
energies

Article

Analysis and Design of a High-Performance Traction
Motor for Heavy-Duty Vehicles

Dong-Kyu Lee and Jong-Suk Ro *

Department of Electronic and Electrical Engineering, Chung-Ang University, Seoul 06974, Korea;
lielove0330@cau.ac.kr
* Correspondence: jongsukro@cau.ac.kr; Tel.: +82-010-9530-7911

Received: 4 May 2020; Accepted: 5 June 2020; Published: 17 June 2020
����������
�������

Abstract: Due to environmental issues and depletion of resources, global attentiveness in electric
vehicles (EVs) is growing. In particular, research on high specification motors for driving large
EVs has attracted a lot of attention. In this study, an analysis and design process for a motor that
can be universally applied in heavy vehicles to reduce environmental pollution was introduced.
Motors for driving heavy vehicles require high specifications. Thus, an interior permanent magnet
synchronous motor (IPMSM) with a delta-shaped magnet array was used to improve the torque and
power characteristics. A step skew rotor structure was also used to dampen vibration and noise
by minimizing the high-order harmonics in the cogging torque. The proposed analysis and design
approach also reduces the total harmonic distortion (THD) of the back electromotive force (EMF).
The effectiveness of the proposed analysis and design process and the usefulness of the resulting
high-performance traction motor for heavy-duty vehicles were verified via the finite element method
(FEM) and by experiment.

Keywords: electric vehicles; finite-element method; interior permanent magnet synchronous motor;
traction motor; heavy-duty vehicles

1. Introduction

Steadily worsening global environmental problems and the depletion of fossil fuel resources have
increased the demand for electric vehicles (EVs). EVs replace conventional internal combustion engines
with electric powertrain systems, leading to a reduction in the use of fossil fuels, lower emissions,
and greater energy efficiency. Currently, the EV market for passenger cars is growing [1,2],
but heavy-duty vehicles such as buses, trailers, and trucks need higher performance specifications,
thus the electrification of these vehicles is still in the research phase.

Traction motors are a key component of EVs. Although traction motors for electric buses, trucks,
and trailers are currently under development, this study focuses on the development of a motor that
can be universally employed in a diverse range of heavy-duty vehicles, which could significantly
reduce development costs and time. Electric motors for large vehicles need higher torque, higher
power, and a broader range of driving speeds than those employed in normal passenger cars. Therefore,
in this study, a motor was designed by analyzing existing reference models to meet the following goals:
a maximum power of 250 kW, a maximum torque of 1200 Nm, and a maximum speed of 6000 rpm.
We also attempted to reduce the total harmonic distortion (THD) of the back electromotive force (EMF)
and the high-order harmonics of the cogging torque, which affect vibration and noise when the vehicle
is in operation.

The developmental process of the present study follows a trial-and-error approach to produce
the target performance. This is a common analysis method for motor design that can be employed to
quickly achieve design objectives that are useful for both traction motors and other electric machines.
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The most common traction motors used for EVs are induction motors and interior permanent
magnet synchronous motors (IPMSMs). Heavy-duty EVs require high efficiency and high torque [3,4],
but induction motors have the drawback of being less efficient than IPMSMs under urban driving
conditions. The most significant advantage of IPMSMs is that it is easy to produce high torque because
they simultaneously employ the torque produced by magnets and reluctance [5–7]. Surface permanent
magnet synchronous motors (SPMSMs) also exhibit high torque but suffer from mechanical instability
due to their structure [8]. Therefore, this study adopted an IPMSM due to its higher efficiency and
more advantageous torque characteristics compared to other types of motor. We designed a delta-type
IPMSM traction motor that maximized the reluctance torque with a delta-shaped magnet array in
the rotor.

