necessary. To ensure good
aerodynamic performance, the starting motor torque is
determined to be 90 Nm. Therefore, the acceleration and speed
curve of the vehicle start are simulated. The EV starts with
constant torque 90 Nm. When the output power reaches 12 kW,
the motor turns into constant power condition, and when the
speed reaches 60 km/h, the output power decreases to 6 kW.
The acceleration and speed change curves in the start-up
condition are shown in Fig. 4.

Considering the driving speed of the test EV and the
transmission ratio of the transmission system, the rated speed
of the motor is set to 2500 r/min and the max rotating speed is



set to 4000 r/min. The choice of pole number is related to the
rotating speed and core loss. Larger pole number will lead to
the increase of the core loss while smaller pole number has
negative impact on the output torque ability. Based on the
analysis, the pole number is set to 8 finally.
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Fig. 3. Curves of acceleration at different output power and resistance power
varying with speed.
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Fig. 4. Acceleration and speed curve at start-up condition.

As the campus patrol EV lacks abundant transmission ratio,
higher starting torque is necessary. To ensure good
aerodynamic performance, the starting motor torque is
determined to be 90 Nm. Therefore, the acceleration and speed
curve of the vehicle start are simulated. The EV starts with
constant torque 90 Nm. When the output power reaches 12 kW,
the motor turns into constant power condition, and when the
speed reaches 60 km/h, the output power decreases to 6 kW.
The acceleration and speed change curves in the start-up
condition are shown in Fig. 4.

Combining the above considerations, the rated and peak
powers of the motor can be chosen as 6 kW and 13 kW,
respectively. This promises the high efficiency at the speed of
60 km/h and ensures the EV could reach the peak speed of 80
km/h while keeping the ability of accelerating at the same time.

The maximum traction torque needed is estimated to be 90
Nm. When the speed reaches 60 km/h (the top speed in the
record), the rotation speed should reach to 3120 r/min.
Therefore, the maximum rotation speed 4000 r/min of the motor
is selected as the highest possible speed for the PMSM, which
can ensure the EV to reach 75 km/h and keep certain
acceleration ability at 60 km/h. Besides, 6 and 13 kW are
selected to be rated and peak powers of the proposed motor. The
main design parameters of PMSM are shown in Table II.
Moreover, some model selection parameters are also given in
Table II, such as phase number, stator slots number, pole
numbers, and rated efficiency.

III. INITIAL DESIGN AND STRUCTURAL OPTIMIZATION OF
THE PMSM

The PMSM design is based on the characteristics of the
motor and the parameters listed in Table II. The appropriate

material is selected and is shown in Table III. The main
dimension of the motor can be evaluated preliminarily based on
the main design parameters and material. Then ANSYS
Maxwell is used to model the motor and optimize the
dimensional parameters.

Aiming to have a simple convenient manufacturing process
and robust structure to withstand high-speed operation, a three-
phase eight-pole surface mounted-radial PMSM topology is
adopted in this study. Fig. 5 shows the original three-
dimensional model of the PMSM. On the basis of the
specifications, the geometric dimensions and parameters of this
motor can be initialized as listed in Table III.

Fig. 5. Three-phase eight-pole surface mounted-radial PMSM.

TABLE III
INITIAL DESIGN OF THE PMSM
Armature diameter D, 10Imm
Core length L, 134mm
Stator outside diameter D; 154mm
Shaft diameter Dy 31.5mm
Slot number o 24
Pole number P 4
Turns per slot 10
Slot-fill factor 0.68
Lamination material M19-29G
PM material NdFe35

A. PM structure

Although the PMSM has the characteristics of high efficiency
and high power density, the development of the PMSM is
limited by the expensive PM material. Therefore, it is essential
to use less PMs to reduce the cost without sacrificing the motor
performance.

By optimizing the shape of the PMs, the utilization of PMs
can be maximized. However, the shape of PM is related to the
electromagnetic performance of motors closely, especially the
cogging torque (7cog), the maximum torque (7max), and PM eddy
losses (Ppm).

The total PM volume V, required for this PMSM can be
estimated by [29]

v, =c, Lo ™

/B,H,

where Cy is a coefficient which ranged from 0.54 to 3.1 with a
typical value of 2, Pi, the input power, fthe input frequency, H.
the PM coercively, and B; the PM remanence. According to (7),
the volume of each PM could be calculated. For the calculation
of PM volume, Fig. 6 shows several key PM dimensions. They
are the effective PM pole-arc coefficient o; and the PM




thickness (or height) sm1. sim; is the thickness of the thinnest part
of the PM, which requires a minimum limit to prevent the
demagnetization of the PM.

