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Abstract: Nowadays, many researchers focus on the use of clean energy instead of fossil les. The utilization of electric vehicles

o
(EVs), in addition to reducing fuel consumption and associated costs and minimiz&

ronmental pollution, allows for the
recovery of a significant amount of energy. Another crucial advantage is the Cc of noise emissions when using EVs. The
selection of an efficient electric motor with high power plays a v.ital 7 Qapplications. Also, the modeling process is
growing more complicated as the need for greater efficiency, higher Qr:sity, and lower costs drives motors toward higher
speeds and more compact designs. Consequently, inter; n ss multiple physical domains such as electromagnetic,
thermal, and structural must be considered, even during.the”early stages of design. In this paper, a design algorithm is
introduced for the delta-shaped interior perman agnet synchronous motor (IPMSM), facilitating the completion of the
motor's initial design. The design optimi thig/type of IPMSM for EV application is also considered. The motor's
performance, demagnetization, mech | stress, and thermal performance are evaluated using the finite element method
(FEM). Based on the optimized d@ eria, a suitable design can be chosen from the best set of designs obtained.

\®

Keywords: Interior per| agnet synchronous motor, design optimization, electric vehicle, multi-physics simulation model,

finite element meb

1. Introduction

The automotive sector has directed its attention toward enhancing the performance of electric drivetrains, aiming to
encourage consumer acceptance of electric and hybrid vehicles. This focus involves considering system-wide aspects
such as extending vehicle range or reducing battery mass, all with the overarching objective of reducing overall system
costs. Throughout this endeavor, the choice for traction electric machines has leaned heavily toward Permanent Magnet

Synchronous Motors (PMSMs). The high-efficiency PMSMs have no excitation loss, which reduces copper loss and



enhances efficiency [1,2]. These electric motors are widely used in EVs due to their many advantages such as high
efficiency, high power/torque density, and wide-speed operation [3]. For traction applications, the weight and size of the
electric motor are also crucial factors. Among diverse types of PMSMs, the Interior Permanent Magnet (IPM) motors
have advantages over Surface Permanent Magnet (SPM) motors. These advantages include better mechanical safety,
higher speed, larger torque, and higher efficiency [4].

The most crucial factor affecting the performance of an IPM is the rotor shape. Therefore, determining an appropriate
rotor shape for EV applications is essential [5]. Consequently, the sustainability of traction electric machines ha%me
a key concern, prompting all vehicle manufacturers to adopt IPM synchronous machines that rely on rare.& d heavy
rare-earth materials for production vehicles. Despite the availability of diverse options, the I@l remains the
predominant choice among traction electric machines, underscoring its widespread utilizatione , five types of IPM
rotors for EV applications were analyzed, and the results show that the delta-shape h%&&est torque compared to
other topologies. The results in [7] suggest that the double-layer PMs topology das %ger anti-demagnetization ability
and wider high efficiency. In addition, to mitigate stress concentration and¥gducg’eddy current losses, the PM pole is

divided into multiple PMs [8]. The core loss of PMSM with a double-!@ts topology structure is lower than that of

[ J
a single-layer PMs topology structure at high speed. Therefore, a&

with a single-layer PMs topology in terms of high e%@. Four different topologies of PMSMs with the same

with a double-layer PMs is superior to the one

sizing are compared in [9], and it is concluded that the pe and delta-shape configurations have the highest output

torque. Due to the significant advantages of th -shape IPM, such as high efficiency compared to other models by
minimizing harmonic waves, the torque Mn so be reduced, leading to less noise [10]. Therefore, this paper will
delve into the design aspects of suc ines.

Traditional electric mot @ often prioritizes electromagnetic performance, neglecting other crucial factors.