This delta-shaped magnet arrangement combines a bar-type magnetic array with a V-type magnetic
array [9]. The bar-type array increases the magnetic flux along the d-axis, thus increasing the magnetic
torque, while the V-type array increases the reluctance torque, raising the overall torque [10–14].
This magnetic arrangement can also concentrate the magnetic flux so that it is easy to obtain a
sinusoidal back EMF waveform. In this study, we present a formula for calculating the step skew
angle to remove the specific harmonic component that has the greatest influence on the back EMF and
cogging torque in three-phase IPMSMs. It has been demonstrated that this can minimize the THD of
the back EMF and the specific harmonics of the cogging torque [15]. In this research, we used JMAG
software for finite element method (FEM) analysis.

2. Proposed Analysis and Design Method for a High-Performance Traction Motor for
Heavy-Duty Vehicles

Figure 1 outlines the process for the design of the IPMSM traction motor for heavy-duty vehicles,
which is described in detail in this section.
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Figure 1. Proposed design process for the traction motor.

Step 1. Determination of the Design Target

Traction motors for large goods vehicles should have more advanced performance than the
motors used in normal vehicles. Currently, the highest-performing traction motor for electric buses
has a highest torque of 900 Nm, a highest power of 250 kW, and a maximum speed of 5500 rpm.
Therefore, the objective of this study was to attain a peak torque, power, and speed of 1200 Nm, 250 kW,
and 6000 rpm, respectively, by improving the motor performance.
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Step 2. Selection of Motor Type

Two clear advantages of an IPMSM are its high torque and mechanical stability [16]. The torque of
an IPMSM is expressed by Equation (1), where P represents the number of magnetic poles,ϕ f represents
the magnetic flux interlinkage provided by permanent magnets, iq and id represent the q and d axis
currents, respectively, and Lq and Ld represent the q and d axis inductances, respectively. The first term
represents the torque generated by the magnets and the second term represents the reluctance torque.
An IPMSM can be designed by considering the rotor’s various features. In this study, a delta-shaped
arrangement of magnets was used inside the rotor, as shown in Figure 2a. This delta arrangement
combines a V-type magnetic array with straight bar-type magnets. The straight bar-type magnets
of the delta-type IPMSM increase the magnetic flux in the direction of the d axis, thereby increasing
the magnetic torque. Moreover, the V-type magnet array increases the inductance of the q axis by
widening the flux path to increase the difference between the d axis and q axis inductances, thereby
increasing the reluctance torque. Figure 2b presents the generated mesh grid of the motor for finite
element method (FEM) analysis. When analyzing the characteristics of IPMSM, the flux saturation of
core and leakage flux that varies non linearly as applied load changes should be considered. Therefore,
a more accurate analysis requires a finer mesh grid in the rotor bridge ribs and stator teeth areas where
magnetic saturation is severe when a current is applied [17–19].
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The delta-type magnetic arrangement facilitates the concentration of magnetic flux in the q axis
direction. This is advantageous for obtaining back EMF and air gap flux density in the form of
sinusoidal waves:

T =
P
2

3
2

{
ϕ f iq +

(
Lq − Ld

)
idiq

}
(1)

Step 3.1. Determination of the Motor Size

The size of the motor should be chosen to satisfy the design goals. There are two steps for
determining the motor size.

The first step is approximating the motor size theoretically. The volume of the rotor can be
determined using Equation (2):

T = 2Vrσ (2)

where T is the mechanical torque, Vr is the rotor volume, and σ is the shear stress. The rotor outer
diameter can be calculated using Equation (3):

D =
√
((4Vr)/πl) (3)
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where D is the rotor outer diameter, Vr is the rotor volume and l is the axial length of the motor.
The average diameter of the rotor can be approximated using Equation (4):

T = −

(
poles

2

)(
µ0πDl

2g

)
BgFsinδm (4)

where l is the axial length, g is the radial distance of the air gap, Bg is the air gap flux density, and Fsinδm

denotes the magnetomotive force wave as a function of the angle around the periphery.
In the second step, the JMAG Express program, which was used in the first step for design, verifies

the results derived from the first step. This allows an approximate size for the motor that satisfies the
design objective characteristics to be selected. Thus, we selected a rotor diameter of 260 mm, an axial
length of 130 mm, a radial distance for the air gap of 1 mm, and an external diameter for the stator of
400 mm.

