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Abstract

With rapid electrification of transportation , it is becoming increasingly im-

portant to have a comprehensive understanding of criteria used in motor

selection.For that design and comparative evaluation of interior permanent

magnet synchronous motor ,induction motor and switched reluctance mo-

tor are needed.A fast finite element analysis (FEA) modeling approach is

addressed for induction motor design.Optimal turn off and turn on angles

with current chopping control and angular position control are found for

Switched Reluctance Motors (SRM).Noise Vibration and Harshness (NVH)

analysis are done using workbench ANSYS analysis.Simulation and analyt-

ical results show that each motor topology demonstrates its own unique

characteristics for Electric Vehicle / Hybrid Electric Vehicle.Each motor’s

highest efficiency is located at different torque-speed regions for the criteria

defined.Stator geometry ,pole/slot combination and control strategy differ-

entiate Noise Vibration and Harshness performance.
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Chapter 1

Introduction

Due to increased efficiency and lower cost/mile feature ,electric vehicle (EV)

and hybrid electric vehicles (HEV) have received increasing attention.To

meet this demand,EV and HEV motors, which form the core energy con-

version components ,should not only satisfy specific requirements in perfor-

mance and efficiency but also vibration ,cost ,etc.

1.1 Hybrid Electric Vehicles

HEV combines a conventional internal combustion engine (ICE) propulsion

system with an electric propulsion system (hybrid vehicle drivetrain). The

presence of the electric powertrain is intended to achieve either better fuel

economy than a conventional vehicle or better performance.
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1.1.1 Types of HEV

Hybrid electric vehicles can be classified according to the way in which power

is supplied to the drivetrain:

In parallel hybrids, the ICE and the electric motor are both connected to

the mechanical transmission and can simultaneously transmit power to drive

the wheels, usually through a conventional transmission. Parallel hybrids are

more efficient than comparable non-hybrid vehicles especially during urban

stop-and-go conditions where the electric motor is permitted to contribute

and during highway operation.

In series hybrids, only the electric motor drives the drivetrain, and a

smaller ICE works as a generator to power the electric motor or to recharge

the batteries. They also usually have a larger battery pack than parallel

hybrids, making them more expensive.

Power-split hybrids have the benefits of a combination of series and par-

allel characteristics. As a result, they are more efficient overall, because

series hybrids tend to be more efficient at lower speeds and parallel tend to

be more efficient at high speeds; however, the cost of power-split hybrid is

higher than a pure parallel.

1.1.2 Features of HEV

Modern HEVs make use of efficiency-improving technologies such as regener-

ative brakes, which converts the vehicle’s kinetic energy into electric energy

to charge the battery, rather than wasting it as heat energy as conventional

brakes do. Many HEVs reduce idle emissions by shutting down the ICE at

4



idle and restarting it when needed; this is known as a start-stop system.

A hybrid-electric produces less emissions from its ICE than a comparably

sized gasoline car, since an HEV’s gasoline engine is usually smaller than

a comparably sized pure gasoline-burning vehicle (natural gas and propane

fuels produce lower emissions) and if not used to directly drive the car, can

be geared to run at maximum efficiency, further improving fuel economy.
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Chapter 2

Comparative Study of

Electric Motor Drives

2.1 Baseline Vehicle -Toyota Prius

In this study ,Toyota Prius 2004 model is taken as the baseline vehicle.The

torque speed envelope is as shown in.Here ,peak torque is 300Nm up to

base speed of 1500 rpm and high torque of 60Nm at maximum speed o

6000rpm.Maximum dc-link voltage is 500V.
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from finite element analysis (FEA) in ANSYS® environment 

including RMxprt (magnetic equivalent circuit design), 

Maxwell (static and transient FEA design) and Workbench 

(mechanical vibration analysis), which can be treated as 

consistent and is a widely accepted method by industrial 

[8].The paper is organized into several sections. Section II 

identifies motor design inputs and control criteria. In section 

III, design results are compared. Section IV evaluates different 

motor candidates in terms of efficiency and NVH. Conclusions 

are finally made in section V.  

II. MOTOR DESIGN AND CONTROL CRITERIA  

Four typical traction motor topologies have been selected in 

this comparison, including an IPMSM with 48-slot 8-pole 

(referred to as 48/8 IPMSM), IPMSM with 12-slot 8-pole 

(referred to as 12/8 IPMSM), IM with 48-slot, 36-rotor bar 

(referred to as 48/36 IM), and a 12/8 SRM with cross-section 

view shown in Fig. 1. Transient 2D analysis is used for 

achieving the performance curves of 48/8 IPMSM and 12/8 

IPMSM while the 48/36 IM uses static 2D FEA analysis. For 

12/8 SRM, transient 2D analysis in Maxwell is used with 

circuit-field coupling method. Vibration analysis and results 

are acquired through Workbench 3D analysis. For a fair 

comparison, all the motors are designed to share the same outer 

stator diameter, steel lamination.  

Designing specific motor for EV and HEV application, there 

are many considerations such as torque-speed profile, torque 

ripple requirements, inverter output power capability, DC link 

voltage variations, total weight and cost etc. [8][11]. The 

required peak and continuous torque-speed envelope should be 

defined according to different driving cycle requirements such 

as UDDS, US06 etc. with respect to mechanical constraints of 

the vehicle including vehicle mass, wheel inertia, gearbox ratio 

and efficiency and so on. The detailed procedure can be found 

in [12-13]. Shown in Fig. 2, the maximum torque at base speed 

(point A) determines the vehicle performance at starting or 

climbing hills while the available torque at maximum speed 

(point B) limit the vehicle speed at the highways. Transient 

overload capability of the motor is limited by the inverter [8].  

