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Received:  25/11/2022 The paper has developed an optimization procedure to design the rotor 

lamination and magnetic sizes. The average torque is improved by changing 

the thickness of the outer bridge and magnetic width. Various metamodels 

with the best prediction performance generated for each of the multi-

objective functions and constraints have been selected. By applying a multi-

objective genetic algorithm, several optimal solutions have to be considered 

to compare with those of the initial model. Hence, the multi-objective 

optimization method for designing the interior permanent magnet (IPM) 

motor is presented to obtain the high reliability and maximum torque. This 

development allows to estimate the back electromotive force (EMF), 

magnetic flux density and electromagnetic torque. In addition, the torque 

ripple evaluated via the analytical Matlab program is coupled to the finite 

element method and genetic algorithm optimization. Rotor laminations are 

finally stamped and assembled into the motor to verify the EMF under the 

rated load and no load test. 
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1. Introduction 

Recently, many researchers have presented manner solutions to improve the electromagnetic torque 

and efficiency of electric motors. In [1],  authors proposed a way of changing the rotor structure by 

inserting permanent magnets (PMs) into the squirrel cage rotor to improve the electromagnetic torque. 

In [2], authors concentrated on analyzing the electrometic parameters of IPM motor of 200kW-450 Nm 

to improve performances of the electric motor by using the finite element method (FEM). In [3], authors 

presented a method to analyse the electromagnetic and thermal problem of IPM motors by using filled 

slots and hairpin windings. In [4], a multi-objective optimization design method for the permanent 

magnet synchronous motor (PMSM) based on the artificial bee colony algorithm was proposed to obtain 

the high dynamic performance and high efficiency. In [5], authors developed a constrained multi-

objective optimization design formulation for surface-mounted (SM) PMSM, where therein a rigorous 

multi-objective optimization problem was proposed for an integer-slot distributed-winding SM-PMSM. 

In [6], a novel memetic algorithm combined with mesh adaptive direct search for a PMSM was 

investigated.  

In this paper, an optimization procedure has been proposed to maintain the out power as a constant 

in the field-weakening region of a three-phase interior permanent magnet (IPM) synchronous motor 

(IPMSM). The optimization design is performed via the development of the class of controlled random 

search (CRS) algorithms proposed in [5]-[8]. The multi-objective optimization of maximum average 

torque and output power is proposed to investigate an IPM motor of 5 kW, 8 poles and 24 slots. In this 

method, several parameters of the stator diameter, slot depth, air gap and magnet angle are variables. 

The development of the method will be applied to the middle drive motor and electrical cars. 

2. Design variables and constrains  

As presented, based on the stator, rotor diameter and power inverter of voltage and current, the 

electromagnetic torque (T) has been calculated as [5]-[9]: 

𝑇 =
𝜋

2
𝐷2𝐿𝑠𝑡𝑘𝜎, (1) 

https://jte.hcmute.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn
mailto:hung.buiduc@hust.edu.vn
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


 

ISSN: 2615-9740 

JOURNAL OF TECHNICAL EDUCATION SCIENCE 
Ho Chi Minh City University of Technology and Education 

Website: https://jte.hcmute.edu.vn/index.php/jte/index 
Email: jte@hcmute.edu.vn 

 

 

JTE, Issue 75A, February 2023 13 

 

where D is the rotor diameter, 𝐿𝑠𝑡𝑘 is the stack length of rotor and 𝜎 is the factor defined as 𝜎 =
𝐿

𝐷
.  

For the inner rotor, this factor value is from 0.8 to 1.25. 

The prediction of torque is considered with different relative positions of the rotor and stator. When 

the rotor is rotated, the mesh is automatically adjusted. Hence, the influence of mesh on the rotor is 

investigated to analyze inaccuracies due to the element distortion. Based on that, it will show the 

satisfactory accuracy with a suitable mesh.  Due to the symmetry of rotor structure, one pole is simulated. 

The stator voltage equations at steady-state are written in the d-q axis [10]-[12]: 

𝑣𝑑 = 𝑅𝑖𝑑 − 𝜔𝐿𝑞𝑖𝑞 , (2) 

𝑣𝑞 = 𝑅𝑖𝑞 + 𝜔𝐿𝑑𝑖𝑑 + 𝜔𝐿𝑞𝑖𝑞, (3) 

where R is the resistance of winding, Ld and Lq  are respectively the direct and quadrature inductances, 

id and iq are respectively the direct and quadrature  armature currents. The quantities  vd and vq  are the 

terminal voltages of direct and quadrature components, respectively. The electromagnetic torque (T) is 

then defined as [13]-[16] 

𝑇 =
3

2
𝑝[𝜙𝑀𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞], (4) 

where 𝜙𝑀 is the magnetic flux due to the permanent magnet which is linked to the armature winding. 