While aspects like demag

@' ion, thermal, and structural analysis are individually addressed, a unified design approach
is lacking. Several facto st be considered, such as rotor mechanical strength and dynamics, electromagnetic fields,
energy losse a@mperature management [11]. Unfortunately, the heat generated by iron losses in the rotor can only
be dissi terugh radiation, leading to a rise in rotor temperature and potentially causing irreversible demagnetization
of the PMs [12]. Thermal analysis plays a critical role because electrical insulation has temperature limitations, and the
cooling system significantly impacts performance. Cooling options include natural air, forced air, and forced coolant
methods [13,14]. With the increase in volume and power level of the IPMSM, the larger-diameter PM rotor must
withstand higher centrifugal forces [15]. The centrifugal force acting on the rotor results in deformation which increases

with the motor speed [16,17]. The safety factor of the motor for vehicles should be generally designed to be 1.2 or more

[18,19].



This paper proposes a comprehensive design method for an 80-kW, 8-pole, 4000-RPM delta-shaped IPMSM used in
electric vehicles, considering structural, thermal, and demagnetization limitations. The design targets a mechanical safety
factor of at least 1.2 and an efficiency exceeding 95%. Structural optimization is achieved by modifying key rotor
parameters, such as bridge thickness and magnet post size. These parameters influence both electromagnetic and structural
stability. The remainder of the paper is organized as follows: The design algorithm related to the delta-shape IPMSM is
clearly described in Section 2. Using the described design algorithm and the proposed design optimization procedure, a
delta-shape IPMSM is designed and optimized for EV application and the results are presented in Section 3.%Iy,

Section 4 highlights the main contributions and conclusions of the paper. .&

2. The design algorithm %{b’
i

A design algorithm for the delta-shape IPMSM depicted in Fig. 1 is described herN ng someone to perform
the initial design of the motor. The design algorithm comprises two distigct %1) Determination of the main

dimensions of the machine, illustrating the machine volume, and 2) Findir@ometric parameters of the machine.

These two parts are explained in the following. Q
R,
(Please insert@ here)

2.1. The main dimensions of design

The initial step involves clearly defining the motor's red performance characteristics. This includes factors such
as power output, torque, speed range, operatin e, and efficiency. The design process starts with initial assumptions
for parameters like current density, air gmensity and power factor. The diameter of the stator bore, and the stack
length of the machine are defined % ain dimensions of the design and how to determine them for the IPMSM are

explained in this section. Ar&@nalytical equation, linking the rotor volume to the machine's electric and magnetic

loading, serves as the fg 'onal step in electromagnetic design [20]. The main dimensions can be calculated using the

output equation of @
P
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where S is the rating KVVA of the machine, Po. is the rated output power, 7 is efficiency, Co is the output power coefficient,

es equation as follows:

D is the diameter of stator bore, L is the stack length of the machine and n; is the synchronous speed. The output power

coefficient is obtained using below equation:

C, =1.17°K,,B,,acx10’ )



where Ky, is winding factor, Bay is the specific magnetic loading and ac is the specific electric loading. The specific electric
loading can be selected between 35-65 KA/m for PMSMs without cooling and it is higher for water-cooled non-salient
pole synchronous machines with water direct water cooling [21-23]. The specific magnetic loading is defined as the
average value of flux density over the rotor surface, and it is for a sine-distributed flux as follows [23].

2
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where By peak IS the peak value of flux density in the airgap. For the PMSMs, the air gap flux density (Byg) changes@en
0.8 T and 1.05 T [23]. By selecting the values of magnetic and electrical loadings, the motor volume (DZ. e@derived
from (1) because other parameters are known for a specific IPMSM whose design is supposed @ompleted. To
separate the main dimensions (D and L), another equation is required. For this purpose, the %%ris usually used in

which zis the pole pitch. This ratio is between 1 and 3 for the salient pole type [24]. It mu noted that the pole pitch

is related to D using below equation: ‘&
P AQ “

where P is the number of poles. \,
2.2. Other design parameters O

After determining the main dimensions, the next stepris selecting other key design parameters. These include the
number of poles and slots, stator and rotor dimensieRs, air gap length, and winding configuration. Based on these initial
choices, the preliminary electromag ticﬁs conducted by calculating the stator yoke thickness, stator tooth width,
stator tooth height, number of wind ns, current density, winding diameter, and the dimensions and positioning of
the permanent magnets to ac&\@ desired torque and flux characteristics. Once the preliminary electromagnetic design
is completed, structura @.‘ considerations are incorporated. This involves verifying the mechanical robustness of
critical compon@@as e flux barrier layout, shaft, and rotor core. FEM simulations are then performed to analyze

the electror@

the initial FEM results, an adjustment phase follows, during which key design parameters are refined to

performance.