Fig. 6. Key PM dimensions of the surface mounted-radial PMSM.

In this work, the goal is to ensure the maximum torque of the
motor while minimizing its cogging torque and the total volume
of PMs. Apart from the Tmax and Tcog, the structure of PMs will
affect the PM losses. Therefore, in the optimization process, the
PM losses should be taken into consideration.

Thus, an optimization problem can be formulated as

max :{F(x) =T, T, Py}

a, €(25,45);h,, € (4.5,6)
o, ®)
steh,=h,—(R,—R, -cos?) 23.2mm
D, +D
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where Tog the cogging torque of the motor, Do and Dn,; are the
inner and outer diameters of the PMs. In this optimization step,
PM pole-arc coefficient a; and the PM thickness (or height) /i1
will be optimized. Tmax , Teog, and Lpms can be calculated through
parametric FEM. In addition, in order to obtain a complete
mapping between FEM outputs (Tmax , ZTcog, Lpms) and
independent variables (a1, Ami), Kriging model is used to
approximate the FEM [30]. Then, the optimal parameters of
PMs can be obtained according to the optimization objective in
(8).

B.  Airgap length

Airgap is the place of the motor energy conversion. Its size
and shape have great influence on motor performance, and also
have a decisive impact on vibration and noise of motor. For the
EV with a PMSM, due to road excitation, airgap flux density of
the same pole position varies normally. Therefore, an
appropriate airgap length is needed to ensure the energy
conversion capability while reducing the radial electromagnetic
force and maintaining the stability of the motor.

For a PMSM, the electromagnetic force acting on the rotor
can be theoretically divided into radial and tangential
electromagnetic forces. The tangential force causes the
armature to generate torque and operate. The radial force causes
the motor core to deform. The fluctuation of the radial
electromagnetic force causes the vibration of the motor, thus
causing the vibration and noise of the motor. According to
Maxwell stress tensor theory in the air gap of the PMSM, the
radial and tangential electromagnetic force (f; and f) of the unit
area can be expressed as

{f; = (Br2 -B, )/2/1 9)
f H = Br BH / 21”
where B; is the radial air gap flux density, Bg the tangential air
gap flux density, uo the magnetic permeability of air. According
to (9), Bs will not only reduce the output tangent force but also
cause the rotor radial force.

The objective function can be defined as

max:{F; (é‘air) = J.BTL5 : Be_lde}
0

s.t. 0, €(0.6,1.5)

where dair is the length of the air gap, and 6 is the electric angle.
The no-load radial and tangential airgap flux density are
shown in Figs. 7 and 8, respectively. As shown in Fig 7, when
the airgap length varies from 0.6 to 1.4 mm, the B;is almost the
same. It means that when the airgap changes in a certain range,
the change of the radial airgap flux density is limited, and the
capacity of the output torque will not be affected too much.
However, when the airgap length varies from 0.6 to 1.4 mm, the
amplitude of By changes greatly. Especially, when the airgap is
smaller than 1 mm, the peak value of By is over 0.4 T, which
will cause relatively violent motor vibration and noise. When
the airgap is larger than 1 mm, the peak value of By is almost
the same. When the airgap length reaches 1.4 mm, the B has an
increasing tendency. According to (11), the final length of the

air gap is chosen to be 1.2 mm.
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Fig. 7. No-load radial air gap flux density.
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Fig. 8. No-load tangential air gap flux density.

C. Stator structure

When optimizing the stator structure, the sizes of the stator
slot, the yoke thickness, and the tooth width are the main
parameters. As long as the stator outside diameter, inner
diameter and the number of slots are determined, the yoke
thickness and tooth width will change with the varying of the
stator slot size. Hence, in this study only the stator slot size is
chosen as the optimization parameter. The structure of the stator
slot and the parameters of the main dimensions are shown in
Fig 9. The overall optimization procedure is shown in Fig 10.



Fig. 9. Slot geometrical parameters of trapezoidal groove.

As shown in Fig. 10, firstly, some basic parameters are set.
Secondly, the minimum area of the slot (So) is calculated based
on the number of winding turns, diameter of the wire, and rate
of groove filling. Thirdly, Bsi, Bs, and Hs; are optimized. In
order to ensure the consistency of tooth width, Bs; is 2 mm
longer than Bs;.

