% applied sciences

Article

FEA-Based Design Procedure for IPMSM and IM for a Hybrid

Electric Vehicle

Emad Roshandel !, Amin Mahmoudi 1'*, Wen L. Soong 2, Solmaz Kahourzade 3-*

check for
updates

Citation: Roshandel, E.; Mahmoudi,
A.; Soong, W.L.; Kahourzade, S.;
Kalisch, N. FEA-Based Design
Procedure for IPMSM and IM for a
Hybrid Electric Vehicle. Appl. Sci.
2024, 14, 10743. https://doi.org/
10.3390/app142210743

Academic Editor: Jingyang Fang

Received: 6 September 2024
Revised: 31 October 2024
Accepted: 6 November 2024
Published: 20 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Nathan Kalisch 4

College of Science and Engineering, Flinders University, Adelaide 5042, Australia;
emad.roshandel@flinders.edu.au

School of Electrical and Mechanic Engineering, University of Adelaide, Adelaide 5005, Australia;
wen.soong@adelaide.edu.au

3 STEM, University of South Australia, Adelaide 5095, Australia

Sovereign Propulsion Systems, Adelaide 5211, Australia; nathan@sovps.com.au

*  Correspondence: amin.mahmoudi@flinders.edu.au (A.M.); solmaz.kahourzade@unisa.edu.au (S.K.)

Abstract: This paper describes the detailed design procedure of electric machines using finite element
analysis (FEA). The proposed method uses the available findings from the literature and FEA results
for the design procedure. In addition to electromagnetic analysis, thermal analysis is executed to
examine the capability of the designed machines for handling the load in terms of thermal limits.
It allows for considering the normal and overload performance of the electric machines during
design. The proposed design procedure is used for designing a 100 kW induction machine (IM)
and interior permanent magnet synchronous machine (IPMSM) for a parallel hybrid electric vehicle
(HEV). The differences between the performance parameters of the studied machines are discussed,
and the advantages and disadvantages of each design are highlighted. The designed machines are
compared with commercially available electrical machines in terms of performance and power density.
The comparison demonstrates that the developed machines can offer comparable performance to
other designs.

Keywords: electric machine design; finite element analysis; hybrid electric vehicle; induction machine;
PM machine; thermal analysis

1. Introduction

The preparation of a suitable baseline electric machine design for a given specification
is necessary to reduce the optimization variables and speed up the design and analysis pro-
cess. The electromagnetic characteristics and temperature considerations are two important
factors in this process [1].

This paper describes a detailed design procedure for the preparation of baseline
designs for an interior permanent magnet synchronous machine (IPMSM) and induction
machine (IM) for an example hybrid electric vehicle (HEV) application. The proposed
design process benefits from the accuracy of 2D and 3D finite element analysis (FEA) in the
design of the electric machines. The introduction is divided into two subsections, including
a literature review section and a contributions section.

1.1. Background and Literature Review

Sizing equations [2], subdomain models (SDMs) [3], magnetic equivalent circuits
(MECs) [4], and FEA [5] are common methods used for the electromagnetic design of
electric machines.

Sizing equations are based on empirical equations developed by engineers. These
equations are usually suitable for a specific geometry and material. Hence, they cannot
predict electric machine performance parameters with a high accuracy, especially with a
wide range of dimensions and machine sizes [6,7].
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In SDMs, the Maxwell equations are solved in different parts of an electric machine.
The obtained magnetic vector potentials are utilized to find the flux density and, hence,
estimate the performance parameters [8-10]. In the past decade, researchers have proposed
SDMs for induction machines [10], switched reluctance machines [9], and permanent
magnet machines [8]. It was found that SDMs for IMs require slip and induced current
modeling, those for SRMs require nonlinear magnetic saturation modeling, and those for
PM motors require complex magnet interaction and torque ripple modeling. Researchers
have demonstrated the accuracy of SDMs in the prediction of the performance parameters
of electric machines. The implementation of SDMs is mathematically complex and needs a
deep understanding of the electric machines being modeled. Hence, they have not become
popular in engineering practice.

In MEC models, the electromagnetic reluctance and magnetic motive force (mmf)
are obtained under a pole. Then, the MEC model is solved to find the mmf and flux in
each region. This estimation enables a prediction of the performance parameters [11-13].
MECs are inaccurate if limited flux paths are investigated in the MEC model [11]. They can
become more accurate by increasing the number of equivalent circuit elements, but this
increases the computational burden [12,13].

FEA is one of the most precise tools for the prediction of electric machine performance
parameters [14,15]. FEA is computationally expensive, which limits its application in
designing machines for a given geometry [3]. On the other hand, the appearance of
commercial and open-source software has led to the popularity of FEA.

The literature has described the design procedure for IPMSMs. The available literature
discusses the optimization of IPMSMs with different objective functions to design a machine
with the desired performance characteristics [16-19]. These studies normally use available
commercialized geometries as the baseline. Some studies in the literature have optimized
rotor or stator parameters to improve their performance based on the results of sensitivity
analyses [20]. The effect of the winding configuration on improving the design has been
another subject of study [21]. Rotor design and PM location and structure have become a
popular method for improving IPMSM performance. The rotor of an IPMSM can include
permanent magnets arranged in various patterns, including single-V-shape, double-V-
shape, delta-shape, W-shape, U-shape, and spoke-type patterns. Choi et al. introduced
an electromagnetic design procedure for a double-V-shaped IPMSM [22]. They used the
results of a sensitivity analysis of different parameters of the stator and rotor to prepare
a baseline design for their optimization study. The temperature effect, which is a crucial
factor for design of electric machines, was ignored in Ref. [22].

