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

(EVs), in addition to reducing fuel consumption and associated costs and minimizing environmental pollution, allows for the 

recovery of a significant amount of energy. Another crucial advantage is the reduction of noise emissions when using EVs. The 

selection of an efficient electric motor with high power plays a vital role in EV applications. Also, the modeling process is 

growing more complicated as the need for greater efficiency, higher power density, and lower costs drives motors toward higher 

speeds and more compact designs. Consequently, interactions across 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 permanent magnet synchronous motor (IPMSM), facilitating the completion of the 

motor's initial design. The design optimization of this type of IPMSM for EV application is also considered. The motor's 

performance, demagnetization, mechanical stress, and thermal performance are evaluated using the finite element method 

(FEM). Based on the optimized design criteria, a suitable design can be chosen from the best set of designs obtained. 
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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 
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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 has become 

a key concern, prompting all vehicle manufacturers to adopt IPM synchronous machines that rely on rare-earth and heavy 

rare-earth materials for production vehicles. Despite the availability of diverse options, the IPMSM remains the 

predominant choice among traction electric machines, underscoring its widespread utilization. In [6], five types of IPM 

rotors for EV applications were analyzed, and the results show that the delta-shape has the highest torque compared to 

other topologies. The results in [7] suggest that the double-layer PMs topology has a stronger anti-demagnetization ability 

and wider high efficiency. In addition, to mitigate stress concentration and reduce eddy current losses, the PM pole is 

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

a single-layer PMs topology structure at high speed. Therefore, a PMSM with a double-layer PMs is superior to the one 

with a single-layer PMs topology in terms of high efficiency [7]. Four different topologies of PMSMs with the same 

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

torque. Due to the significant advantages of the delta-shape IPM, such as high efficiency compared to other models by 

minimizing harmonic waves, the torque ripple can also be reduced, leading to less noise [10]. Therefore, this paper will 

delve into the design aspects of such machines. 

 Traditional electric motor design often prioritizes electromagnetic performance, neglecting other crucial factors. 

While aspects like demagnetization, thermal, and structural analysis are individually addressed, a unified design approach 

is lacking. Several factors must be considered, such as rotor mechanical strength and dynamics, electromagnetic fields, 

energy losses, and temperature management [11]. Unfortunately, the heat generated by iron losses in the rotor can only 

be dissipated through 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]. 
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 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. Finally, 

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

 

2. The design algorithm 

   A design algorithm for the delta-shape IPMSM depicted in Fig. 1 is described herein, allowing someone to perform 

the initial design of the motor. The design algorithm comprises two distinct parts: 1) Determination of the main 

dimensions of the machine, illustrating the machine volume, and 2) Finding all geometric parameters of the machine. 

These two parts are explained in the following. 

(Please insert Figure 1 here) 

2.1. The main dimensions of design  

 The initial step involves clearly defining the motor's desired performance characteristics. This includes factors such 

as power output, torque, speed range, operating voltage, and efficiency. The design process starts with initial assumptions 

for parameters like current density, air gap flux density and power factor. The diameter of the stator bore, and the stack 

length of the machine are defined as the main dimensions of the design and how to determine them for the IPMSM are 

explained in this section. An initial analytical equation, linking the rotor volume to the machine's electric and magnetic 

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

output equation of AC machines equation as follows:  

2
0
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 
   (1) 

where S is the rating KVA of the machine, Pout is the rated output power,  is efficiency, C0 is the output power coefficient, 

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

coefficient is obtained using below equation:   

2 -3
0 1.1 10w avC K B ac   (2) 



 

4 
 

where Kw is winding factor, Bav 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
av g peakB B


  (3) 

where Bg,peak is the peak value of flux density in the airgap. For the PMSMs, the air gap flux density (Bg) changes between 

0.8 T and 1.05 T [23]. By selecting the values of magnetic and electrical loadings, the motor volume (D2L) can be derived 

from (1) because other parameters are known for a specific IPMSM whose design is supposed to be completed. To 

separate the main dimensions (D and L), another equation is required. For this purpose, the ratio of L/ is usually used in 

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

is related to D using below equation:    

D

P


   (4) 

where P is the number of poles.  