In this study, the 48/8 IPMSM used in the second generation 

of Toyota Prius [14] was selected as the baseline motor. The 

torque-speed envelope shown in Fig. 2 can be acquired from 

[15] where peak torque is 300Nm up to base speed of 1500rpm 

and high torque of 60Nm achieved at maximum speed of 

6000rpm. Moreover, the maximum DC link voltage for Prius is 

500V. The other three motor candidates are designed under the 

same specification and requirements thus it generates a 

reasonable and relatively fair comparison between different 

topologies. Other geometries such as stack length are optimized 

to meet this requirement. 

Special control strategy of different motor topologies should 

be optimized to achieve a high efficiency. Motor control relates 

to one fundamental question: what kind of current should be 

applied to the winding to simultaneously satisfy the 

performance and efficiency requirement. Since traction motors 

for electric vehicle application operates in highly nonlinear 

conditions [16], such as saturation, cross coupling, using 

lookup table [17] may be the optimal solution. Building the 

lookup table to find the optimal current trajectories involves 

several steps as following. The 48/8 IPMSM is used for 

explaining the method. 

Step1: Injecting currents into the winding, motor parameters 

need to be extracted, especially the flux linkage. Fig. 3 and Fig. 

4 show Prius motor’s d-axis and q-axis flux linkage at different 

current levels respectively. 

Step2: Based on the flux linkage information, optimal 

operating plane needs to be generated, as shown in Fig. 5. This 

plane is bounded by current limit circle, maximum torque per 

ampere (MTPA) curve and maximum torque per voltage 

(MTPV) curve. Constant torque loci (black curves) and voltage 

ellipse (blue dotted curves) have also been shown. 

(a) (b)

(c) (d)

 
Fig. 1. Cross section view of (a) 48/8 IPMSM (b) 12/8 IPMSM (c) 48/36 IM 

(d) 12/8 SRM. 
  

Maximum Torque at base speed

Available Torque 

at maximum speed

A

B

 
Fig. 2. Target torque-speed envelop for comparison. 

Figure 2.1: baseline torque speed characteristics
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2.2 Motor Topologies

Four different motor topologies are selected for comparison : interior perma-

nent magnet synchronous motor with 48-slot 8-pole (48/8 IPMSM) ,IPMSM

with 12 slot 8-pole (12/8 IPMSM) ,induction motor with 48-slot 36 rotor bar

(48/36 IM) and switched reluctance motor with 12-slot 8-pole (12/8 SRM).

parameter 48/8IPMSM 12/8 IPMSM 48/36 IM 12/8 SRM

Max.
dc-link
voltage(V)

500 500 500 500

Max. rota-
tional speed
(rpm)

6000 6000 6000 6000

peak power
(kW)

50 50 50 50

designed
Torque(Nm)

100 120 90 100

operating
point
speed(rpm)

3000 2500 3300 3000

pole pairs 4 4 2 -

stator outer
diame-
ter(mm)

269 269 269 269

Stator inner
diameter
(mm)

161.9 166 177.9 172

Rotor inner
diame-
ter(mm)

110 100 94 90

Table 2.1: motor topologies
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2.3 Analysis of motor topologies

2.3.1 IPMSM

Transient 2-D analysis is used for both configurations of IPMSM.the method

is as explained for 48/8 IPMSM:

Injecting currents into the winding, motor parameters need to be extracted,

especially the flux linkage. Fig. 2.2 and Fig. 2.3 show Prius motor’s d-axis

and q-axis flux linkage at different current levels respectively.

Based on the flux linkage information, optimal operating plane needs to be

generated, as shown in Fig. 2.4. This plane is bounded by current limit

circle, maximum torque per ampere (MTPA) curve and maximum torque

per voltage (MTPV) curve. Constant torque loci (black curves) and voltage

ellipse (blue dotted curves) have also been shown.

For each given torque speed requirement, optimal currentidand iqcan be

determined by using extrapolation and interpolation techniques. The same

steps are repeated for 12/8 IPMSM.

2332-7782 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TTE.2015.2470092, IEEE Transactions on Transportation Electrification

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3 

Step3: For each given torque speed requirement, optimal 

current id and iq can be determined by using extrapolation and 

interpolation techniques. Fig. 6 shows the unique combination 

of reference current id and iq for each torque-flux i.e., 

torque-speed requirements. The step size for torque command 

is 15Nm and for flux command is 0.007Wb.  

III. DESIGN RESULTS AND COMPARISON 

Table-I summarizes the specification of four candidate 

topologies. The outer diameter of stator is kept to be the same 

as 269mm. The maximum DC link voltage for all motors is 

500V. To meet the torque requirement, the stack length of IM 

and SRM are extended to 105mm and 108mm respectively. It 

should be noted that the rated operating point of 48/8 IPMSM is 

selected by estimating the experimental results from [15] but it 

may not be accurate because the data was protected by 

intellectual property.  