improve performance. Adjustments may include optimizing the flux barrier design and modifying magnet dimensions to
enhance torque production while minimizing torque ripple. Next, mechanical FEM analysis is performed to assess the
motor’s structural integrity, ensuring that stresses and deformations remain within acceptable limits at maximum
operating speeds. Thermal analysis is then conducted to evaluate temperature distribution within the motor, ensuring that
the permanent magnets, stator windings, and other components operate within safe thermal limits to maintain reliability

and efficiency. If the results of the electromagnetic, structural, or thermal analyses are unsatisfactory, previous design
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steps are revisited, and necessary adjustments are made. Once all electromagnetic, mechanical, and thermal requirements
are satisfied, the design process is considered complete. This structured and iterative approach ensures a balanced design
with optimized performance, mechanical strength, and thermal stability, making it suitable for EV applications.
2.2.1. Airgap length

The air gap length is chosen based on mechanical constraints. A larger airgap reduces reluctance torque, while a
smaller airgap can lead to higher-order harmonics. Once cooling type and machine dimensions are fixed, current densities
can be determined. The air gap length in an IPM motor is comparable to that in an induction motor. The air ga % is
typically between 0.6 and 1 mm for traction machines [25]. ¢ d
2.2.2. Rotor design parameters

The NdFeB-type PMs are commonly used for EV applications and therefore are conside @ The length of the
PM is equal to the length of the rotor and its thickness is determined to reduce the risk o gnetization [26]. So, the
thickness of PMs could be selected 5 to 10 times larger than the air gap length % initial design [27,28]. A wider
magnet may potentially result in a larger magnetic flux density and highemm'production, but it may also lead to
increased torque ripple and demagnetization risk [29]. The PMs can b agnetized during motor operation, especially
during field-weakening. High demagnetizing fields can ;1& ith the PM's field and cause irreversible

ensure PM temperatures remain within limits. If dema ion occurs, increasing the distance between the magnet and

demagnetization. Temperature rise is another factor th ute to demagnetization. Thermal analysis is crucial to
air gap or increasing the V-angle are possiblnﬂ%ons [30]. As the number of PM layers increases, efficiency also
increases. According to [7], the PMSM Ie— ayer PMs is obviously superior to the one with single-layer PMs in
the proportion of high-efficiency in Therefore, it has been considered in the present paper. Increasing the V-angle
improves torque at low spe&@duces field-weakening capability. An appropriate angle should be chosen to meet

Q

design was adjustediffom 70#to 110°. Increasing the angle achieves the highest torque per PM volume, smoother torque

ripple, and t I@t PM cost.
n

0

the requirements for torg constant power speed range [30]. In the study [31], the angle in the proposed IPMSM

of flux barriers in IPMSMs plays a crucial role in enhancing performance by reducing magnetic flux
leakage and increasing torque. Flux barriers are strategically designed structures that help manage the magnetic field
within the motor, leading to significant operational benefits [32]. The circle flux barriers are applied to reduce the
mechanical stress concentration and to decrease the torque ripple.
2.2.3. Stator design parameters

A higher number of pole pairs results in a shorter end winding, meaning lower copper loss. However, this increases

the fundamental frequency, leading to higher iron-core loss and switching frequency for the power electronic converter.
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For the EV application, the 8-Pole 48-Slot (8P48S) and 10-Pole 45-Slot (10P45S) arrangements are commonly used, e.g.,
Toyota Prius 2004, Camry 2007, Honda Accord 2014, Lexus LS 600h 2008, and BEV Nissan Leaf 2011 [24]. In the
present paper, the design of the 8P48S PMSM is considered because this configuration is most popular.