As presented in Section I, a three-phase IPM motor of 5 kW, 8 poles and 24 slots is considered. 

Figure 1 shows a cross-section core of the stator and rotor. It can be seen that the permanent magnets 

are inserted into the flux barriers. 

 

Figure 1. Cross-section core of the stator and rotor. 

Both the rotor and stator are made by lamination stacks with high permeability non-oriented grain 

silicon steel.  The windings using in this machine are the double-layer distributed windings. The 

optimization procedure with the set of parameters (x) is given in Table I.  

Table 1. Design variables with minimum and maximum ranges.  

Parameters Discrete variables min max step 

L1 Magnet Thickness (mm) x1 2 4 0.2 

L1 Magnet Bar Width (mm) x2 8 12 1 

L1 Pole V Angle (deg) x3 120 150 1 

Airgap  (mm) x4 0.5 1.5 0.1 

Stator Lam Dia (mm) x5 130 150 1 

Stator Bore (mm) x6 70 90 1 

Tooth Width (mm) x7 4 6 0.2 

Slot Depth (mm) x8 16 20 0.4 
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We can see that there are 8 variables in the proposed machine, i.e., from x1 to x8. These variables 

are performed in a discrete way. In order to obtain the high electromagnetic performances, the 

irreversible demagnetization has to be minimized. This means that under the high-speed operation, the 

mechanical stress on steel bridges has to be taken into account. 

     In order to give the final design, the optimization procedure has to be satisfied several constraints. 

Firstly, the value of the back electromagnetic force (EMF) at the maximum speed is not allowed to be 

bigger than the rated terminal voltage with the maximum current density. Secondly, the constraints for 

inner, outer stator/rotor, stator tooth and yoke and stack length are expressed as: 

0.6 <
𝐷𝑠

𝐷𝑚𝑎𝑥
< 1 (𝐷𝑚𝑎𝑥 = 350 𝑚𝑚), (5) 

0.45 <
𝐷𝑠−𝑜𝑢𝑡

𝐷0
< 0.75, (6) 

0.2 <
𝐷𝑠−𝑜𝑢𝑡

𝐷𝑠−𝑖𝑛𝑡
< 0.6, (7) 

0.5 <
𝑙𝑜

𝑙𝑎𝑚𝑎𝑥
< 1(𝑙𝑎0 = 150 𝑚𝑚), (8) 

0.2 <
2𝑑𝑦𝑠

(𝐷𝑠−𝑜𝑢𝑡 − 𝐷𝑠−𝑖𝑛𝑡)
< 0.6, (9) 

0.3 <
𝑏𝑡𝑠

𝜏𝑠
< 0.7, (10) 

where Ds-out is the outer stator diameter (mm), Dmax is the maxium diameter (mm), Ds-int is the inner 

stator diameter (mm), 𝑙𝑜is the stack length,  𝑙𝑎𝑚𝑎𝑥 is the maximum stack length, 𝑑𝑦𝑠 is the yoke thickness 

to difference between stator outer and inner radius and 𝑏𝑡𝑠 is the tooth width and 𝜏𝑠 is the slot pitch. 

The performances of motor at the base maximum speeds is investigated via the FEM. Namely, the 

constraints of the minimization problem and objective function values are computed via the optimal 

design problem that independent variables of the motor are considered. In addition, the information 

embeded in the optimization procedure is analyzed to iteratively update parameters of the motor and 

identify different parameters of an optimal motor. 

3. Optimization algorithm  

An initial modeling and parametric analysis setting for the automatic change of design variables is 

performed via the FEM embeded in the speed software. By creating Matlab files and batch files, the 

electromagnetic analysis is automatically performed in the speed software. The obtained results from 

the FEM will be projected to the Matlab software to define the multi-objective functions and constraints. 

In addition, when the computational analysis for one experimental point is completed, the shape design 

parameters are automatically changed in the speed with the aid of CAD tools. As presented, the optimal 

design of an IPMSM can be considered as a special multi-objective mixed the integer nonlinear problem. 

According to the multi-objective optimization problem, the FEM is shown that a good approach for the 

optimal design problem to minimize the sum of the opposites of the electromagnetic torque and weight 

of the motor.  