A comprehensive comparative analysis was conducted in Ref. [23] to determine the
optimum shape of an IPMSM rotor between single-V-shape, double-V-shape, and delta-
shape configurations. The authors concluded that the single-V shape not only has the
highest efficiency over a wide range of torques and speeds but also has a lower risk of
demagnetization. A comparison of the V-shape, U-shape, and spoke-type IPMSMs revealed
that the spoke type offered better performance at higher speeds, but it had the lowest
torque density [24]. The larger saliency ratio of the V-shape configuration compared to the
U shape allows for the production of a larger reluctance torque [25]. The V-shape design
has been shown to be more robust against demagnetization [23,26].

The promising characteristics of V-shape PMs have encouraged researchers to opti-
mize the dimensions and V angle in several studies [27]. The V angle has usually been
investigated as a variable in iterative optimization studies [18,28]. In Ref. [29], it was shown
that increasing the V angle can increase the torque in the constant torque region but reduces
the maximum operating speed of the machine.

The design of line-start induction machines is well understood. The National Electrical
Manufacturers Association (NEMA) and the International Electrotechnical Commission (IEC)
have standardized IM dimensions and power ratings for line-start applications and the
required geometry, number of rotor and stator slots, and slot types are specified to achieve the
required performance while meeting the thermal and mechanical constraints [30,31].
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The literature has shown that IMs can be a suitable choice for the propulsion systems
of EVs and HEVs. They offer comparable efficiency with PMSMs in the field weakening
region, and are of lower cost due to the absence of PM material in their rotor, but generally
have a lower power density.

A large number of papers have discussed the design of IMs based on the sizing
equations [32]. These methods are not useful for the design of IMs in EVs because they
are only optimal for operation at a single operating point. Some literature employs sizing
equations in population-based iterative optimization studies. However, these studies
cannot produce a true optimal design because the sizing equations used are not reliable
over a wide range of dimensions and loading levels [2].

The number and shape of the rotor bars play an important role in the performance
parameters of IMs. Different optimization problems have been defined to achieve desired
outputs such as high torque or efficiency [33,34]. An optimization study for an axial-flux
IM was performed in Refs. [6,35]. Although optimal designs were determined, the effect of
slot shape on the performance parameters has not been discussed.

In Ref. [30], the authors showed that the optimal number of rotor bars depends on
the type of the supply (line start or inverter driven) and the number of pole pairs. Round
rotor slots reduce the vibration and noise as compared to rectangular slots [36]. It has been
shown that deeper and wider rotor bars increase the efficiency while improved starting and
power factor are obtained by shorter bars [37]. Thirteen different shapes of rotor slots was
studied in Ref. [38] to find the optimal shape of the bars which offer the highest efficiency
and starting torque. These studies discussed the characteristics for a particular operating
point and do not consider the performance analysis for a wide range of torque and speeds.
Moreover, these papers just describe the effect of their considered variables on the case
studies and do not cover the complete procedure to develop a baseline design.

The aforementioned design processes ignore the temperature effect or assume some
constant values to guarantee the feasibility of the design in terms of the thermal stress [16,35].
For instance, a constant value of current density, whose value depends on the cooling method
used, is often assumed to determine the slot area [39,40].

Considering the above limitations of the design procedures in the literature, there is
a lack of a systematic design procedure for preparation of a baseline design for PMSMs
and IMs.

1.2. Contributions and Significance

The main contribution of this paper includes a thorough exploration of approaches
for the design of electrical machines utilizing finite element analysis tools. It integrates
electromagnetic and thermal analyses to assess the overload performance and transient
temperature variation for IMs and IPMSMs for application in HEVs, which has received
limited attention in the literature. While the core concepts presented are known, this
study contributes to advancements in the design of electrical machines tailored to specific
operational conditions, rendering it of relevance and practical significance. It highlights the
trade-offs between size and performance regarding the inclusion of overload capability and
temperature consideration. It also includes a comprehensive literature review, elucidating
the unique aspects of the proposed approach compared to prior methodologies, as well
as a comparative analysis of the performance parameters of two machine designs against
well-established commercial counterparts. The paper goes beyond the explanation of the
traditional electromagnetic design methods by addressing how different machine types
handle the overload conditions and critically analyzing their temperature limitations. The
paper clarifies the difference between the torque capability of both machines by considera-
tion of the temperature and overload capability limits. Other contributions include analysis
of the impact of the use of deep V-shape PMs in achieving high torque density with low
torque ripple and the analysis of the effect of the number of rotor bars on the performance
parameters of the IM.
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2. Design Specifications for the HEV

The design of two 100 kW electric machines for the propulsion system of a heavy
hybrid electric vehicle with the requirements tabulated in Table 1 is the subject of the study
in this paper. The investigated HEV has a parallel hybrid electric drive with two identical
100 kW motor/generators and a mechanical clutch [41] (see Figure 1). The clutch allows
pure electric vehicle operation. It also allows the engine to run the generator machine when
the vehicle is stationary to provide auxiliary power to external loads.

Table 1. The electric machine requirements for the HEV, reprinted with permission from IEEE [41].

Rated speed 2800 rpm Maximum speed 3200 rpm
Rated power 100 kW Overload capability 2 pu power for 30 s
. 80 °C mixture of
Coolant flow rate 40 L/min max Coolant 50,/50 water/glycol
Axial length 150 mm Outer diameter 400 mm

differential

100kW

Figure 1. The schematic of the proposed HEV transmission system, reprinted with permission
from IEEE.