Moreover, as the Sy is known, Bs, and Hs»> can be expressed
by Bsi. These parameters are the main parameters which will
affect the stator core yoke and tooth width. The stator core yoke
and tooth width have great effect on the core loss. Core loss in
the stator can be estimated by [12]

R =K, /B +K f°B’ (11
where Pr. is the unit volume core loss, Kj the hysteresis loss
factor, K. the eddy current loss factor, B the flux density. With
the decrease of the height of the stator core yoke, the flux
density yoke magnetic circuit narrows and the yoke flux density
increases. Similarly, with the decrease of the tooth width, the
magnetic circuit of the tooth narrows and the core loss of the
stator unit volume increases. Hence, the FEA method is used to
calculate the stator parameters that can minimize the iron loss.
Finally, the slot width (Bso) is also an important parameter
which needs optimization because it has great effect on cogging
torque (Feog).
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Fig. 10. Stator optimization procedure.

IV. SIMULATION COMPARISON OF MOTOR PERFORMANCES
BEFORE AND AFTER OPTIMIZATION

In this section, to verify the effectiveness of the optimization,
the performances of the motors before and after optimization
will be compared based on FEA model. Table IV lists the
parameters of the initial and optimized PMSM:s.

A.  Flux-Density Distribution

Fig. 11 shows the open-circuit flux-density distributions of
the initial and optimized motors by using FEA. As shown, the
flux density of the optimized motor is 6% higher than the initial
motor thanks to the optimized size of PMs. In addition, the flux
density in the tooth and yoke of the stator is relative equilibrium
owing to proper choice of stator slot size. The optimized motor
has higher flux density than that of the original motor, which
means that the torque output capability of optimized motor has
been improved while the usage of the PMs is equal to the
original motor.

TABLE IV
MAIN PARAMETERS OF THE INITIAL AND OPTIMIZED MOTORS
Part Symbol Unit Initial Optimized
o ° 31.5 38.2
PM
hm mm 5.1 4.6
Air gap L mm 0.6 1.2
Bs mm 22 2.6
Stator Bs, mm 6.4 8.3
core Bs, mm 10.2 12.1
Hs, mm 17 15.5

(b)
Fig. 11. Open-circuit flux-density distributions of the initial (a) and optimized
(b) motors.

B.  Back-EMF and Cogging Torque

The back electromotive force (EMF) waveforms of the
original and optimized motors are shown in Fig. 12. The odd
harmonic amplitudes are shown in Fig. 13. As shown, the value
of fundamental wave of the initial motor is 3% higher than that
of optimized motor. The value of 5" harmonic of optimized
motor is obviously lower than that of the initial motor.

In order to ensure smooth operation of the EV motor, the
cogging torques of two motors are also analyzed and shown in
Fig. 14. As shown, the amplitudes of cogging torque of
optimized motor is 24% lower than that of the original motor.
The high harmonic will cause the increase of torque ripple
which agrees with the cogging torque results in Fig. 14.
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C. Core loss and PM eddy loss and Temperature rise

The total loss of PMSM mainly includes copper loss, core
loss and PM eddy loss. Since winding structure are not included
in the optimization process, only the iron losses and magnetic

losses are simulated and compared in this part.
10

Original motor Optimized motor
st ) ) ....... : ..........

W

. Cogging Torque(N*m)
(=]

S

0 15
Time (ms)
Fig. 14. Cogging torque waveforms of the initial and optimized motors.
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Fig. 15. Core loss and PM eddy loss of original and optimized motors @2500
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In order to verify the advantages of the optimization, the core
loss and PM eddy loss of the original and optimized motors at
3000 rpm/ 25Nm are analyzed and the results are shown in Fig
15. As shown, the core loss and PM eddy loss of the optimized
motor are 7% and 47% lower than those of the initial motor,
respectively. The main reason is that the thickness of the
optimized motor is lower than the initial motor and the eddy
current effect is obviously reduced.

In addition, as the core loss and PM eddy loss has been
reduced the temperature rise in stator and PMs could also be
reduced. A simplified temperature network model as show in
Fig. 16 is used in this study to verify the inhibitory effect of loss
reduction on temperature rise. As shown, the equivalent thermal

resistances of the axle, stator yoke, stator teeth, phase winding,
end winding, air, PMs, rotor, housing, and endcap are
represented in square. The heat sources in this model include
the stator core loss (Pstator), rotor core loss (Protor), phase winding
loss (Peul, Pew2, Peu3), end winding loss (Pecutndi, Peutndi), and PM
eddy current loss (Ppm). The temperature rise of the stator and
PMs can be calculated based on this temperature network.