In general, the multi objective optimization problem can be determined via the vector of parameters 

[4], [5]: 

x = [x1, x2,…, xn], (11) 

for constraint functions: gj(x) <0 subject to m; boundary constraint (D):  xi_min<x<xi_max ; vector 

function:  f (x)= [f1(x), f2(x),…,fk (x)]. Thus, one gets: 

min f(x); g(x)  ≤ 0; min < x < max (12) 
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The obtained solutions from the optimization procedure belong to a Pareto optimal front. On the 

other hand, the set of vectors of the Pareto front is not dominated by any other vectors. The best design 

to satisfy the performance criteria is then chosen. The optimization results are given in Table 2. 

Table 2. Optimization results. 

Parameters min max Result 1 Result 2 Result 3 Result 4 Result 5 

L1 Magnet Thickness 2 4 3.4272793 2.5130562 2.1064572 2.2644588 2.5225527 

L1 Magnet Bar Width 8 12 8.1163493 11.888318 11.746571 9.4149265 8.5429805 

L1 Pole V Angle 120 150 134.69761 138.9336 126.55029 149.82566 142.12168 

Airgap 0.5 1.5 0.6404491 0.7522818 0.6831523 1.2167976 1.0402752 

Stator Lam Dia 130 150 144.76056 142.5347 144.05618 130.56861 134.97574 

Stator Bore 70 90 76.629091 80.863833 74.495305 82.988289 83.311474 

Tooth Width 4 6 5.7777594 5.6619628 4.3202164 5.351977 5.1164671 

Slot Depth 16 20 16.779366 19.544437 17.123348 18.363938 18.102328 

Total weighted error    0.0328837 0.0328837 0.0328837 0.0328837 0.0328837 

The prototype of proposed IPM motor with a multi objective optimization algorithm has been 

designed. In order to fit inside the standard aluminum cast frame of the motor manufacturer, the outer 

diameter of stator has to be fixed. In the same way, the inner diameter rotor has to be fitted with the 

standard shaft size. 

3.1. Step skewing design 

The use of step-skewed rotor (SSR) has not been only reduced harmonic components of back EMF, 

but also minimized the cogging torque and torque ripple. In the electric vehicle (EV) application, in 

order to decrease torque ripple and increase the torque control precision, the vehicle comfort is thus 

improved. The no-load and load performances of an IPM motor with the SSR and slot-skewed stator 

(SSS) have been analyzed and investigated for each motor.  The advantage of the step-skew technique 

is shown in this paper. The obtained results on the performances of each motor are compared to verify 

between the FEM and experiment method. 

 

Figure 2. Step-skewed rotor. 

In terms of theory, the torque decreases influence between the step-skew and skew-slot, with the 

different number of steps. The principle of SSR is pointed out in Figure 2. It can be seen that the 

harmonic components of back EMF will be reduced. Thus, the step-skew factor (𝑘𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑣 ) of 

harmonic components are expressed [16]- [18]: 
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𝑘𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑣 =
𝑠𝑖𝑛 (

𝑛 ⋅ 𝑣 ⋅ 𝑎
2(𝑛 − 1)

)

𝑛 ⋅ 𝑠𝑖𝑛 (
𝑣 ⋅ 𝛼

2(𝑛 − 1)
)
 (13) 

In equation (13), α is the step skew angle, n is the step number and ν is the order of harmonic number. 

In [7], the reduction factors of torque (𝑘𝑇_𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑅𝐸 ) and reluctant torque (𝑘𝑇_𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑃𝑀 ) of step-

skewed motor can be presented as  [16]-[18]: 

𝑘𝑇_𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑅𝐸 =
𝑠𝑖𝑛 (

𝑛 ⋅ 𝑎
2(𝑛 − 1)

)

𝑛 ⋅ 𝑠𝑖𝑛 (
𝛼

2(𝑛 − 1)
)

=
𝑠𝑖𝑛 (

𝑛 ⋅ 𝑎
𝑛 − 1)

𝑛 ⋅ 𝑠𝑖𝑛 (
𝛼

𝑛 − 1
)

= 𝑘𝑇_𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑃𝑀 cos (
𝛼

2
) (14) 

The torque can be then defined as [15], [16] 

𝑇 =
3

2
𝑝𝑛 [𝜓𝑚𝐼𝑠𝑘𝑇_𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑃𝑀 𝑠𝑖𝑛𝛽 +

1

2
𝐼𝑠

2(𝐿𝑑 − 𝐿𝑞)𝑘𝑇_𝑠𝑘𝑒𝑤_𝑝𝑜𝑙𝑒_𝑅𝐸 ] 𝑠𝑖𝑛2𝛽, (15) 

where  𝜓𝑚 is the magnetic flux per pole of single step, p is the number of pole pair, 𝐼𝑠 is the amplitude 

of stator current and 𝛽 is the mechanical angle of skewed rotor. 