The rated operating speed of the engine is 2800 rpm and its maximum speed is
3200 rpm. The generator must produce 100 kW during continuous operation and have the
capability of generating 200 kW for 30 s during overload operation. The cooling system
delivers an 80 °C mixture of water/glycol to the electric machine with a maximum flow
rate of 40 L/min. The maximum machine diameter is 550 mm and the minimization of the
axial length is another requirement of the design.

2.1. Requirements of the Direct Drive Electric Machines

Table 2 lists the selected materials for the designed electric machines. The windings of
both machines use copper and a standard conductivity of 58 MS/m at 80 °C is assumed.
Class F insulation is used, which allows for operation at hotspot temperatures of up to
155 °C. Considering the high temperature of the available coolant (80 °C), samarium-—cobalt
(5myCo17) magnets are used to reduce the risk of demagnetization. This has a magnetic
flux remanence of 1.13 T at 20 °C.

Table 2. The selected materials for the electric machines.

Stator Windings Rotor and Stator Lamination Material PM Cage
M Copper with class F insulation M250-35A - Copper
IPMSM Copper with class F insulation M250-35A Sm,Coq7 -

The IM cage is normally made of either copper or aluminum. Although cheaper, the
conductivity of aluminum (33.3 x 107 S/m) is lower than that of copper (5.80 x 107 S/m)
which leads to increased cage losses. Hence, for this application, a copper cage which offers
higher efficiency is selected.
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2.2. Thermal Model and Cooling System

Electric machine thermal analysis is usually performed using lumped equivalent
circuits or 2D/3D finite element analysis [15,42,43]. The literature shows that these models
can predict the average temperature of the different parts in an electric machine with
acceptable accuracy. The Motor-CAD 2022 R2 software is a thermal analysis package
which employs both lumped circuit and FEA modeling. The boundary conditions and
material characteristics are adjusted based on empirical equations [44,45]. This paper uses
Motor-CAD for modeling of the proposed cooling system.

Similar cooling jackets with spiral cooling channels are assumed for both the IM and
IPMSM stators as shown in Figure 2. The literature shows that this provides good heat
removal from the stator and produces a reasonably uniform temperature distribution [46].
The height and width of the water channels are 5 mm. The coolant information was
presented earlier in Table 1.

Coomv
channels

Figure 2. The schematic of the proposed spiral cooling system for the stators of both machines.

The rotor bars of induction machines have losses which are normally comparable in
magnitude to the stator winding losses and so require a suitable cooling system [47]. In
this paper, a spiral groove is assumed to be embedded into the IM shaft to remove these
rotor losses [1,48].

3. Design Procedure

This section describes the design procedure used to design the IPMSM and IM with
the maximum power rating within the given geometry and thermal limits.

3.1. IPMSM Design Procedure

Figure 3 shows the flowchart of the proposed design procedure for the IPMSM. The
number of poles and stator slots are selected in the first step.

For the number of poles, a higher number of poles reduces the required stator and
rotor yoke thicknesses and hence achieves higher torque density. However, increasing the
number of poles leads to increasing the operating frequency and hence core losses of the
machine for a given operating speed. For reasonable lamination thicknesses, the operating
frequency is normally selected in the range of 250 Hz to 500 Hz [47,49,50].

For the stator slots, it is preferable to use a larger number of narrower slots to improve
the stator winding cooling. This is limited by the mechanical strength of the stator lami-
nations and achieving reasonable winding fill factors for the narrow slots. The number
of slots is selected based on observations of similar commercial designs to guarantee the
feasibility of the lamination design.

The literature shows that IPMSMs with a number of slots per pole per phase (SPP) of
two introduces lower torque ripple and cogging torque compared to an SPP of one and
fractional values [51]. This SPP value also has low total harmonic distortion of the back-emf.
Thus, the numbers of poles and slots are selected to give a value of SPP of two.
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|| Set the geometry limits Determine number of poles and slots |s
_________________________ T
| Insert initial amount of PM |
L 4

Required airgap flux density is 0.8T<B,,<0.9T.
- If B, <0.8T, increase PM thickness to obtain the required flux density.
- If B,, >0.9T, reduce PM thickness to obtain the required flux density.

L 2
Required back-iron flux density: 1.2T<Bj;,,<1.4T.

- adjust slot depth with trial and error to reach the required B;,,,,.

L 2
Required flux density at the middle of stator tooth: 1.5T<B,;,,,<1.6T.

- adjust tooth width with trial and error to reach the required B,;.
L 2

Determine number of turns (using (1)) and wire size with respect to the
number of parallel paths. o

| Calculate maximum current at the rated speed by (2). |

| Run 2-D FEA at the rated current to get loss and performance. |

| Run 3-D FEA thermal analysis to find the temperature at hotspots. |

Check temperature limit (e.g., class F insulation), and adjust current and
PM to reach the target torque.

If Thorspor <135°C, increase current and reduce PM thickness.
- If Tpespoe >135°C, decrease current and increase PM thickness.
In these adjustments, the considered steps for changing current and PM
thickness are SA and 0.1mm, respectively.

L 4
Check voltage limit:
- I£0.93Vpc= Vi poar < 0.96Vpc, accept PM thickness.
- If Vi pear < 0.93Vc, increase PM thickness.
- If Vipear > 0.96V ¢, decrease PM thickness.
0.1mm is the step size in this adjustment.