A. 48/8 IPMSM 

Prius 48/8 IPMSM has several unique design features: 

1) Stator teeth are deep and wide so as to avoid saturation and 

increase saliency; 

 2) Permanent magnets are arranged in V-shape optimally to 

take advantage of reluctance torque and reduce no load iron 

loss; 

 3) Prius motor’s dominant vibration mode order (which is 

equal to the greatest common divisor (GCD) between the 

number of slots and the number of poles) is pretty high so that 

resonance with stator’s low mode orders is successively 

avoided. 

B. 12/8 IPMSM 

The designed 12/8 IPMSM has the same stack length as that 

of Prius motor. Following points are addressed during the 

design process: 

1) Nominal operating point was chosen to be 120Nm @ 

2500rpm. Flux density in the stator teeth and yoke was 

designed to be lower than the knee point of B-H curve of 
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Fig. 3. Calculated d-axis flux linkage at different current levels.  
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Fig. 4. Calculated q-axis flux linkage at different current levels.  
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Fig. 5. Optimal Operating plane for the 48/8 IPMSM. 
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Fig. 6. (a) Reference current iq vs torque and flux command (b) Reference 

current id vs torque and flux command. 

Figure 2.2: d-axis flux linkage at different current levels for 48/8 IPMSM
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Step3: For each given torque speed requirement, optimal 

current id and iq can be determined by using extrapolation and 

interpolation techniques. Fig. 6 shows the unique combination 

of reference current id and iq for each torque-flux i.e., 

torque-speed requirements. The step size for torque command 

is 15Nm and for flux command is 0.007Wb.  

III. DESIGN RESULTS AND COMPARISON 

Table-I summarizes the specification of four candidate 

topologies. The outer diameter of stator is kept to be the same 

as 269mm. The maximum DC link voltage for all motors is 

500V. To meet the torque requirement, the stack length of IM 

and SRM are extended to 105mm and 108mm respectively. It 

should be noted that the rated operating point of 48/8 IPMSM is 

selected by estimating the experimental results from [15] but it 

may not be accurate because the data was protected by 

intellectual property.  

A. 48/8 IPMSM 

Prius 48/8 IPMSM has several unique design features: 

1) Stator teeth are deep and wide so as to avoid saturation and 

increase saliency; 

 2) Permanent magnets are arranged in V-shape optimally to 

take advantage of reluctance torque and reduce no load iron 

loss; 

 3) Prius motor’s dominant vibration mode order (which is 

equal to the greatest common divisor (GCD) between the 

number of slots and the number of poles) is pretty high so that 

resonance with stator’s low mode orders is successively 

avoided. 

B. 12/8 IPMSM 

The designed 12/8 IPMSM has the same stack length as that 

of Prius motor. Following points are addressed during the 

design process: 

1) Nominal operating point was chosen to be 120Nm @ 

2500rpm. Flux density in the stator teeth and yoke was 

designed to be lower than the knee point of B-H curve of 
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Fig. 3. Calculated d-axis flux linkage at different current levels.  
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Fig. 5. Optimal Operating plane for the 48/8 IPMSM. 
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Fig. 6. (a) Reference current iq vs torque and flux command (b) Reference 

current id vs torque and flux command. 

Figure 2.3: q-axis flux linkage at different current levels for 12/8 IPMSM
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Step3: For each given torque speed requirement, optimal 

current id and iq can be determined by using extrapolation and 

interpolation techniques. Fig. 6 shows the unique combination 

of reference current id and iq for each torque-flux i.e., 

torque-speed requirements. The step size for torque command 

is 15Nm and for flux command is 0.007Wb.  

III. DESIGN RESULTS AND COMPARISON 

Table-I summarizes the specification of four candidate 

topologies. The outer diameter of stator is kept to be the same 

as 269mm. The maximum DC link voltage for all motors is 

500V. To meet the torque requirement, the stack length of IM 

and SRM are extended to 105mm and 108mm respectively. It 

should be noted that the rated operating point of 48/8 IPMSM is 

selected by estimating the experimental results from [15] but it 

may not be accurate because the data was protected by 

intellectual property.  

A. 48/8 IPMSM 

Prius 48/8 IPMSM has several unique design features: 

1) Stator teeth are deep and wide so as to avoid saturation and 

increase saliency; 

 2) Permanent magnets are arranged in V-shape optimally to 

take advantage of reluctance torque and reduce no load iron 

loss; 

 3) Prius motor’s dominant vibration mode order (which is 

equal to the greatest common divisor (GCD) between the 

number of slots and the number of poles) is pretty high so that 

resonance with stator’s low mode orders is successively 

avoided. 

B. 12/8 IPMSM 

The designed 12/8 IPMSM has the same stack length as that 

of Prius motor. Following points are addressed during the 

design process: 

1) Nominal operating point was chosen to be 120Nm @ 

2500rpm. Flux density in the stator teeth and yoke was 

designed to be lower than the knee point of B-H curve of 
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Fig. 3. Calculated d-axis flux linkage at different current levels.  
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Fig. 5. Optimal Operating plane for the 48/8 IPMSM. 
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Fig. 6. (a) Reference current iq vs torque and flux command (b) Reference 

current id vs torque and flux command. 