2.2. Other design parameters 

After determining the main dimensions, the next step is selecting other key design parameters. These include the 

number of poles and slots, stator and rotor dimensions, air gap length, and winding configuration. Based on these initial 

choices, the preliminary electromagnetic design is conducted by calculating the stator yoke thickness, stator tooth width, 

stator tooth height, number of winding turns, current density, winding diameter, and the dimensions and positioning of 

the permanent magnets to achieve the desired torque and flux characteristics. Once the preliminary electromagnetic design 

is completed, structural design considerations are incorporated. This involves verifying the mechanical robustness of 

critical components such as the flux barrier layout, shaft, and rotor core. FEM simulations are then performed to analyze 

the electromagnetic performance. 

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

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 gap length is 

typically between 0.6 and 1 mm for traction machines [25].  

2.2.2. Rotor design parameters 

 The NdFeB-type PMs are commonly used for EV applications and therefore are considered here. The length of the 

PM is equal to the length of the rotor and its thickness is determined to reduce the risk of demagnetization [26]. So, the 

thickness of PMs could be selected 5 to 10 times larger than the air gap length for the initial design [27,28]. A wider 

magnet may potentially result in a larger magnetic flux density and higher torque production, but it may also lead to 

increased torque ripple and demagnetization risk [29]. The PMs can be demagnetized during motor operation, especially 

during field-weakening. High demagnetizing fields can interact with the PM's field and cause irreversible 

demagnetization. Temperature rise is another factor that can contribute to demagnetization. Thermal analysis is crucial to 

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

air gap or increasing the V-angle are possible solutions [30]. As the number of PM layers increases, efficiency also 

increases. According to [7], the PMSM with double-layer PMs is obviously superior to the one with single-layer PMs in 

the proportion of high-efficiency interval. Therefore, it has been considered in the present paper. Increasing the V-angle 

improves torque at low speeds but reduces field-weakening capability. An appropriate angle should be chosen to meet 

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

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

ripple, and the lowest PM cost. 

 The concept 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. 

https://www.mdpi.com/2075-1702/11/1/4
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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 increase 

leakage flux, causing challenges such as reduced power factor and torque density in extremely high pole machines (for 

instance, those with P > 16). 

 Selecting a slot/pole combination considers multiple performance aspects such as noise, winding design, back-emf 

harmonics, torque ripple, and fundamental frequency. The winding distribution is often characterized by the parameter q, 

representing the number of slots per pole per phase [33]. Generally, q = 2 strikes a balance between average torque, losses, 

and moderate harmonics, commonly found in commercially available vehicles. A higher q design offers more sinusoidal 

back-emf, lower PM loss, and higher average torque, yet it results in higher conductor loss and thinner teeth, leading to 

increased core loss compared to q = 2.  

 To estimate the overall size of the machine, we can use a typical value of the split ratio, the ratio of the rotor diameter 

to the stator diameter. For the interior rotor PM machines, this ratio is typically about 0.6 [23]. Knowing the split ratio, 

the stator yoke diameter depicted with Ds on Fig. 1 can be determined because the rotor diameter (D) has already been 

calculated as the main dimensions in section 2.1.     

 The thickness of stator yoke depicted with Wsy on Fig. 1 can be obtained using below equation [34]:  

g
sy

sy

B D
W

B P


  (5) 

where Bsy is the flux density in stator yoke. For the salient pole synchronous machines, the stator yoke flux density is in 

the range of 1 T to 1.5 T [21]. The width of stator tooth (Wt) is obtained using below equation [35]:   

g
t

t

B D
W

B s


  (6) 

where s is slot number and Bt 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:     

https://www.mdpi.com/2076-3417/14/1/309
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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 connections reduce 

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

factor is obtained using the following equation [23]:   

sin   
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 
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    
 
 

 (8) 

where m is the number of phases, yQ represents the slots per pole and y is expressed as the number of slot pitches. The line-

line rms voltage and line current are given by [25]:   

max

 3 
L

LLrms

P
I

V pf 


  
   (9) 

 The motor was designed with eight poles and q = 2 resulting in 48 slots for a three-phase machine. The number of turns 

per phase can be obtained using below equation:  

4.44   

ph

ph
w m

V
N

f K 
  

(10) 

 

where Vph is phase voltage and m is the maximum flux. The area and diameter of  each conductor are calculated using the 

following equations:  

ph
z

c

I
A

J
  (11) 

4 z
c

A
d


  (12) 