2

| Report the design dimensions.

Figure 3. The design flowchart of the studied 100 kW interior permanent magnet synchronous machine.

The generated torque is proportional to the product of the airgap area, airgap diameter,
magnetic loading, and electric loading. Increasing the airgap diameter also increases the
airgap area but reduces the available stator slot cross-sectional area and hence the electric
loading. In most IPMSMs with normal axial length to outer diameter aspect ratios, like the
IPMSMs studied in Refs. [16,52,53], the ratio of the inner to stator outer diameter is in the
range 0.6 to 0.7. When the available axial length is limited, it is reasonable to increase this
ratio to 0.7 or higher [52].

After the determination of the machine geometry and number of slots/poles, the stator
slot dimensions and PM volume should be found. An initial magnet design with a pole
pitch of 80% and thickness of 6 mm was used. The literature shows that optimum IPMSM
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designs with the laminated steel generally have a stator back-iron flux density of 1.2-1.4 T
at no load [54]. So, the average airgap flux density (Bsg) is checked to be in the range of
0.8 T to 0.9 T, and the PM amount is adjusted, if necessary, to achieve this.

After the desired value of B, is obtained, the stator back-iron thickness is adjusted
to reach a flux density of 1.2 T to 1.4 T in the back-iron. Then, the stator teeth width is
adjusted to obtain a flux density of 1.5 T to 1.6 T in the teeth [55]. The stator teeth should
be roughly 50% to 66% of the slot pitch at the mean stator slot diameter.

The voltage equation presented in (1) is used to determine the number of turns per
phase (Ny). In this equation, A and Bgg are the airgap area of each pole and the airgap flux
density. The frequency of the operation at the rated speed is shown by f.

E = 4.44B,g AN, f (1)

The stator winding copper wire diameter is chosen to be about 1 mm which is easier
for winding. Assuming a copper slot fill factor of 0.45, the number of parallel branches for
the obtained number of turns is then determined.

High-power PMSMs normally offer a high efficiency and power factor in their constant
torque region. It is assumed that the product of power factor (cos ¢) and efficiency (1) for
this machine should be around 0.95 [56]. The following equation can be used to find the
machine current (I;) for generation of maximum torque:

I Pout

R T — 2
V3V cos(9) “

In Equation (2), P, and V; are the output power and rms line voltage at the maximum
speed at the end of the constant torque region.

Standard Class F insulation is used, which allows operating temperatures of 145 °C
with a hotspot temperature of 155 °C. The value of rated current is found as the current
which produces this hotspot temperature limit in the windings [57]. From the value of
rated current, the required PM volume can be found by means of a sensitivity analysis
in FEA.

Considering the advantages of the V-shape PM topology discussed in the Introduction
section, this configuration is selected for the design. To optimize its value, the V angle is
changed from 180° to 60° and the airgap flux density is monitored while the PM volume is
kept roughly constant. The FEA results indicate that the 60° design provides an airgap flux
density that is about 25% higher than the other two designs. This increased flux density
presents an opportunity to reduce the number of turns in the machine, thereby achieving
lower copper losses. Figure 4 shows the results for the three V angles. The back-emf
waveform of the 60° design is more sinusoidal than the other two designs which gives
a higher power factor. The total harmonic distortion (THD) of the back-emf for the 60°
design is 1.4% while for the 180° and 150° designs it is 7.5% and 5%, respectively. Although
the cogging torque of the machine with the 60° angle is larger than with the 180° angle (i.e.,
15 Nm peak vs. 3 Nm peak), its percentage torque ripple at the rated point is 10% which is
7.3% smaller than the 180° design and 3.7% smaller than the 150° design.

The higher average torque, lower ripple torque, and lower THD of the 60° design
make it superior in terms of its electromagnetic performance. However, because of the
larger width of the PMs in the 60° design, it has a smaller inner diameter and higher rotor
weight. The short circuit current of the 60° design is also higher than the two other designs,
which could increase the risk of demagnetization.

As shown in Figure 4, the rated currents were found by considering the voltage and
winding thermal constraints. These are affected by the number of turns and the airgap flux
density. The 60° design has the highest rated current, followed by the 180° design.
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Figure 4. Two-dimensional FEA results of the studied PMSM V-shape rotors for different rotor magnet
angles. The maximum continuous power (MCP) is reported @2800 rpm with Class F temperature
rise. I, is the short circuit current.

It should be highlighted that structural, vibration, and noise analysis are other factors
which can be studied with consideration of the different PM angles to determine the
optimum design. These analyses are out of the scope of this paper.

Bar graphs of the stacked losses as a fraction of the input power for the three designs
are presented in Figure 5. This shows that the majority of losses are due to the stator copper
losses, followed by stator iron losses, and there are only a small amount of rotor iron and
magnet losses. It should be highlighted that the number of turns per phase of the V-60 is
about 25% less than the other designs. This reduction enables the use of a conductor with a
larger cross-sectional area, which in turn helps achieve lower resistance. Consequently, the
stator resistance of the V-60 design is 0.036 ), compared to 0.065 (2 in the other designs.
Although the winding resistance of V-60 is lower, its copper losses are approximately equal
to the other designs because of its higher rated current.
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Figure 5. Stacked bar graphs of the losses of the three PMSM designs obtained from 2D FEA.