Figure 2.4: optimal operating plane for 48/8 IPMSM
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lamination. This would help avoid saturation at overload 

torque. Current density is kept around 6A/mm2 for nominal 

operating point; 

2) More permanent magnets were utilized to increase 

electromagnetic torque component and PMs were arranged in 

V shape optimally to minimize torque ripple; 

3) Stator slot geometry was optimized to lower overall loss 

by balancing copper loss and iron loss; 

4) Number of turns per coil was optimized to meet peak 

torque-speed envelope requirement. 

Fig. 7 shows the optimal operating plane for the 12/8 

IPMSM. Its characteristic current is about 100A, which is close 

to Prius motor’s 105A. For 12/8 IPMSM, MTPA line shifts 

away into iq>id region as shown in Fig. 7, which means that the 

electrometric torque dominates. The torque equation of 

IPMSM is given by [18] 

,( ( ) )
2 2

p d PM q d q d q

m P
T i L L i i                     (1) 

The first part is electrometric torque and the second part is 

reluctance torque. For IPMSM with fractional slot concentrated 

winding such as 12/8 IPMSM, it exhibits low saliency which 

means Lq/Ld is low so that it is easier to saturate at high current 

region. Therefore reluctance torque cannot be fully utilized and 

electromagnetic torque dominates. In contrast, IPMSM with 

integer slot distributed winding, such as the 48/8 IPMSM used 

in Prius, has a higher saliency and utilizes reluctance torque 

more effectively as shown in Fig. 5.  

C. 48/36 IM  

Compared to the 48/8 IPMSM, 48/36 IM has longer stack 

length (108mm) to achieve large torque and high efficiency 

design. FEA transient analysis of induction machine requires 

significant computation time, especially when the excitation is 

provided by a voltage source. The current needs several periods 

to reach steady state. To reduce computation time, method 

presented in [19] has been adopted as reference. Instead of 

applying voltage in stator winding while keeping rotor copper 

bar short-circuited, both stator and rotor currents are injected 

into stator winding and rotor copper bar individually. In the 

rotor flux reference frame, when the Field Oriented Condition 

(FOC) is satisfied, which means only the d-axis rotor flux exists 

while q-axis rotor flux is zero, i.e. r rd   as shown in Fig. 8. 

In other words 

M
rq sq

r

L
i i

L
                              (2) 

The fast FEA modeling approach based on current excitation 

consists of two parts: 

1) Magneto static FEA modeling 

Both stator and rotor currents are injected into the stator 

winding and rotor copper bar separately. The q-axis currents 

are adjusted iteratively until FOC is satisfied as shown in 

equation (2). Machine parameters including stator inductance 

Ls, rotor inductance Lr, and mutual inductance Lm can be 

calculated based on current and flux information. Slip speed 

related to stator currents (isq/isd) and rotor time constant (Lr/Rr) 

TABLE I 
SPECIFICATIONS OF MOTOR TOPOLOGIES 

Parameter 
48/8 

IPMSM 

12/8 

IPMSM 

48/36 

IM 

12/8 

SRM 

Maximum DC link voltage (V) 500 

Peak power (kW) 50 

Maximum rotational speed (rpm) 6000 

Peak torque(Nm) 300 

Designed 

rated 

operating 

point 

Torque (Nm) 100* 120 90 100 

Speed(rpm) 3000* 2500 3300 3000 

Pole pairs 4 4 2 - 

Stator outer diameter(mm) 269 

Stator inner diameter(mm) 161.9 166 177.9 172 

Rotor inner diameter (mm)   110 100 94 90 

Stack length(mm) 83.82 83.82 108 105 

Air gap length (mm) 0.73 0.7 0.45 0.5 

Rotor inertial moment 
 (kg m^2) 

0.042 0.047 0.081 0.069 

Armature core weight(kg) 17.3 13.75 17.25 17.83 

Armature copper weight (kg) 5.9 8.13 13.05 15.39 

Rotor core steel weight (kg)   5.37 6.7 10.06 9.24 

Magnet weight(kg) 1.23 1.3 - - 

Rotor bar and ring(kg) - - 8.43 - 

Total weight(kg) 29.8 30 48.8 42.5 

Magnet type N36Z_20 

NA Magnet size(mm) 
18.9*6.

5 
19.1*6.

8 

Characteristic current(A) 105 98 

Steel lamination M19-29G 

*estimated value 

 

-250 -200 -150 -100 -50 0
0

50

100

150

200

250

30 30
45

60
75

90
105

120
135

150

165

180

195

21
0

22
5

240

255

27
0

285
300

0.077584
0.10185
0.12515
0.147070.16

7990.1
884
40.2

083
1

0.22759

0.
24
56
6

0.24566

0.
26
31
3

0.263130.
28
01
7

0.28017

0.2
967
8

0.29678

0.3
125
5

0.31255

0.
32
72
1

0.32721

0.3
415
8

0.34158

0.3
549
5

0.35495

0.36772

id(A)

iq
(A

)

MTPA

MTPV

Current

Flux

Torque

 
Fig. 7. Optimal Operating plane for the 12/8 IPMSM. 

Unit: mm
 

Fig. 8. Field Orientation in rotor flux reference frame and slot information. 