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), D2L is obtained as 0.0027 m³. The ratio 

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

Based on (7), the slot depth is determined, and it is 21 mm. Using (8) to (10), the number of turns per phase is calculated 

which is 48. It should be noted that the number of conductors in each slot is assumed to be 6, and the number of parallel 

paths is equal to 2. The area and diameter of each conductor could be derived from (11) and (12). All obtained design 

parameters are listed in Table 2. To verify the proposed IPMSM, it is simulated using ANSYS Maxwell software and the 

predicted torque waveform is shown in Fig. 2. As it is clear from this figure, the designed motor can achieve the required 

torque. In the next section, structural and thermal analyses of the proposed IPMSM are carried out using the ANSYS 

Motor CAD software. Based on the optimal design criteria, an appropriate design can be then selected. 

(Please insert Figure 2 here) 

 Fig. 3 presents the magnetic flux density distribution within the IPMSM 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 saturation is observed in the stator teeth or rotor yoke, confirming that the 

magnetic design, utilizing high-performance N30UH magnets, is properly sized to handle the rated torque without risk of 

saturation or demagnetization, ensuring efficient and reliable motor operation. Fig. 4 illustrates the efficiency map of the 

designed IPMSM across a range of speeds and torques and combined electromagnetic and thermal performance. It can be 

observed that the motor achieves efficiency greater than 90% over a wide operational range, which is crucial for electric 

vehicle applications to maximize driving range. The efficiency exceeds 95% at approximately 4000 rpm and 180 Nm, 

confirming that the motor design meets the efficiency requirements necessary for traction applications and aligns with the 

requirements in Table 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]:  
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where y represents the yield stress, the point at which the material starts to undergo inelastic or permanent deformation, 

and max 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 (tb) for the 

first layer and magnet post thickness (tm) for the second layer were varied. The bridge’s thickness is crucial for maintaining 

the mechanical integrity of the rotor. It helps distribute the mechanical stress that arises during operation, particularly 

under high torque conditions. Additionally, the magnet post thickness provides the necessary support for the magnets, 

ensuring they remain securely in place during operation.   

 To evaluate the influence of rotor design parameters, a parametric analysis was conducted by systematically varying 

tb and tm, both of which affect the electromagnetic and mechanical behavior of IPMSMs. The parameter tb was primarily 

varied in layer 1 to address its critical role in withstanding centrifugal forces and mitigating magnetic saturation near the 

airgap, where flux density and mechanical stress are highest during high-speed operation. In contrast, tm was varied in 

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

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

 The minimum and maximum values of tb and tm were selected based on practical design constraints, including physical 

limitations and the available space to accommodate structural features within the rotor. To cover a meaningful range of 

design scenarios, seven representative models were selected. In Designs 1–4, tb was held constant while tm was varied to 

study the effect of magnet post thickness. In Designs 1 and 5–7, tm was fixed and tb was varied to isolate the influence of 

bridge thickness. This combination of parameters enabled a systematic investigation of trade-offs among key performance 

metrics, including efficiency, power factor, mechanical safety, and saliency ratio. Table 3 lists the design configurations 

considered 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 
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decreases, the d-axis inductance decreases, and the q-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 q-axis reluctance due to the longer iron path. 

3.2.2. Demagnetization study 

 The operation of the PM motor consistently falls within the negative d-axis domain. As a result, the PMs experience 

demagnetizing flux from the stator. A PM is demagnetized if its operating point drops below the knee point on the normal 

curve, which leads to a decrease in the remnant flux density of the PM. The goal of the optimal design is to ensure that 

PM demagnetization does not occur. 

 In the considered design process, the simulations have been conducted at a magnet temperature of 65° under the 

application of short circuit current, and a demagnetization study was performed. The findings have indicated that the 

operating point of the PM is positioned well before the knee point, specifically at an abscissa of 1500 kA/m. Consequently, 

the PM is not found to be demagnetized. Fig. 7 and 8 illustrate the field intensity of PMs and the corresponding 

demagnetizing normal curve, respectively.  