Step 3.2. Pole–Slot Number Selection

When determining the numbers of poles and slots, following conditions should be considered.
The number of magnet poles is chosen using Equation (5):

p =
60 f
Ns

(5)

where p is the number of poles, f is the supply frequency, and Ns is the synchronous speed.
For heavy vehicles, selecting the largest possible pole number for low-velocity high-torque

performances is recommended. Owing to the restrictions of the motor size, and leakage inductance,
the appropriate pole-number for traction motors in heavy-duty vehicles is eight. When determining
the number of slots, the high harmonics between rotor and stator should be considered. Preventing the
demagnetization caused by the heating inside the permanent magnet due to iron loss and harmonics
requires a high number of slots per pole per phase (q). For 24 slots, i.e., q = 1, there are high slot
harmonics in the fifth and seventh harmonics. Therefore, we employed 48 slots, i.e., q = 2 [20–23].

Step 3.3. Determination of the Winding Method

Traction motors are generally conducted by high operational current that the turn number should
be low, meaning that the cross-sectional area of a winding is high, and the inductance is very low.
Using a distributed winding makes it possible to use the high torque generated by the difference of q
and d axis inductances and create a back EMF sinusoidal waveform. Thus, the winding method was
determined as a single-layer series with a distributed method [24–26].

Step 3.4. Rotor Topology Optimization

An IPMSM is distinguished by the arrangement of magnets. Compared to the most basic straight
bar-type arrangement, a multi-layer magnetic array produces a large difference of the inductances
along the d and q axes, which increases the reluctance torque [27]. A V-shaped arrangement makes
a large region of permanent magnets per pole to be established, which can centralize the flux at the
middle of the poles [28]. This increases the peak air gap flux density and produces a back EMF
waveform that is close to a sine wave [29,30]. Moreover, it could raise the magnetic saliency to increase
the incidence of the reluctance torque because the angle and length of the magnets can be adjusted to
ensure a sufficient flux path along the q axis [31,32].

An IPMSM generates torque when the magnetic flux from the rotor’s permanent magnet is linked
to the windings of the stator. However, some magnetic fluxes do not face toward the stator, and the
flux inside the rotor flows through the bridge via the shortest path, which is referred to as leakage flux.
The bridge is designed to be purposely saturated to suppress flux leakage, and the firmness should be
considered when deciding the thickness. Additionally, the flux barrier consists of a cavity which is
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needed to reduce the harmonic components of the torque, thus reducing the ripple and increasing the
power factor [33,34].

The cogging torque is a crucial factor that affects a number of troubles, including the torque ripple,
the control inaccuracy of the motors, induced vibration, acoustic noise, and the speed ripple [35–38].
A step skew method has been reported that stacks the core by rotating it axially that reduces the
cogging torque [39]. If skew is applied to the stator, manufacturing is more difficult and the winding is
compromised, so the rotor can be twisted and stacked to achieve the same effect as the stator skew [40].
The symmetrical structure of the motor means that the EMF typically has odd-order harmonics.
In three-phase machines, torque ripple mainly occurs in 6n-th-order harmonics. In this model, the 12th
harmonic component of the cogging torque is very large. Therefore, this study applies step skew to
reduce the 11th and 13th harmonic components of the EMF and the 12th harmonic of the cogging
torque. The rotating angle is calculated using Equation (6):

Skew Angle =
360◦/h

2n−1
=

360◦/12
22 = 7.5◦ (6)

where h is the harmonic order of the cogging torque to be removed, and n is the step skew number.
In this study, the rotor was stacked by rotating it twice at 7.5◦. The improvement of the back

EMF waveform and the reduction in the cogging torque by applying step skew is discussed further
in Step 4.1.