Figure 2.5: optimal operating plane for 12/8 IPMSM
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2.3.2 48/36 IM

Compared to the 48/8 IPMSM, 48/36 IM has longer stack length (108mm)

to achieve large torque and high efficiency design. FEA transient analysis

of induction machine requires significant computation time, especially when

the excitation is provided by a voltage source. The current needs several

periods to reach steady state. To reduce computation time, Instead of apply-

ing voltage in stator winding while keeping rotor copper bar short-circuited,

both stator and rotor currents are injected into stator winding and rotor

copper bar individually. In the rotor flux reference frame, when the Field

Oriented Condition (FOC) is satisfied, which means only the d-axis rotor

flux exists while q-axis rotor flux is zero.(Appendix 1)i.e.,

λr = λrd (2.1)

where λr is rotor flux ,λrd is rotor direct axis flux,λs is stator flux ,Is is

stator current

The fast FEA modeling approach based on current excitation consists of

Magneto static FEA modeling where Both stator and rotor currents are in-

jected into the stator winding and rotor copper bar separately. The q-axis

currents are adjusted iteratively until FOC is satisfied as shown in Eq. 2.1.

Machine parameters including stator inductanceLs, rotor inductance Lr,

and mutual inductanceLm can be calculated based on current and flux in-

formation.

10



2332-7782 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TTE.2015.2470092, IEEE Transactions on Transportation Electrification

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

4 

lamination. This would help avoid saturation at overload 

torque. Current density is kept around 6A/mm2 for nominal 

operating point; 

2) More permanent magnets were utilized to increase 

electromagnetic torque component and PMs were arranged in 

V shape optimally to minimize torque ripple; 

3) Stator slot geometry was optimized to lower overall loss 

by balancing copper loss and iron loss; 

4) Number of turns per coil was optimized to meet peak 

torque-speed envelope requirement. 

Fig. 7 shows the optimal operating plane for the 12/8 

IPMSM. Its characteristic current is about 100A, which is close 

to Prius motor’s 105A. For 12/8 IPMSM, MTPA line shifts 

away into iq>id region as shown in Fig. 7, which means that the 

electrometric torque dominates. The torque equation of 

IPMSM is given by [18] 

,( ( ) )
2 2

p d PM q d q d q

m P
T i L L i i                     (1) 

The first part is electrometric torque and the second part is 

reluctance torque. For IPMSM with fractional slot concentrated 

winding such as 12/8 IPMSM, it exhibits low saliency which 

means Lq/Ld is low so that it is easier to saturate at high current 

region. Therefore reluctance torque cannot be fully utilized and 

electromagnetic torque dominates. In contrast, IPMSM with 

integer slot distributed winding, such as the 48/8 IPMSM used 

in Prius, has a higher saliency and utilizes reluctance torque 

more effectively as shown in Fig. 5.  

C. 48/36 IM  

Compared to the 48/8 IPMSM, 48/36 IM has longer stack 

length (108mm) to achieve large torque and high efficiency 

design. FEA transient analysis of induction machine requires 

significant computation time, especially when the excitation is 

provided by a voltage source. The current needs several periods 

to reach steady state. To reduce computation time, method 

presented in [19] has been adopted as reference. Instead of 

applying voltage in stator winding while keeping rotor copper 

bar short-circuited, both stator and rotor currents are injected 

into stator winding and rotor copper bar individually. In the 

rotor flux reference frame, when the Field Oriented Condition 

(FOC) is satisfied, which means only the d-axis rotor flux exists 

while q-axis rotor flux is zero, i.e. r rd   as shown in Fig. 8. 

In other words 

M
rq sq

r

L
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L
                              (2) 

The fast FEA modeling approach based on current excitation 

consists of two parts: 

1) Magneto static FEA modeling 

Both stator and rotor currents are injected into the stator 

winding and rotor copper bar separately. The q-axis currents 

are adjusted iteratively until FOC is satisfied as shown in 

equation (2). Machine parameters including stator inductance 

Ls, rotor inductance Lr, and mutual inductance Lm can be 

calculated based on current and flux information. Slip speed 

related to stator currents (isq/isd) and rotor time constant (Lr/Rr) 

TABLE I 
SPECIFICATIONS OF MOTOR TOPOLOGIES 

Parameter 
48/8 

IPMSM 

12/8 

IPMSM 

48/36 

IM 

12/8 

SRM 

Maximum DC link voltage (V) 500 

Peak power (kW) 50 

Maximum rotational speed (rpm) 6000 

Peak torque(Nm) 300 

Designed 

rated 

operating 

point 

Torque (Nm) 100* 120 90 100 

Speed(rpm) 3000* 2500 3300 3000 

Pole pairs 4 4 2 - 

Stator outer diameter(mm) 269 

Stator inner diameter(mm) 161.9 166 177.9 172 

Rotor inner diameter (mm)   110 100 94 90 

Stack length(mm) 83.82 83.82 108 105 

Air gap length (mm) 0.73 0.7 0.45 0.5 

Rotor inertial moment 
 (kg m^2) 

0.042 0.047 0.081 0.069 

Armature core weight(kg) 17.3 13.75 17.25 17.83 

Armature copper weight (kg) 5.9 8.13 13.05 15.39 

Rotor core steel weight (kg)   5.37 6.7 10.06 9.24 

Magnet weight(kg) 1.23 1.3 - - 

Rotor bar and ring(kg) - - 8.43 - 

Total weight(kg) 29.8 30 48.8 42.5 

Magnet type N36Z_20 

NA Magnet size(mm) 
18.9*6.