3.2. IM Design Procedure

As shown in Figure 6, the design process for the IM starts with the determination of
the number of poles and slots based on the same principles as for the IPMSM design. The
number of turns is found using Equation (1) with the assumption of 0.7 T for the airgap
flux density.

| Determine number of tums using (1) when By = 0.7T is assumed |

| Calculate current at the rated speed by (2) and no-load current. |

Adjust stator back-iron, stator tooth width, and rotor tooth width to
reach the required flux density in each region.

- Required back-iron flux density: 1.2T < Bpiron < 1.4T.

- Required stator and rotor tooth flux density: 1.5T < Byion < 1.6T.

| wire size, and number of parallel paths.

| Run 2-D FEA at the rated current to get loss and performance

[ Run 3-D FEA thermal analysis to find the temperature at hotspots
v

Check temperature limit (e.g., class F insulation), and adjust current to

reach the target torque.

- 1T Thotspot < 135<C, increase current with 5A step

- If Thowspet > 135<C, decrease current with 5A step

Finalize the rotor bar depth and width,
Update number of rotor bars to reach minimum torque ripple

L 2

| Report the design dimensions. |

Figure 6. The proposed step-by-step design process for the induction machine design.
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According to [30], it is reasonable to select the number of rotor bars (Ng) in the
following range:
0.5Ng5 < Ng < 1.5Ng, 3)

where N is the number of stator slots. The results of the analysis in Ref. [58] demonstrates
that the torque ripple is zero but the machine cannot be line started when Ng = Ng. Because
the line-start operation of the IM is not an important criterion for the considered HEV, the
initial value of N is assumed to be equal to the stator slots (Ng = Ng). An arbitrary, but
reasonable, value (i.e., 10-15% of the rotor radius) is assumed for the bar depth and their
width is chosen to be roughly equal to the stator slot width.

The power factor of induction machines is normally in the range of 0.7 to 0.9. Based on
this it was assumed that 77 cos(¢) = 0.65. Considering this value, a possible rated current
for the IM is calculated at this stage. Normally, the no-load current in IMs is 40% to 60%
of the rated current. It is assumed that the no-load current in this design is 50% of the
rated current. The calculated no-load current is injected into the winding in 2D FEA when
the rotor is rotated at the no-load speed. The no-load simulation is executed for different
slot heights and widths to achieve the desired back-iron and tooth flux densities in both
the rotor and stator. The desired values have been indicated in Figure 6 which have been
selected based on the information in Refs. [55,59]. The rotor tooth width is kept 1 mm
less than the stator tooth width during the analysis, based on the e-mobility IM design
described in Ref. [48]. At this stage the rotor slot height is kept constant.

In published IM designs for EVs and HEVs, the IM typically operates at 0.1-1% slip
over a wide range of torque and speed. Hence, the rotor of the machine is rotated with
0.5% slip when a current-driven IM is simulated using 2D FEA at rated frequency. The
amplitude of the current is increased to reach the limits of the Class F insulation. The stator
voltage is checked to ensure that the machine does not exceed the DC-link voltage limit.
This current is selected as the rated current of the designed IM.

The dimensions of the rotor bars are then optimized to improve performance. Increas-
ing the rotor bar width and depth reduces the rotor resistance and hence losses and can
also produce less torque ripple. On the other hand, the increase in the bar width reduces
the rotor tooth cross-sectional area which can lead to saturation and hence torque reduction.
Also, the increase in the bar depth leads to an increase in the length of the flux path and,
consequently, possible additional saturation and core loss. Hence, the width and depth of
the rotor bars are varied to find the optimum value through the FEA simulations.

After the rotor bar dimensions have been optimized for a given number of rotor bars,
the number of rotor bars, which gives minimum torque ripple, is optimized keeping the
bar depth and total rotor bar cross-sectional area constant.

4. Design of the IPMSM and IM Using the Proposed Procedure
4.1. Available Space for Design

The geometry requirements, presented in Table 1, are a challenge of this design. Given
the maximum of 400 mm for the housing outer diameter (OD), a value of 370 mm is chosen
for the stator OD to allow a 15 mm radial thickness for the housing with 10 mm spiral
cooling channels. Given the 150 mm maximum axial length requirement, it is assumed
that the housing thickness occupies 2.5 mm of axial length on each side. The end-winding
length reduces the available axial space for the machine. Based on the chosen number of
poles, slots, and winding design, which will be explained later, a 3D printed stator was
provided for the coil winder to perform a sample winding to estimate the length of end
winding. This was found to be about 40 mm. Thus, the maximum machine stack length
would be only 65 mm.
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4.2. IPMSM Design Example

The number of poles and number of slots should be determined at the first step. Given
3200 rpm as the maximum speed of the machine, the number of poles can be a value in
the range of 10 to 20 poles based on the stator fundamental frequency in the range 250 to
500 Hz.

Based on scaling of a commercial line-start induction machine design to the proposed
370 mm stator outer diameter, 72 slots were chosen for the stator. The selection of a value
of slot per pole per phase (SPP) of 2, based on torque ripple and THD considerations, with
72 slots determines the machine number of poles which is equal to 12.

The inner to outer stator diameter ratio of 0.6 to 0.8 is a typical value for electrical
machines (for instance, the IM in the Tesla model S used 0.6 [59]), and a value of 0.7 was
used. Given 370 mm for the outer diameter, the inner diameter will be equal to 259 mm.
Given the dimensions of the machine and the high operating temperatures, a 1 mm airgap
length is used.