Step 4.1. No-Load Analysis

With no-load analysis, we can obtain the back EMF, air gap flux density, and the cogging torque
generated by the rotor’s rotation without an applied load current. This analysis was done at a base
speed of 2000 rpm. The back EMF was the voltage induced upon unloading. The Fourier transform of
the back EMF waveform allows the harmonics to be calculated. Figure 3 illustrates the waveform of
the back EMF and Figure 4 displays the high-order harmonics distribution of the back EMF. The THD
of the back EMF is calculated using Equation (7):

THD =

√
V22 + V32 + V4

2 · · ·

V1
× 100(%) (7)

where Vn represents the voltage of the n-th-order harmonic and V1 is the voltage of the
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Figure 3. Analysis results for the back electromotive force (EMF) of (a) the non-skewed and (b) the
skewed models.
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Figure 4. High-order harmonics distribution of the back EMF of (a) the non-skewed and (b) the
skewed models.

The THD of the non-skewed model is approximately 15.86%, and this is reduced to 3.91% in the
skewed model, which is approximately 25% that of conventional motors. A small THD indicates that
the waveform is close to a sine wave and corresponds to a reduction in the peak current, heating,
emissions, and core loss in the motor.

The air-gap is used as a free space where relative motion is possible between the stator and rotor.
The cogging torque is produced by interaction between the stator teeth and the permanent

magnets of the rotor. It is generated when the rotor rotates. Figures 5 and 6 compare the cogging torque
before and after the step skew structure is employed. The cogging torque of the non-skewed model is
approximately 8 Nm, and this is reduced to 1.4 Nm in the skewed model, which is approximately 20%
that of conventional motors.
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Figure 5. Analysis results for the cogging torque of (a) the non-skewed and (b) the skewed models.
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Figure 6. High-order harmonics distribution of the cogging torque of (a) the non-skewed and (b) the
skewed models.
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Step 4.2. Load Analysis

With load analysis, the torque, power, and speed range are examined according to changes in
the load in the designed motor. The control of the motor was carried out within the voltage limit of
490Vdc and the base speed (2000 rpm) was determined by the voltage limit. At speeds under the base
speed, the motor was controlled through MTPA (maximum torque per ampere) control. At speeds
above the base speed, the characteristics of the motor were analyzed by the flux weakening control.
Flux weakening control is a control method that increases the d axis current through phase angle
control of the current to reduce the effective magnetic flux by permanent magnets. The analysis is
conducted with a base speed of 2000 rpm under the rated current load (200 A) and the maximum
current load (420 A).

The torque characteristics are analyzed by changing the phase angle of the current, and the torque
ripple is calculated using Equation (8) [41]:

Torque ripple =
Tmax − Tmin

Tave
× 100 (%) (8)

where Tmax is the maximum torque, Tmin is the minimum torque, and Tave is the average torque.
In Figure 7a, the highest torque under the rated current load is 651 Nm at a phase angle of 42◦,

with the torque ripple calculated to be 3.2% (Table 1).
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Figure 7. FEM analysis of the torque according to the current phase under (a) the rated current (200A)
and (b) the maximum current (420A).

Table 1. Torque ripple under the rated and maximum current.

Current (A) Average Torque (Nm) Torque Ripple (%)

200 651.8 3.2
420 1277.87 3.5

The torque characteristics under the maximum current were analyzed in the same way as for the
rated current. Figure 7b shows that a maximum torque of 1277.87 Nm is obtained at a phase angle of
50◦, while Table 1 presents the calculated torque ripple at this angle, which is low at 4.1%. Figure 8
presents the FEM analysis results for the distribution of magnetic flux density. When the peak current
is applied, the maximum flux density of the stator teeth and the yoke are 1.96 and 1.98 T, respectively,
and the highest flux density is < 2 T.
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Figure 8. FEM analysis of the magnetic flux density distribution at the maximum current.