5 
19.1*6.

8 

Characteristic current(A) 105 98 

Steel lamination M19-29G 

*estimated value 
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Fig. 7. Optimal Operating plane for the 12/8 IPMSM. 

Unit: mm
 

Fig. 8. Field Orientation in rotor flux reference frame and slot information. 

Figure 2.6: d-axis flux linkage at different current levels

2.3.3 12/8 SRM

Transient 2-D analysis in Maxwell is used with circuit field coupling method

for SRM.
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can also be obtained. Obviously, the calculation takes 

saturation effect into account. 

2) Transient FEA modeling 

Both the stator and rotor are kept stationary. Stator currents 

with frequency fe are injected into the stator winding. Rotor 

currents with frequency fe are also injected into rotor copper bar 

with amplitude indicated in equation (1). Inductances (Ls, Lr, Lm) 

varying with currents have been calculated in magneto static 

FEA.  

Several iterations are needed to extract IM’s parameters as 

described in magneto static FEA. However, this fast FEA 

modeling method saves significant computation time in 

predicting IM’s performance over the entire torque-speed 

range. 

At the maximum speed of 6000rpm, the magnetizing 

reactance Xm>>Rs and stator reactance Xls>>Rs, by neglecting 

the stator resistance Rs, the induction machine’s pull-out torque 

can be approximately expressed as [20] 

 

2

2 2

2

2

3

2 2 ( ( ) )

3

2 2 ( )

p

TH TH TH lr

ls lr

P V
T

R R X X

P V

L L






  




         (3) 

Where V is the supply voltage, Lls is the stator leakage 

inductance, Llr is the rotor leakage inductance, P is the number 

of poles which equals 4. 

According to equation (3), as the speed approaching the 

maximum speed, the pull-out torque will be inversely 

proportional to the square of the speed. Thus to improve torque 

performance at high speed, rotor slot is designed to be wider 

and shallower and number of turns per coil is decreased 

reasonably [21-23]. This results in reduced rotor leakage 

inductance and enhanced pullout torque. Optimized rotor slot 

shape and dimension are shown in Fig. 8. Rotor slot height, 

bottom width, top width and rotor slot open width are 18.5mm, 

6.4mm, 8mm and 3.9mm respectively.  

Fig. 9 shows the optimal operating plane for the 48/36 IM. 

Optimal stator current trajectories can be obtained following 

the procedure for IPMSM. 

D. 12/8 SRM 

Design optimization is focused on following parts: 

1) Nominal operating point was chosen to be 100Nm @ 

3000rpm. Flux density in stator teeth and yoke was designed to 

be lower than the knee point of B-H curve of lamination. Stack 

length was increased to 105mm to meet torque requirement;  

2) Number of turns per coil was optimized to meet 

torque-speed envelope requirement such as peak torque up to 

base speed (1500rpm) and high toque at maximum speed 

(6000rpm) [24];  

3) The turn-on angle, turn-off angle and current amplitude can 

be used to optimize SRM efficiency over full torque-speed 

range [24-25]. To keep it simple, the control strategy was 

designed as follows: At low speed, current chopping control 

was adopted with fixed turn-on angle and fixed dwell angle; at 

medium speed, current chopping control is adopted with fixed 

dwell angle and variable turn-on angle; at further high speed, 

angular position control (single pulse operation) with 

advancing turn on angle and fixed turn off angle is adopted. 

Several iterations and sweeps were performed in the RMxprt 

and Maxwell environment to find the maximum efficiency for 

each torque speed point. Fig. 10 shows the flux linkage and 

static torque profile at different rotor positions. 

IV. COMPARATIVE EVALUATION 

A. Efficiency Map 

The efficiency maps are presented in Fig.11. The efficiency 

calculation is defined as 

 
out

out loss

P

P P
 


 (4) 

Where Ploss include iron loss, copper loss, and PM losses but 

exclude frictional or mechanical loss. Iron core loss can be 

calculated by means of Steinmetz equation [26] 
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Fig. 10. Flux linkage and static torque profile at different rotor position. 
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Fig. 9. Optimal Operating plane for the 48/36 IM. 

Figure 2.7: flux linkage and static torque profile at different rotor positions
for SRM
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The turn-on angle, turn-off angle and current amplitude can be used

to optimize SRM efficiency over full torque-speed range .To keep it simple,

the control strategy was designed as follows- At low speed, current chop-

ping control was adopted with fixed turn-on angle and fixed dwell angle; at

medium speed, current chopping control is adopted with fixed dwell angle

and variable turn-on angle; at further high speed, angular position control

(single pulse operation) with advancing turn on angle and fixed turn off

angle is adopted.

2.4 NVH Analysis

Modal Analysis of different motor topologies are done in ANSYS workbench

environment. Radial Force due to Electromagnetic radial force density act-

ing on stator teeth causes deformation of stator yoke. Based on Maxwell

stress tensor method, it is calculated as follows

frad(θ, t) =
B2

r (θ, t)−B2
t (θ, t)

2µ0
(2.2)

where Br and Bt are radial and tangential components of air gap flux

density,µ0permeability of air ,θ angular position and t time
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shown on the right. The amplitude (unit: N/m2) is represented 

by color block. For better visualization, only amplitudes larger 

than 2000N/m2 are shown by color block.  