The stator yoke and tooth thicknesses are obtained using the optimization procedure
described in the previous section. The resultant yoke and tooth thicknesses are 17 mm and
7.3 mm, respectively.

Based on the specifications, the maximum DC-link voltage of the machine is 750 V
which limits the maximum rms phase voltage (E) to 286 V. Therefore, the number of series
turns (N) is found using Equation (1) to be 72 turns per phase.

The 60° V-shaped topology is selected for the rotor based on the analysis in the
previous section. As explained, the amount of PM material is adjusted to reach the 0.85 T
airgap flux density. The rated current is then calculated by Equation (2). The machine’s
thermal performance is examined and if the temperatures are too high, the current is
reduced, and the PM volume is increased if necessary to reach the expected performance
within the voltage limit.

The cross-section of the final design of the 100 kW IPMSM was presented earlier in
Figure 4 (rightmost design) and Table 3 summarizes its dimensions.

Table 3. Dimensions of the designed IPMSM.

Parameter Value Parameter Value
Outer diameter [mm)] 370 Inner diameter [mm)] 260
Slot depth [mm] 38 Tooth width [mm)] 7.3
PM thickness [mm] 6 PM length [mm] 43

Length of air barriers [mm] 2 Airgap length [mm)] 1

Shaft diameter [mm] 130 Stator stack length [mm] 65
Winding end-winding length [mm] 40 Number of poles 12
Number of turns per slot 6 Number of slots 72

4.3. IM Design Example

The geometry requirements are also applied for the design of the IM and the same
number of slots and poles, and ratio of inner to outer stator diameters was chosen.

Considering a maximum DC-link voltage of 750 V, the number of turns per slot are
calculated using Equation (1) for a 0.7 T average airgap flux density and a 280 Hz operating
frequency. Considering these values, the obtained number of turns per slot is 6 turns.

To find the stator slot and yoke dimensions, the initial value of the number of rotor
slots N is assumed to be equal to the stator slots (Ng = 72). The process described in
the design procedure was used to obtain the stator tooth width and back-iron thickness as
7 mm and 17 mm, respectively, and then the optimum rotor dimensions as the rotor tooth
width and bar depth as 5.7 mm and 24.5 mm, respectively.

Figure 7 shows the effect of changing the number of rotor bars on the rated perfor-
mance of the IM while keeping the total rotor slot area constant. Figure 7a shows that the
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torque ripple becomes larger when the difference between the number of rotor and stator
slots is increased. The minimum torque ripple occurs with 72 rotor bars which is similar
to the conclusion of the previous work conducted by Joksimovic [30,58]. As shown in
Figure 7b the generated torque, output power, and power factor are increased by increasing
the number of rotor bars because the airgap flux is found to increase. The higher airgap
flux does increase the core loss and consequently the iron temperature by a small amount.
Figure 7c shows that with a larger number of rotor bars (i.e., 78 to 92 bars) the rotor iron
temperature is slightly (about 1 °C) higher. The stacked loss of the machine with different
numbers of rotor bars is presented in Figure 8. As expected, the loss is increased slightly
by the increase in the number of rotor bars. The 2D FEA results show that the rotor core
loss increased by about 1% from 64 to 92 bars. These results show that the design with
78 bars offers an acceptable performance with small torque ripple, and it was selected.
The geometry and cross-section of the proposed machine are presented in Table 4 and
Figure 9, respectively.

3 [ QUREARN QOETAY I 150
=25 [ QURCNRN QIR I g
5 2 [ WL R 2 100
s [ QUREARN QOETANY I £
z [ WL R £ 5
S [ QURCARN QETANY I &
05 [ QURCNRN QIR I g

0 [ QUREARN QUETANY 0

64 68 72 74 78 84 92 .|| ||.|| ”.” winding cage stator  rotor

bars bars bars bars bars bars bars . i i
current torque  power efficiency power ron ron

factor
(@) (b) ()
Figure 7. Effect of the number of rotor bars: (a) 2D FEA results of torque ripple at rated torque,
(b) 2D FEA results of performance parameters, (c) 3D FEA results of hot spot temperatures. The

current, torque, and output power are per unit based on their rated values which are 120 A, 260 Nm,

and 80 kW, respectively.
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Figure 8. Two-dimensional FEA results of the IM loss breakdown for different numbers of rotor bars.
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Table 4. The dimensions of the designed IM.
Parameter Value Parameter Value

Outer diameter [mm] 370 Inner diameter [mm] 260

Slot depth [mm)] 42 Stator tooth width [mm)] 6.9

Rotor bar depth [mm] 245 Rotor tooth width [mm] 53

Airgap length [mm] 0.5 Shaft diameter [mm] 170

Winding end-winding length [mm] 40 Stator stack length [mm] 65

Number of rotor bars 78 Number of poles 12
Number of stator slots 72 Number of turns per slot 6

stator RAN

rotf\

sha‘f/tj\

Figure 9. (a) Cross-section of the designed induction machine, (b) flux density distribution in the
full-load operating condition.

5. Simulation Results and Discussion

In this section, the finite element analysis (FEA) performance parameters of these
machines are compared over a wide range of torques and speeds in the required operation
region and overload condition. Finally, the proposed design procedure is used to design
these machines with different numbers of poles to study the effect of the selection of
pole numbers.