The FEM analysis was conducted under a voltage limit of 490 DC volts. The speed–torque–power
characteristics produce a wide speed range of up to 9000 rpm (Figure 9a) [42–44]. The motor efficiency
is calculated using Equations (9)–(11) [45–47]:

E f f iciency =
ωT

ωT + Pcopper + Pcore
× 100 (%) (9)

Pcopper = 3I2
pRp (10)

Pcore = Physterisis + Peddy = Kh f B2
max + Ke f 2Bαmax (11)

where ω and T represent the rotational speed and torque. Pcopper represents the copper loss in the stator
coil, and Ip and Rp are the phase current and resistance of the coil. Pcore represents the core loss (iron
loss), Physterisis, Peddy, f, Bmax are the hysteresis loss, eddy current loss, frequency, and the peak value of
the flux density, respectively, and α, Kh, and Ke are constants.
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Figure 9. FEM analysis results for (a) the torque–speed and the power–speed characteristics and (b) the
efficiency map.

In the FEM analysis, the copper loss of the windings and core loss are considered as losses for the
motor. The efficiency map presented in Figure 9b was obtained by calculating the losses at operating
points. The maximum efficiency (98.1361%) was obtained at 2400 rpm and 595.32 Nm.
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Step 5. Mechanical Analysis

Mechanical stability is analyzed in accordance with the maximum stress to determine the
mechanical stability at 6000 rpm, the design target. This motor uses 50JN470 steel as core material and
N38UH (Neodymium: Nd-Fe-B) magnet as magnetic material. N38UM has a mechanical strength of
Vickers hardness in 600 Hv, higher than the core material of 50JN470’s hardness in 153 Hv. The Young’s
modulus of the rotor core is 165,000 MPa and the mass density of the rotor core is 7.7 kg/m3. The von
Mises stress distribution illustrated in Figure 10a shows that the peak stress of the rotor when rotating
at 7200 rpm is delivered at the ribs, located near the magnets at 98.0873 MPa. When the motor is
operated at the highest speed, the peak stress of the motor is lower than the yield point of the material
in the rotor core (285 MPa) and the Vickers hardness of the rotor core. As shown by the change in von
Mises stress according to the rotational speed (Figure 10b), mechanical stability is maintained up to
12,000 rpm. Therefore, the stress at the highest speed of 6000 rpm, which is the design goal, is about
35% of the yield point of the steel, while mechanical stability is confirmed in terms of the safety factor
(2.0–2.5) suggested by Joseph P. Vidosic [48].
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Figure 10. Mechanical analysis results for (a) the von Mises stress distribution in the rotor at 7200 rpm
and (b) the alteration in the von Mises stress according to the rotational speed.