The stator configuration involves selecting the conductors and determining the slot/pole arrangement. The choice of
the machine's pole number (P) relies on factors such as the operating speed, the drive's maximum switching frequency,
available DC link voltage, and constraints related to core loss. Additionally, the winding arrangement and stator structure
influence the rotor's pole numbers by considering suitable winding factors. However, higher pole numbers @se
leakage flux, causing challenges such as reduced power factor and torque density in extremely high pgl&gﬁes (for
instance, those with P > 16). Q

Selecting a slot/pole combination considers multiple performance aspects such as noise design, back-emf
harmonics, torque ripple, and fundamental frequency. The winding distribution is often chakacterized by the parameter g,
representing the number of slots per pole per phase [33]. Generally, q = 2 strikeg a b% between average torque, losses,
and moderate harmonics, commonly found in commercially available vehicl&hr’gher g design offers more sinusoidal
back-emf, lower PM loss, and higher average torque, yet it results in 'f@nductor loss and thinner teeth, leading to
increased core loss compared to q = 2. ¢ é

To estimate the overall size of the machine, we can use.a @I value of the split ratio, the ratio of the rotor diameter
to the stator diameter. For the interior rotor PM machin Is ratio is typically about 0.6 [23]. Knowing the split ratio,
the stator yoke diameter depicted with Ds on Fi an be determined because the rotor diameter (D) has already been

calculated as the main dimensions in secm

The thickness of stator yoke dep' pith Ws, on Fig. 1 can be obtained using below equation [34]:

_BynD &6
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where By is the @it in stator yoke. For the salient pole synchronous machines, the stator yoke flux density is in

the range 0‘2 :)to 1.5 T [21]. The width of stator tooth (W) is obtained using below equation [35]:

[¢]
Wi Bs (6)

where s is slot number and B is the flux density in stator tooth. For the non-salient pole synchronous machines, [23]
indicates that the tooth flux density is between 1.5 T and 2 T. As discussed above, the lower half of this range should be
considered here. With regard to Fig. 1, the height of stator tooth (ds) can be derived from other parameters using below

equation:
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2.2.4. Stator winding

Regarding the winding design, the choice between series or parallel connections among conductors depends primarily
on the available DC link voltage and the rated speed. Series connections require the phase current to pass through each
conductor, leading to an increase in conductor size to maintain constant current density. In contrast, having more parallel

paths reduces current and conductor size for the same current density. Additionally, parallel winding connectio ce

unbalanced magnetic pull compared to the series arrangement [36-38]. For the distributed winding, the t@vinding

factor is obtained using the following equation [23]: &
(x (bu
anf 2]
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s a)
q sin| ——

[
where m is the number of phases, yq represents the slots per pole and y is&d s the number of slot pitches. The line-

line rms voltage and line current are given by [25]: @
[ J
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The motor was designed with eight poles and g = 2 resuiting in 48 slots for a three-phase machine. The number of turns

per phase can be obtained using below equation®

Vi, (10)
4.44F K, b’

where Vpn is phase voltage a is’the maximum flux. The area and diameter of each conductor are calculated using the

following equations: Q

|
C

dcw 12)
T

3. Simulation results
3.1. The initial design

Using the design algorithm described in section 2, the design of an 80-kW, 4500-RPM, 8-pole delta-type IPMSM
whose specification is given in Table 1 is presented in this section. Based on (2), DL is obtained as 0.0027 m2. The ratio

L/z is assumed to be 3, and consequently, D and L are 132 mm and 160 mm, respectively. The initial estimation of PM



thickness is about 5-10 times larger than the air gap length. By selecting an air gap of 1 mm, the thickness of the two
layers of the magnet in the initial design can be considered as 3.8 mm and 2.6 mm. The number of rotor poles and stator
slots is matched to eight poles and 48 slots with the distributed windings aiming to reduce the fifth and seventh harmonics.
Due to physical limitations in accommodating eight poles and considering the flux barriers, as well as avoiding narrow
bridge thickness in layer 2, the best choice for the initial design is a VV-angle of 124° with a magnet width of 21.33 mm.