The simulated temperature rise results in the stator and PMs
of the original and optimized motors at 2500 rpm/ 30Nm are
shown in Fig. 17. As shown, the temperature of stators of
original and optimized motors will reach 105 and 102 °C,
respectively, and the temperature of PMs of original and
optimized motors will reach 74 and 67 °C respectively. Thus,
the temperature rise results in the stator and PMs of the motor
have been effectively reduced after optimization.
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Fig. 16. Thermal network model of the PMSM.
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Fig. 17. Simulation temperature rise results in stator and PMs of the PMSM.

D. Maximum Torque Capability

The acceleration and climbing capabilities are two essential
performances for a drive motor. They directly depend on the
overload capability of the motors. Fig. 18 shows the averages
and ripples of electromagnetic torques of two motors versus
current densities. As shown, when the phase current density is
lower than 6 A/mm?, the torque of optimized motor is close to
the that of the initial motor. However, with the increase of the



phase current, the torque of the optimized motor is relatively
larger. When the current density reaches to 18 A/mm?, the
torque of optimized motor is 6.8% larger than that of the initial
motor. This means that the over road capability of optimized
motor is much better. Meanwhile, the torque ripple of optimized
motor is obviously lower than that of the initial motor.
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Fig. 18. Average torque and torque ripple versus current densities of original
motor and optimized motor @2500 r/min.

V. EXPERIMENTAL VALIDATIONS

In this section, in order to validate the performances of the
designed PMSM, a prototype has been manufactured. Various
experiments are carried out and analyzed as follows.

A. Test Bench

Fig. 19 shows the test benches. Fig. 19(a) is a test bench for
the measurement of the no-load phase back-EMF including a
load motor, a torque sensor, and an oscilloscope. The test bench
for the measurement of dynamic performance includes a power
source, a torque sensor, a magnetic, and a motor controller
based on DSP-2812, as shown in Fig 19(b).

B.  No-Load Back-EMF Waveforms

Figs. 20 and 21 compare the measured and FEA-predicted
no-load phase back-EMF waveforms. It is evident that the
proposed PMSM has sinusoidal and symmetric back-EMFs,
which agree with the FEA simulated results. The insignificant
discrepancies between the experimental and simulated results
mainly result from the end effect and manufacture tolerances.

Fig.19. Experimental platform configuration. (a) Test bench for the
measurement of the no-load phase back-EMF. (b) Test bench for the
measurement of dynamic performance.
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Fig.20. Measured no-load phase back-EMF waveforms at 500 r/min.
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Fig.21. Simulated no-load phase back-EMF waveforms at 500 rpm.

C. Maximum Torque and Efficiency

To verify the torque capability of the optimized motor, the
torque-current curves at 2500 rpm predicted by FEA method
and experiment are given in Fig. 22. As shown, the output
torque of experiment is 3-5% smaller than that of the FEA
predictions. The reason for these small differences is that the air
resistance and friction resistance are negligible in the
simulation process. Overall, the experimental results are in

good agreement with the simulation.
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Fig.22. Measured average torque versus phase current @2500r/min.

Fig. 23 shows the measured efficiency map which covers the
main working range of the proposed motor under the DC link
voltage of 72 V. The maximum efficiency can reach 95.5%.
When the EV climbs a slope with a 6 % slope at 40 km/h the
efficiency can reach 88%. Combined with the speed and
altitude curves of the EV route in Fig. 2, the overall efficiency
of the patrol EV to complete a patrol is 87%.
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Fig.23. Measured efficiency map of the designed PMSM.
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VI. CONCLUSION

A PMSM was designed and optimized for a campus patrol EV
in this work. To meet the practical requirements, the main
design parameters of the PMSM were matched by using
dynamic calculation method. Firstly, the parameters of the EV
were collected, and then the road traffic information of the
campus patrol vehicle was collected. The calculation of the
main design parameters of the motor was completed based on
these data. To reduce the torque ripple, the coreless, and the
mass of PM material, the structure of PM, stator slot size, airgap
length and rotor structure of the PMSM were optimized. The
FEA method and thermal network model was used to verify the



effectiveness of the optimization. Finally, the static
performance, torque and efficiency performance of the
prototype were verified experimentally. The results of torque
and efficiency map show that the prototype meets the
requirements of the campus patrol EV. The research of this
paper can provide useful reference for parameter matching and
structural optimization design of drive motor of EVs used in
specific road conditions.
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