The FEA models for both the induction (IM) and permanent magnet (PM) models were
developed and analyzed on a computer equipped with a 13th Gen Intel Core i9-13980HX
CPU and 32 GB of RAM. The IM model consists of 4185 mesh nodes and 8195 mesh
elements, while the PM model includes 3208 mesh nodes and 6132 mesh elements. In
both models, the maximum element length is 0.4 mm. The FEA for a single operating
point requires 57 s for the IM model and 42 s for the PM model. Additionally, the thermal
analysis at a single operating point takes 7 s for the IM model and 4 s for the PM model.

5.1. Performance Parameters

Although the machines have been designed for operation as generators in the consid-
ered HEV, the performance parameters in this section are provided for both motoring and
generating conditions to demonstrate the differences.

The power, efficiency, and power factor maps of the designed IPMSM and IM are
discussed in this section. The calculation procedure of these has been described in Ref. [60].
Figure 10 compares the output rated power of both machines. It is seen that the IPMSM
offers a higher power (larger torque) capability at lower speeds. The maximum power of
the IPMSM is 103 kW while the IM is limited to 75 kW. It should be highlighted that the
induction machine offers 81 kW during generating operation at the rated speed which is
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6 kW greater than the power in the same motoring condition. The maximum output power
of the IPMSM in motoring mode is 2 kW greater than its output generating power.
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Figure 10. Two-dimensional FEA output power results: (a) IPMSM, (b) IM.

The efficiency maps of the designed machines are compared in Figure 11. This shows

the efficiency of the IPMSM is at least 2% greater than the IM in both motoring and

generating modes. Note that at lower speeds this difference reaches 7%, which is significant.
In addition, the high-efficiency region for the IPMSM covers a larger area than for the IM.
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(a
Figure 11. Two-dimensional FEA efficiency map results: (a) IPMSM, (b) IM.
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Table 5 compares the electromagnetic weight, power, and efficiency. The IM is ap-
proximately 10 kg heavier than the IPMSM because of the copper rotor cage. The power
densities of the IPMSM and IM are about 2.1 kW /kg and 1.4 kW /kg, respectively.

Table 5. Comparison of the IPMSM and IM.

Weight [kg] Power [kW] Efficiency [%]
Winding Cage Iron PM Rated Peak Rated Peak
IPMSM 12.0 - 344 3.0 103 206 97 91
M 12.0 13.1 31.4 - 81 162 95 92

The comparison of the power factor of the two electric machines in Figure 12 demon-
strates the larger power factor of the IPMSM at most of the operating points. At larger
torques this difference is about 37%.

I I
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8 _——
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: N
| —250 | K (
7
—350 \l . . i \ —350 ! .

rotor speed [rpm] rotor speed [rpm]

(a) (b)
Figure 12. Two-dimensional FEA power factor results: (a) IPMSM, (b) IM.

5.2. Overload Condition

A transient temperature analysis is performed to examine the machine capability for
handling 2 pu overload power for 30 s. It is assumed that the machines operate at the rated
load (i.e., 345 Nm for IPMSM and 255 Nm for IM) and the rated speed of 2800 rpm from
timet=1stot=1560s. Then, a 2 pu load is applied for 30 s. After t = 1590 s, the machine
continues its operation at full load for a further 610 s. The load torques for both machines
are shown by the red lines in Figure 13a,b. Figure 13a shows the IPMSM temperature
increased from 146 °C to 153 °C within 30 s, which is still within the limitation of the Class
F insulation temperature (i.e., 155 °C). The transient temperature analysis of the IM, shown
in Figure 13b, shows that the winding hotspot temperature changes from 114 °C to 152 °C
during the overload operation. Thus, both machines have the capability of handling the
required 2 pu overload.
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Figure 13. Three-dimensional FEA results of the transient thermal analysis of the designed machines:

(a) IPMSM, (b) IM.

5.3. Number of Poles

This section describes a sensitivity analysis of the effect of the number of poles on the
induction machine. Machines with 10 to 20 poles are considered while keeping the number
of slots per pole per phase equal to 2. The output powers of the designed machines are
compared with each other, taking into account the stator winding temperature limit.

The initial induction machine design used 12 poles and Figure 14 shows that increasing
the number of poles results in lower output power because of the temperature limits.
Increasing the number of poles results in a substantial increase in the core loss which is not

offset by the small reduction in stator yoke thickness (see Figure 14b).
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Figure 14. Two-dimensional FEA results of induction machines with different numbers of poles
designed using the proposed process: (a) output power considering the thermal limit, (b) core
loss/weight (bars) and weight (line).

5.4. Comparison of the Radial-Flux Designs with Axial-Flux Benchmarks

Given the tight axial length constraint of the traction application considered, axial-flux
PM designs are an important alternative to the radial-flux PM and IM designs covered in
this paper for this traction application. Thus, the performance parameters of the designed
radial-flux machines are compared with four commercially available axial-flux designs and
two axial-flux designs described in the literature, as shown in Table 6.

Table 6. Comparison of the performance parameters of the designed IPMSM and IM at 2800 rpm
with four axial-flux designs available commercially and two from the literature. The reported values
for the machines are taken from [15,45,59-62].