Space harmonic order and frequency under load condition 

are in the form as follows (APPENDIX II) 

 

[ , ] [ 2 / 2,2 ]

0,1,2

0,1,2

e p s s p e

p

s

m nf k p k N k f

k

k

  





 (8) 

Clearly, the space harmonic order is modulated by the 

combination of pole and slot numbers. Negative space 

harmonic order means the deformation rotates in opposite 

direction [28].  

Fig. 14 shows the radial force density spectrum under load 

conditions: 50Nm @ 1000rpm and 50NM @ 5000rpm. For 

48/8 IPMSM radial force density [0, 0fe] has the largest 

amplitude. However, this excitation only causes a time 

invariant deformation over stator outer periphery, thus 

vibration velocity induced is negligible. Radial force density 

[m, nfe] with m>8 can be neglected,  

As from a vibration point of view, higher vibration mode 

order (which is equal to space harmonic order) contribute little 

to the stator deformation due to the fact that vibration amplitude 

is inversely proportional to the fourth power of mode order [28]. 

For 48/8 IPMSM, dominant radial force components are 

[-8,2fe] [0,12fe]. For 12/8 IPMSM dominant radial force 

components are [-4,2fe] [0,6fe]. For 48/36 IM, dominant radial 

force component is [-4,2fe]. Component with space harmonic 

order 0 cannot be taken into account in Fig.14(c) as the rotor is 

kept stationary in the FEA calculation. For 12/8 SRM, 

dominant radial force component is [4, fe]. 

For IPMSM and IM at high speed, radial force amplitude is 

attenuated as the field is weakened for speed extension.  

For the SRM, harmonic components are much more than the 

other motors, especially relating to space harmonic order 0. 

This is due to discontinuous current operation which yields 

much more non- sinusoidal flux in the air gap. 

FEA results in Fig.14 show that the lowest space harmonic 

orders except zero for different machines are 8 (48/8 IPMSM), 

4 (12/8 IPMSM), 4 (48/36 IM), 4 (12/8 SRM). This agrees well 

with analytical analysis shown in appendix II. The conclusion 

is also valid for both low speed and high speed, which indicates 

that control strategy for high speed will not change the lowest 

space harmonic order, but only amplitude. From a vibration 

point of view, higher space harmonic order (which is equal to 

vibration mode order) contributes little to the stator 

deformation due to the fact that vibration amplitude is inversely 

proportional to the fourth power of mode order [33-35]. 

Therefore 48/8 IPMSM should have the quietest operation. It is 

important to keep in mind that additional radial force with low 

space harmonic order would be introduced once the excitation 

mode changes, for example during six step operation [28]. 

Fig.15 shows the total deformation of stator core under 

different load conditions. Under the load 50Nm @ 1000rpm, 

48/8 IPMSM has the minimum stator core deformation with 

5.84e-7m while 12/8 IPMSM and 12/8 SRM have the maximum 

deformation with 5.17e-6m. Under the load 50Nm @ 5000rpm, 

12/8 SRM has the maximum deformation with 4.72e-6m due to 

single pulse operation. For the other three motors, deformation 

is smaller than those under 50Nm @ 1000rpm condition due to 

field weakening control at high speed. Table-III compares the 

maximum deformation of stator under different load 

conditions. 

V. CONCLUSION 

This paper performs the side-by-side comparison and 

assessment of four candidate motor topologies for traction 

application in for EVs and HEVs. The topologies considered 

include interior permanent magnet synchronous motor 

(IPMSM), induction motor (IM) and switched reluctance motor 

(SRM). Comparison criteria include performance, efficiency 

and vibration. Also, a fast FEA modeling approach has been 

developed to predict the IM’s performance over the full torque 

speed range and the control strategy is carefully designed to 

meet performance and efficiency requirement simultaneously. 

NVH study including modal analysis and transient analysis is 

also provided. Comparative evaluation indicates the following: 

1) 48/8 IPMSM and 12/8 IPMSM offer efficiency as high as 

97%. 12/8 IPMSM has lightly higher efficiency at low speed, 

but above 5000rpm this advantage is lose as PM eddy current 

losses increase by 50 times, about 1000W. 48/36 IM delivers 

the highest efficiency 96% at high speed but it has the widest 

low efficiency region at low speed due to copper loss. 12/8 

SRM has concentrated winding with low resistance but may 

need more current to deliver the same torque. 12/8 IPMSM has 

concentrated winding with low resistance but may need more 

PM material to meet torque requirement. IM and SRM have 

lower peak power density, i.e. 50kW/48kg and 50kW/42kg 

respectively, comparing with 50kW/30kg for IPMSM. 

 2) Stator geometry, pole/slot combination and control 

strategy differentiate NVH performance. Higher mode order 

will generate smaller vibration. For the same 12/8 topology, the 

SRM has severe vibration deformation than that of IPMSM, as 

Interior permanent magnet motor 48/8

Induction motor 48/36 

Switched reluctance motor 12/8 

Interior permanent magnet motor 12/8 

50Nm 1000rpm 50Nm 5000rpm

 
Fig. 15. Stator core deformation under different load conditions. 