Based on the equation (15), by using the SSR, it can be seen that the PM and reluctant torque 

components will be reduced. So, the choice of step skew angle and proper step number is very important 

to decide the power density of motor. The simulated results of back EMF of two prototypes with un-

skewed and skewed rotor solved by the FEM with the base speed are shown in Figure 3. 

The harmonic components of the proposed motor is indicated  in Figure 4. Via the fourier analysis, 

the harmonic components of order 5, 7, 11 and 23 have appeared with the un-skewed motor. For the 

step-skewed motor, the magnitude of 5th, 7th and 11th harmonic components has cut, but it is influenced 

unimportangly on 15th harmonic component. Hence, all these four harmonics has been reduced for the 

slot-skewed motor. The back EMF results for un-skewed rotor and skewed rotor are given in Table 3. It 

can be seen that the  harmonic distortion of phase voltage for the skewed back EMF is 9.12% where the 

un-skewed back EMF is 11.52%. This means that for the step skewed rotor, the harmonic component is 

reduced noticeable. Table 4 gives the results of torque ripple with un-skewed and skewed cases. The 

obtained result is shown that the torque ripple has reduced from 20.485% to 2.6139%. 
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Figure 3. Un-skewed back EMF (top) and skewed back EMF (bottom). 

 

 

Figure 4. Harmonic orders of un-skewed EMF (top) and skewed EMF (bottom). 

Table 3. Back EMF results. 

Parameters 
Skewed back 

EMF 

Un-skewed back 

EMF 
Unit 

Line-line terminal voltage (rms) 206.6 207.7 Volts 

Phase terminal voltage (rms) 120 120.7 Volts 

Harmonic distortion line-line terminal voltage 2.548 4.701 % 

Harmonic distortion phase terminal voltage 11.19 12.36 % 

Back EMF line-line voltage (peak) 123.5 125.3 Volts 

Back EMF phase voltage (peak) 77.39 78.31 Volts 

Back EMF line-line voltage (rms) 87.56 88.52 Volts 

Back EMF phase voltage (rms) 50.74 51.36 Volts 

Harmonic distortion back EMF line-line voltage 3.211 5.71 % 

Harmonic distortion back EMF phase voltage 9.12 11.52 % 

Maximum line-line voltage ratio 1.732 1.732  
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Table 4. Torque ripple results. 

Parameters Skewed torque ripple 
Un-skewed torque 

ripple 
Unit 

Average torque (loop torque) 58.706 58.902 Nm 

Torque ripple (MsVw) 2.6139 12.146 Nm 

Torque ripple (MsVw) [%] 4.4334 20.485 % 

Speed limit for constant torque 5022.1 5007.3 rpm 

Speed limit for zero torque 68380 72256 rpm 

Electromagnetic Power 24697 24836 Watts 

Input Power 25462 25602 Watts 

Output Power 23818 23959 Watts 

Total Losses (on load) 1644.2 1642.1 Watts 

System Efficiency 93.542 93.586 % 

 

Figure 5. Assembled stator.  

Finally, the product of stator lamination is manufactured and assembled as shown in Figure 5. The 

hairpin windings are also done in the stator slots.  

4. Conclusions 

The prototype of opitimzaition procedure has been verified and developed with the effective 

analytical model. An intelligent optimization algorithm has been fully proposed in a very short period 

without using the FEM. The obtained results from the optimizaiton approach have been presented the 

efficiency of the proposed technique. The combination of optimization program and analytical model is 

performed in the source-code Matlab that make it easier to use. The requirements and boundaries are 

truly suggested to validate the IPM motor. The obtained results have been verified with the FEM 

controlled via the Matlab program which can be considered as an excellent powerful tool for the 

optimized design of a IPMSM. The performances of IPMSM has been successfully improved via the 

technique of SSR due to the reduction of harmonics of back EMF from 11.52% (with un-skewed) to  

9.12% (with skewed) and torque ripple from 20.485% (with un-skewed) to 2.6139% (skewed). 

In addition, this technique has also allowed to reduce the time on embedding wires. It will be an 

important trend on mass production of IPM traction motors with application to EVs. 
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