Inlet Coolant Temperature Max. Continuous Power Max. Efficiency Power Density
Proposed IPMSM 80°C 103 kW 97% 2.08 kW/kg
Proposed IM 80°C 75 kW 95% 1.43 kW/kg
65 °C 49.5 kW 93% 1.04 kW /kg
eMobility IM [48]
80 °C 44.5 kW <93% 0.94 kW /kg
60 °C 55 kW - 1.57 kW/kg
GVM210-100P [61]
80 °C 48 kW - 1.37 kW /kg
40 °C 70 kW 97% 1.89 kW /kg
YASA-750 [62]
80 °C 49 kW <97% 1.32 kW/kg
40°C 105 kW 98% 512 kW/kg
EMRAX 268CC [63]
80 °C 60.8 kW <98% 2.96 kW /kg
AFPMSM [64] 80 °C 20 kW 91.5% 0.88 kW /kg
AFPMSM [15] 80 °C 82 kW 94% 23kW/kg

The radial-flux IPMSM and IM designs use Class F insulation and, with the assumed
80 °C liquid coolant, are designed for operation at 130 °C during steady-state operation.
The application requirement has a 2800 rpm rated speed. To provide a fair comparison,
the output power of the benchmark machines is derated for this cooling arrangement and
rated speed. Due to the limited information provided by the manufacturers, the following
assumptions are made in the derating: the machines operate with a steady-state stator
winding temperature of 130 °C and the available cooling is directly proportional to the
difference between this and the coolant temperature; at this low speed only the copper loss
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is considered and this loss is proportional to the square of current; and also the torque is
proportional to current.

The induction machine described in Ref. [48] delivers 115 kW at a rated current and
speed of 290 A and 6500 rpm with an inlet coolant of 65 °C. The output power of the
machine is reduced to 49.5 kW at 2800 rpm. Considering a 15 °C higher temperature of
the coolant, the amount of the loss should be reduced by 19%. Thus, the rated current will
have a 10% reduction which produces a derated output power of 44.5 kW.

The Parker GVM210-100P [61] has a rated power of 106 kW with 60 °C coolant at
5373 rpm. Thus, this machine offers 55.2 kW output power at 2800 rpm with the 60 °C
inlet coolant. The increase in the inlet temperature to 80 °C leads to a 13% reduction of the
rated current and torque. Therefore, the derated output power of this machine drops to
48 kW with 80 °C coolant. Therefore, the power density of the machine is 1.37 kW /kg with
respect to its 35 kg weight.

The YASA-750 is a commercial axial-flux PM machine which is rated at 70 kW and
3000 rpm with 40 °C coolant [62]. Using the above approximations, with 80 °C coolant, the
derated output power is estimated at 49 kW at 2800 rpm.

The EMRAX 268CC [63] is another commercial axial-flux PM design and can deliver
105 kW at 4500 rpm with 50 °C coolant. The derated power for this machine is estimated at
60.8 kW at 2800 rpm.

Two different axial-flux PM synchronous machines (AFPMSMs) have been studied in
the literature in Refs. [15,64]. The coolant inlet temperatures for the designed machines in
Refs. [15,64] are 25 °C and 20 °C, respectively, and they have rated powers at 2800 rpm of
20 kW and 82 kW, respectively. The winding temperature in Ref. [64] at the rated current is
75 °C (i.e., the Class A insulation limit). If this insulation level is changed to Class F, the
45 °C increase in the inlet coolant temperature is compensated and no derating is required.
This can also be applied to the machine in Ref. [15].

Table 6 summarizes the above results. It shows that the designed IPMSM and IM
have promising performance and outperform some of the commercial designs, especially
in output power and efficiency, with the relatively high inlet coolant temperature (80 °C),
although the EMRAX 268CC remains superior in terms of power density. The designed IM
also outperforms the eMobility IM and the GVM210-100P, which show significant reduction
in continuous power and efficiency at higher temperatures. The YASA-750 demonstrates
strong performance at a lower coolant temperature but has significant power derating when
operating with 80 °C coolant. The two AFPMSM designs differ widely in performance,
with one of the designs offering competitive power density and efficiency at 80 °C.

Note that the efficiency values for the designed IPMSM and IM do not include bear-
ing/windage losses. Also, the power density shown does not include the housing, shaft,
bearings etc. unlike the commercial machines [62,63] and the AFPMSM in Ref. [64]. The
reported weight in Ref. [15] also does not cover the housing, shaft, and bearing weights.

6. Conclusions

A step-by-step design procedure for the design of interior permanent magnet syn-
chronous machines (IPMSMs) and induction machines (IMs) for electric traction appli-
cations was proposed in this paper. A 100 kW direct-drive electric machine for a hybrid
electric vehicle (HEV) was considered as the case study. An IPMSM and an IM were both
designed for the HEV, and their performances were compared.

As the main contribution, this study incorporates both electromagnetic and thermal
analyses to optimize the machine performance under normal and overload conditions and
to provide insights into thermal limits. The effect of using different rotor magnet V angles
in the IPMSM was studied and the advantages of using embedded magnets were described.
It was found that the deep PM structure (V-60) offers the best electromagnetic performance
parameters. Future work could include studying structural, noise, and vibration analysis for
the considered designs to find the most suitable structure for high-power density IPMSMs.
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The sensitivity of the performance of the induction machine to the number of rotor
bars was examined to highlight the importance of this value. The effect of the selection
of the pole number was another subject of the study. It was demonstrated that although
it is expected to increase the power density by increasing the number of poles, the stator
winding temperature limit can prevent reaching larger torques/higher power.

The comparison of the IPMSM and IM designs with the performance of four com-
mercial designs and two designs from the literature showed the developed designs are
competitive in power density and efficiency and can be used as a baseline for further
optimization. For instance, optimization can be conducted by changing the slot widths
and depths or PM dimensions as studied in various works from the literature. It should be
highlighted that the expected performance parameters of the designed machines can be
confirmed after construction and testing, which is the subject of future study.
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