TABLE III 
MAXIMUM DEFORMATION (UNIT: UM) OF STATOR 

Torque 

(Nm) 

Speed 

(rpm) 

48/8 

IPMSM 

12/8 

IPMSM 

48/36 

IM 

12/8 

SRM 

50 1000 0.584 5.17 0.727 5.19 
50 5000 0.495 3.80 0.645 4.72 

 

Figure 2.8: stator core deformation under different load conditions (a) 48/8
IPMSM (b)12/8 IPMSM (c)48/36 IM (d)12/8 SRM

Table 2.2: Maximum deformation of the stator inµ m
Torque speed 48/8 12/8 48/36 12/8
Nm rpm IPMSM IPMSM IM SRM

50 1000 0.584 5.17 0.727 5.19
50 5000 0.495 3.80 0.645 4.72

Fig. 2.8 shows the total deformation of stator core under different load

conditions. Under the load 50Nm at 1000rpm, 48/8 IPMSM has the mini-

mum stator core deformation with 5.84e−7m while 12/8 IPMSM and 12/8

SRM have the maximum deformation with 5.17e−6m. Under the load 50Nm

at 5000rpm, 12/8 SRM has the maximum deformation with 4.72e−6m due

to single pulse operation. For the other three motors, deformation is smaller

than those under 50Nm at 1000rpm condition due to field weakening con-

trol at high speed. Table.2.2 compares the maximum deformation of stator

under different load conditions.
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Chapter 3

Results

3.1 Noise vibration and harshness analysis

NVH show that 48/8 IPMSM offer quitest operation.While SRM is the nois-

iest as in table 2.4 .48/8 IPMSM has higher mode number (Appendix B) ,so

less stator deformation as vibrational amplitude is inversely proportional to

fourth power of mode order.

3.2 Transient analysis

When operating planes for 48/8 IPMSM figure 2.4 and 12/8 IPMSM fig-

ure 2.5 are compared, it is seen that for 12/8 IPMSM maximum torque per

ampere line shifts away into iq¿id region.This means electromagnetic torque

dominates.12/8 IPMSM has low saliency and reluctance torque is not fully

utilized.
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Chapter 4

Observations

In induction machines with squirrel-cage dominant losses are copper loss.The

required magnetization current and copper losses in rotor decrease efficiency

in the range of nominal speed compared to PMSM.A disadvantage is the

heat in the rotor as a result of the losses, which requires cooling and re-

stricts overload capacity. Furthermore, an air gap as small as possible is

necessary to decrease the magnetization current, but this requires tighten

tolerances during fabrication and thus increases production costs.

The excitation of the PMSM is provided by permanent magnets in the rotor.

This machine benefits from the high energy density of the magnets, because

the permanent magnet excitation requires little space. Since no excitation

current is required, the PMSM provides a high overall efficiency in the range

of nominal speed. The dominant losses of the PMSM are the iron losses,

which mostly occur in the stator, so they can be easily dissipated by a case

cooling system. Hence, the PMSM exceeds the IM in power density and

efficiency.
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The SRM provides a power density and efficiency comparable to the IM.

However, it has a simple construction without rotor winding and with con-

centrated stator windings, and therefore a better thermal characteristic. In

addition, it is cost-effective in production and low-maintenance. To reach a

high power density, a high air-gap induction is recommended - this however

increases acoustic noise radiation. Measures for noise reduction decrease

the power density and diminish the appeal of the SRM compared to the IM

Another disadvantage is the high torque ripple at low speeds.
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Chapter 5

Conclusions

To determine the most suitable electrical machine for hybrid electrical ve-

hicles, several machine types were compared. It is concluded that PMSM

as the most suitable machine for parallel hybrid systems. A result which

is confirmed by the fact, that the PMSM is the mostly used machine type

of today’s HEVs.Among the two configurations of IPMSM studied ,48/8

IPMSM was found to more efficient with least noise operation.Hence the

use of IPMSM in Toyota Prius is justified.
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Appendix A

Mathematical model of IM

At first electrostatic model of IM is presented.Rotor and stator flux linkages

are given by

λsd = Lsisd+LM ird (A.1)

λsq = Lsisq+LM irq (A.2)

λrd = Lsird+LM isd (A.3)

λrq = Lsirq+LM isq (A.4)

where LsandLr are stator and rotor inductances and LM is mutual induc-

tance between stator and rotor.
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A.1 Equations in rotor flux reference frame at steady

state

When Field Oriented (FO) technique is adopted ,the reference frame is cho-

sen so that d -axis is parallel to rotor flux λr i.e. q-axis component is zero.

λrd = λr and λrq = 0.At steady state ,

ird = 0 (A.5)

from A.3, A.4and A.5,the rotor flux linkages are

λr = LM isd (A.6)

0 = Lrirq+LM isq (A.7)

Then,

irq = −LM isq
Lr

(A.8)

From A.2, A.5and A.8,the statot flux linkages are

λsd = Lsisd (A.9)

λsq = (Ls−
L2
M

Lr
)isq = Ltisq (A.10)

where Lt is transient stator inductance
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Appendix B

Vibration mode order

The most important vibration mode order depends on slots/pole number

combination. In three phase motors having three slots per pole,the vibration

mode order is equal to pole number.In motors having one and half slots per

pole,vibration mode is equal to pole-pair m=number.In motor where slot

number and pole number differ by 2,vibration mode is 2.In motor in which

slot number and pole number differ by 1,vibration mode is 1.Hence,vibration

mode order of fractional slot motors are higher than integral slot motor .
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