(Please insert Table 1 here)

The thickness and width of the stator yoke are obtained using (5) and (6), which are 12.2 mm and 4.1 mm, resp@
Based on (7), the slot depth is determined, and it is 21 mm. Using (8) to (10), the number of turns per pfiase culated
which is 48. It should be noted that the number of conductors in each slot is assumed to be 6, and t %of parallel
paths is equal to 2. The area and diameter of each conductor could be derived from (11) an @II obtained design
parameters are listed in Table 2. To verify the proposed IPMSM, it is simulated using A S&(axwell software and the
predicted torque waveform is shown in Fig. 2. As it is clear from this figure, tlle de, motor can achieve the required

torque. In the next section, structural and thermal analyses of the propose(@w\ are carried out using the ANSYS

Motor CAD software. Based on the optimal design criteria, an appropri@?gn can be then selected.

(Please insert Fig e)

Fig. 3 presents the magnetic flux density distribution ithi@l&l&ASM under rated load conditions. The plot indicates
that the maximum flux density reaches approximately 2.2 T,)mainly localized around the rotor core and the edges of the
N30UH magnets. No significant magnetic satutatign is observed in the stator teeth or rotor yoke, confirming that the
magnetic design, utilizing high-performmu agnets, is properly sized to handle the rated torque without risk of
saturation or demagnetization, ensuripgiefficient and reliable motor operation. Fig. 4 illustrates the efficiency map of the
designed IPMSM across a rang speeds and torques and combined electromagnetic and thermal performance. It can be
observed that the motor efficiency greater than 90% over a wide operational range, which is crucial for electric
vehicle appllcatlon lee driving range. The efficiency exceeds 95% at approximately 4000 rpm and 180 Nm,
confirming that otor design meets the efficiency requirements necessary for traction applications and aligns with the
requiremen able 1.

(Please insert Figure 3 here)

(Please insert Table 2 here)

(Please insert Figure 4 here)
3.2. Some other analyses

A structural optimization process was conducted on the motor design to ensure the safety factor is defined as [18]:



SF =%

— (13)

where oy represents the yield stress, the point at which the material starts to undergo inelastic or permanent deformation,
and omax is the maximum stress experienced by the rotor during rotation. The ratio of yield stress to maximum stress on
rotor laminations should be no less than 1.2. Achieving maximum efficiency and power factor, the design must be optimal
in terms of the rotor's mechanical and electromagnetic properties to balance performance, durability, and thermal stability
under operational conditions. While maintaining a constant average torque at base speed, the bridge thickness t@he
first layer and magnet post thickness (tm) for the second layer were varied. The bridge’s thickness is crucia.l&Qﬂaining
the mechanical integrity of the rotor. It helps distribute the mechanical stress that arises during o@ﬁ, particularly
under high torque conditions. Additionally, the magnet post thickness provides the nec ss&@rt for the magnets,

ensuring they remain securely in place during operation.

[
To evaluate the influence of rotor design parameters, a parametric analysi &ucted by systematically varying
tp and tm, both of which affect the electromagnetic and mechanical behayi MSMs. The parameter t, was primarily
varied in layer 1 to address its critical role in withstanding cent@fugalfolices and mitigating magnetic saturation near the

layer 2, where it governs the flux linkage between t of the V-shaped magnets, influences saliency, and affects

airgap, where flux density and mechanical stress are hifhes@high—speed operation. In contrast, tm was varied in

reluctance torque performance. These parameters afe illustrated in Fig. 5.

The minimum and maximum valuyes Mm were selected based on practical design constraints, including physical
limitations and the available space t gmmodate structural features within the rotor. To cover a meaningful range of
design scenarios, seven repr@e models were selected. In Designs 1-4, t, was held constant while t,, was varied to

study the effect of mag f@ t thickness. In Designs 1 and 5-7, t, was fixed and t, was varied to isolate the influence of

bridge thickness. combifation of parameters enabled a systematic investigation of trade-offs among key performance
metrics, incladi ficiency, power factor, mechanical safety, and saliency ratio. Table 3 lists the design configurations
cons in this study.