(Please insert Figure 6 here) 

(Please insert Figure 7 here) 

(Please insert Figure 8 here) 

3.2.3. Structural analysis  

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

In traction machines, high-speed operation is typically desired as a design target. If the stress induced by centrifugal force 

exceeds the maximum yield stress of the rotor, it results in PM deformation. This highlights a critical trade-off in design: 

a structure that is mechanically robust may not necessarily excel in electromagnetic performance. Structural analysis is 

carried out when the machine is rotating at the maximum speed. For instance, the design that achieves maximum 

efficiency (design 5), as illustrated in Fig. 6 does not correspond to the design with the highest structural stability (design 

4). 

 When tm 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 
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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 implemented 

using water as the coolant, with a flow rate of 6.5 liters per minute. The thermal limit for both the winding and the PMs 

is set at 180 °C. The results indicated that the maximum temperature of the magnets reached 125 °C, while the winding 

temperature was found to be 142 °C, as illustrated in Fig. 11. This analysis confirms that design 5 operates within the 

thermal limits, ensuring both the winding and magnets remain below their maximum allowable temperatures. As a result, 

the output torque simulated in ANSYS for the candidate model (design 5) complies with the required specifications. 

(Please insert Figure 9 here) 

(Please insert Figure 10 here) 

(Please insert Figure 11 here) 

 

4. Conclusion 

 A comprehensive design approach was developed for a high-power delta-type IPMSM, used in electric vehicles, with 

all critical electromagnetic, structural, and thermal aspects considered. While achieving optimal electromagnetic 

performance was a primary goal, structural and demagnetization studies were also essential to ensure the mechanical and 

magnetic integrity of the motor especially under high-speed conditions typically encountered in electric vehicle 

applications. The structural analysis verified that the rotor could withstand high rotational speeds without exceeding 

material stress limits, thereby ensuring mechanical reliability and a sufficient safety factor. Similarly, the demagnetization 

study ensured that the permanent magnets remained stable and did not risk irreversible magnetic loss under high 

temperatures 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 
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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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Fig. 1. The cross-section of the considered IPMSM 

 

 

Fig. 2. The predicted instantaneous torque 

 

 

Fig. 3. The magnetic flux density contour plot 
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Fig. 4. Efficiency map of the designed IPMSM across speed and torque ranges 

 

 

Fig. 5. Structural parameters selected for optimization 
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(a) 
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(c) 

Fig. 6. Variation of machine performance with bridge and magnet pole thickness: (a) Power factor, (b) Efficiency, (c) Saliency ratio 
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Fig. 7. Magnetic field intensity of magnet at operating point (65°C) 

 

 

 

Fig. 8. Demagnetizing curve 

 

Fig. 9. Von-mises stress distribution in rotor 

 

 

Fig. 10.  Deformation in rotor 
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Fig. 11. Temperature distribution of design 5 

Table 1. Machine Ratings  

Parameter Target 

Rated power (kW) 80 

Rated torque (Nm) 180 

Efficiency (%) >95 

Power density (kW/L)  >5 

Rated speed (rpm) 4000 

Maximum speed (rpm) 10000 

Maximum von-Mises stress (MPa) 370 

Winding temperature (C) 180 

Magnet temperature (C) 180 

Safety factor >1.2 

 

Table 2. Design parameters 

Parameter Value 

Outer radius of stator (Rso) 99 mm 

Inner radius of stator (Rsi) 66 mm 

Outer radius of rotor (Rro) 65.5 mm 

Inner radius of rotor (Rsi) 22.21 mm 

Rotor length  150 mm 

Stator length  160 mm 

Air gap length  1 mm 
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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 (Wt) 4.1 mm 

Winding factor  0.933 

Wire diameter 3.1 mm 

PM type N30UH 

Magnet thickness of outer layer (hPM1) 3.88 mm 

Magnet bar width of outer layer (lPM1) 13.9 mm 

Pole V angle of outer layer (αPM1) 180 

Magnet thickness of inner layer (hPM2) 2.6 mm 

Magnet bar width of inner layer (lPM2) 21.33 mm 

Pole V angle of inner layer (αPM2) 124 

 

 

 

 

 

Table 3. Controllable Factors and Corresponding Values 

 Bridge thickness (tb) Magnet post thickness (tm) 

Design 1  1.2 mm 0 

Design 2 1.2 mm 0.75 mm 

Design 3 1.2 mm 1.5 mm 

Design 4 1.2 mm 2 mm 

Design 5 0.6 mm 0 

Design 6 1.8 mm 0 

Design 7 2.4 mm 0 
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