Step 6. Experimental Verification

A prototype of the traction motor designed using FEM analysis was manufactured and tested.
Figure 11a presents an image of the IPM traction motor installed for testing, and Figure 11b depicts
the entire test platform. The performance of the motor was verified by testing the maximum torque,
maximum power, and maximum controllable rotational speed generated when the maximum current
controlled through the inverter was applied to the motor.
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When rotating at 1000 rpm, the back EMF measured by the oscilloscope was a maximum of 113.5 V,
and a minimum of 113.7 V. This differs by about 5% from the value of a maximum of 120.6594 V, and a
minimum of −120.671V, which is the back EMF obtained through the FEM analysis. As illustrated
in Figure 12a, the highest torque from the experimental data was 1267.54 Nm, which is about 1%
lower than the FEM analysis results (1277.87 Nm), while the base speed at which the flux weakening
control was initiated by the voltage limit is almost the same at 2000 rpm. However, mechanical losses
and an increase in temperature, which are not considered in the FEM analysis, mean that ideal flux
weakening control at speeds >6000 rpm is not possible. Figure 12a,b show that the maximum torque
was 1267.54 Nm, the maximum power was 277 kW, and the maximum speed was 6000 rpm in the
experimental testing. Figure 13a,b compares the FEM analysis and the experimental results in terms
of changes in the torque and power according to the applied current at a base speed of 2000 rpm.
The experimental results differ by about 1% from the FEM results due to the mechanical and inverter
losses that are not considered in the FEM analysis. Figure 14 displays the efficiency map of the motor
as measured experimentally. An efficiency test was conducted intensively near base speed and not
at speeds above 3500 rpm because IPM motors have high efficiency characteristics near base speed.
It was conducted at speeds of 500, 1000, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300, 2400, 2500,
3000, 3500 rpm, and load currents at 100, 200, 300, 400, and 420 A. The maximum efficiency of the
motor was 96.012% at 1600 rpm with an input current of 100 A. This is about 2% lower than the results
from the FEM analysis, which only considers the iron and copper losses of the motor.
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Figure 12. FEM analysis and experimental results for (a) the torque and (b) the power according to the
rotational speed.
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Figure 13. FEM analysis and experimental results at a base speed of 2000 rpm for (a) the torque and (b)
the power according to the rotational speed.
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Step 7. Determining the Specifications of the Designed Motor

Tables 2 and 3 show the parameters and characteristics of the designed traction motor.
Traction motors for heavy-duty vehicles require outstanding performance when compared to motors
for other EVs, including high torque, power, mechanical strength, and efficiency, as well as a large
speed range. Therefore, the design target was to accomplish a high torque of 1200 Nm, a high power of
250 kW, and a wide operating speed range of 6000 rpm without enlarging the size. The motor was
designed using FEM analysis and verified by experiment. The experimental results reveal a peak
torque of 1267.54 Nm, a highest power of 285.07 kW, and a maximum efficiency of 96.01% at a speed
range of 6000 rpm.

Table 2. Parameters of the designed traction motor.

Components Parameters Target

Stator
Slots number 48

Outer diameter (mm) 400
Inner diameter (mm) 262

Winding Turns number (turn) 5
Coil resistance (Ω) 0.01178

Rotor

Poles number 8
Outer diameter (mm) 260
Inner diameter (mm) 80

Skew angle (◦) 7.5

Motor

Axial length (mm) 130
Iron core material 50JN470

Permanent magnet material N39UH (Nd-Fe-B Magnet)
Remanence of PM (T) 1.23

Current density (A/mm2) 10.4
Cooling method Water cooling

Table 3. Characteristics of the designed traction motor.

Characteristics FEM Results Experiment Results

Maximum torque (Nm) 1277.87 126,754
Maximum power (kW) 303.09 285.07

Maximum efficiency (%) 98.13 96.01
Maximum speed (rpm) 9000 6000
Maximum voltage (Vdc) 490 490
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3. Conclusions

This paper is noteworthy in that it develops a high-torque, high-speed traction motor for
heavy-duty vehicles. Given the global trend toward eco-friendly systems, the electrification of
heavy-duty vehicles, which traditionally emit significant levels of pollution, is becoming an important
research focus. This research is also meaningful in that this traction motor, which can be universally
employed in buses and trailers, was verified using both FEM and experimental analysis. To ensure a
high torque, the interior magnets of the rotor are arranged in a delta array. Furthermore, the rotor
core is divided into three stacks and step skew is employed to remove the harmonics of the back EMF
so that it can run over a wide speed range by reducing the THD and the peak value of the induced
voltage. The skew angle was selected to remove the specific harmonic components of the cogging
torque, thus reducing the cogging torque to 20% of that of conventional motors.

The traction motor designed in this paper can be used simply by converting the gearbox of heavy
commercial vehicles that require high torque, such as buses, trailers, and heavy lorries. Therefore,
the designed motor can reduce costs by maximizing its mass production potential and reducing the
development time for EVs. The design process employed for the proposed motor can also reduce the
time and cost of designing and developing various electric machines and traction motors.
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