(Please insert Table 3 here)

(Please insert Figure 5 here)
3.2.1. Electromagnetic analysis
The effects of varying machine parameters are shown in Fig. 6. When the bridge thickness is decreased while keeping
the magnet post thickness constant, the coupling between the permanent magnet flux and the stator increases. This is

because the flux leakage of the magnet decreases, leading to a higher average air gap flux. As the bridge thickness

9



decreases, the d-axis inductance decreases, and the g-axis inductance increases. This results in an increase in both magnet
torque and reluctance torque for the same current. Additionally, the power factor improves due to the higher airgap flux
density and reduced d-axis inductance. Based on electromagnetic analysis, design 5 is considered the best choice among
designs 1, 5, 6, and 7 in terms of efficiency, power factor, and saliency ratio. When the magnet post thickness is reduced,
the magnet posts become saturated more easily, and more permanent magnet flux interacts with the stator. This saturation
causes an increase in d-axis reluctance and a decrease in g-axis reluctance due to the longer iron path.

3.2.2. Demagnetization study (b

The operation of the PM motor consistently falls within the negative d-axis domain. As a result, the erience
demagnetizing flux from the stator. A PM is demagnetized if its operating point drops below the kne@on the normal
curve, which leads to a decrease in the remnant flux density of the PM. The goal of the opti (@gn is to ensure that
PM demagnetization does not occur. {

In the considered design process, the simulations have been conducted at a %t temperature of 65° under the
application of short circuit current, and a demagnetization study was perf% he findings have indicated that the
operating point of the PM is positioned well before the knee point, sp t an abscissa of 1500 kA/m. Consequently,
the PM is not found to be demagnetized. Fig. 7 and 8 |Ilust éﬂeld intensity of PMs and the corresponding
demagnetizing normal curve, respectively.

(Please in igure 6 here)

insert Figure 7 here)

ea insert Figure 8 here)

Higher speed increases @ugal force quadratically, which significantly increases the rotor stress distribution.

3.2.3. Structural analysis
In traction machines, h|@ operation is typically desired as a design target. If the stress induced by centrifugal force
exceeds the maxim ress of the rotor, it results in PM deformation. This highlights a critical trade-off in design:
a structure t chanically robust may not necessarily excel in electromagnetic performance. Structural analysis is
carri t@n the machine is rotating at the maximum speed. For instance, the design that achieves maximum
efficiemcy (design 5), as illustrated in Fig. 6 does not correspond to the design with the highest structural stability (design
4).

When tn is reduced, the average stress on the rotor increases, leading to a rise in the maximum stress value. Although

design 4 boasts a safety factor of 2.54, it does not perform well in terms of electromagnetic efficiency and power factor.

In contrast, design 5, which has a lower safety factor of 1.8, meets optimal conditions while maintaining high efficiency

10



and power factor. The yield stress distribution and deformation characteristics in the rotor are depicted in the relevant Fig.

9 and Fig. 10, respectively.

3.2.4. Thermal analysis

Since design 5 was identified as a candidate in the previous analysis, it is essential to evaluate whether this model can
meet the thermal limitations. A 2D-coupled electro-thermal analysis was conducted to determine if the winding and PMs
in design 5 operate within their maximum allowable temperature limits. In this analysis, liquid cooling was im ed
using water as the coolant, with a flow rate of 6.5 liters per minute. The thermal limit for both the winar& he PMs
is set at 180 °C. The results indicated that the maximum temperature of the magnets reached 125 @e the winding
temperature was found to be 142 °C, as illustrated in Fig. 11. This analysis confirms that desi perates within the
thermal limits, ensuring both the winding and magnets remain below their maximum allo &mperatures. As aresult,

the output torque simulated in ANSY'S for the candidate model (design 5) conaplie%the required specifications.

(Please insert Figure 9 here) x
(Please insert Figure 10 E
[ J
(Please insert Figur& e)
4. Conclusion : ,

A comprehensive design approach ngvpe for a high-power delta-type IPMSM, used in electric vehicles, with
all critical electromagnetic, struct@nd hermal aspects considered. While achieving optimal electromagnetic
performance was a primary goal@ al and demagnetization studies were also essential to ensure the mechanical and
magnetic integrity of the &[ especially under high-speed conditions typically encountered in electric vehicle
applications. The str, nalysis verified that the rotor could withstand high rotational speeds without exceeding
material stress lj t@ereby ensuring mechanical reliability and a sufficient safety factor. Similarly, the demagnetization
study ensu@wat the permanent magnets remained stable and did not risk irreversible magnetic loss under high
températures and demagnetizing currents. These analyses are especially crucial in EV applications, where the motor
operates in demanding environments over extended lifespans. This multi-physics design addresses all critical
considerations for delta-shaped IPMSMs used in EVs. A mechanical safety factor exceeding 1.2, coupled with a target
maximum efficiency, was identified as the optimal design goal. Structural analysis was performed to evaluate the design.
While all options met the structural criteria, the design that excelled structurally did not necessarily perform best

electromagnetically. By incorporating these studies into the design process, the proposed motor not only meets efficiency

and performance targets as a primary goal but also demonstrates high durability and robustness. Therefore, a candidate

11



model was chosen for further assessment based on thermal limitations to ensure it met all constraints. Ultimately, a design

that satisfied the optimal conditions was achieved. Considering more design parameters for the design optimization and

using the optimization algorithms to find the optimum values of the parameters are suggested as future works.
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Table 1. Machine Ratings

X
O@Q

O

[
Parameter T
Rated power (kW) é
Rated torque (Nm) 180
Efficiency (%) .\ >05
/o
Power densi Ww >5
Rated spi p 4000
Maximfim speed (rpm) 10000
axi von-Mises stress (MPa) 370
ipding temperature (°C) 180
Magnet temperature (°C) 180
Safety factor >1.2
Table 2. Design parameters
Parameter Value
Outer radius of stator (Rs) 99 mm
Inner radius of stator (Rs) 66 mm
Outer radius of rotor (Ry,) 65.5 mm
Inner radius of rotor (Rj) 22.21 mm
Rotor length 150 mm
Stator length 160 mm
Air gap length 1 mm
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T[°C]




Number of slot/Pole 48/8
Turns per phase 48
Conductors per slot 6
Slot depth (ds) 21 mm
Slot space factor 0.4
Slot per phase 16
Yoke height (Wsy) 12.2 mm
Tooth width (W) 4.1 mm
Winding factor 0.933
Wire diameter 3.1mm
PM type N30UH
Magnet thickness of outer layer (hpm1) 3.88 mm

Magnet bar width of outer layer (Ipm1)

Pole V angle of outer layer (ctpm1)

Magnet thickness of inner layerghpm,

Magnet bar width of inner la lrmz

21.33 mm

124°

Pole V angle of iv(apmz)

Table 3. Controllable Factors and Corresponding Values

Bridge thickness (t,) Magnet post thickness (tn)

Design 1 1.2 mm 0

Design 2 1.2 mm 0.75 mm

Design 3 1.2 mm 1.5mm

Design 4 1.2 mm 2mm

Design 5 0.6 mm 0

Design 6 1.8 mm 0

Design 7 2.4 mm 0

19




Biographies:

Sepideh Nasr was born in Isfahan, Iran, in 1990. She received her M.Sc. in Electrical Engineering from the Isfahan
University of Technology, Isfahan, Iran, in 2016. She is currently pursuing a Ph.D. degree in Electrical Engineering at
the University of Kashan in Iran. Her main research interest includes electrical and thermal design of electrical machines,
especially PMSM for EV applications.

Dr. Babak Ganji received B.Sc. degree from Isfahan University of Technology, Iran in 2000, and M.Sc. and Ph.D. from
University of Tehran, Iran in 2002 and 2009, respectively, all in major electrical engineering-power. He was granted
DAAD scholarship in 2006 from Germany and worked in Institute of Power Electronics and Electrical Drives (ISEA) at
RWTH Aachen University as a visiting researcher for 6 months. He has been working at University of Kashaf j
since 2009 as an Associate Professor and his research interest is modeling and design of electric mac.hine
switched reluctance machine.

Prof. Mehdi Moallem (SM’95) received the Ph.D. degree in electrical engineering from Purd, wersity, West
Lafayette, IN, in 1989. He has been with the Department of Electrical and Computer Engineeri sfaan University of
Technology, Isfahan, Iran since 1991. His research interests include design and optimization magnetic devices,
application of advance numerical techniques and intelligent systems to analysis and de8i r&glectrical machines, and
power quality.

20



