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ABSTRACT

Interior Permanent Magnet Synchronous Motors (IPMSM) are increasingly utilized across various fields
as a result of their superior performance and high power density. To ensure efficient operation in electric
vehicles and industrial applications, these motors have to meet the stringent performance objectives of low
vibration. This study proposes an optimization method based on Genetic Algorithm (GA) techniques to
minimize losses and material costs. First, an analytical model is developed to determine the required
parameters for an IPM motor with five pole pairs, 15 slots, and a power rating of 7.5 kW. Subsequently,
the GA is implemented using the analytical model to optimize the electromagnetic parameters of the IPM
motor. Finally, the Finite Element Method (FEM) is applied to simulate the parameters obtained from the
analytical model and GA. The results before and after optimization, including material cost functions, total
losses, and motor outputs, were compared to validate the proposed method.

Keywords-Interior Permanent Magnet Synchronous Motor (IPMSM); GA; cogging torque; torque ripple;
analytical model
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Due to their high power density, efficiency, stable
operation, and reliability, the Permanent Magnet Synchronous
Motors (PMSMs) have been widely applied in industrial fields
and electric vehicles in recent years [1-6]. PMSMs have
contributed significantly to technological advancements and the
creation of more energy-efficient systems by using permanent
magnet materials such as neodymium-iron-boron (NdFeB) and
samarium-cobalt (SmCo) [7]. In [8, 9], the Genetic Algorithm
(GA) was used to optimize the main parameters of the motor.
This technique has been employed in numerous studies to
analyze optimal PMSM designs [10-13]. In [10], a multi-
objective optimization design was developed for PMSMs using
the artificial bee colony algorithm, achieving high dynamic
performance and overall efficiency of 94.5% to 96%. In [11], a
subdomain model was combined with GA to optimize the
design of Surface-mounted PMSMs (SPMSMs). This study
used a subdomain model to accurately evaluate the flux density
harmonics. Next, a Pareto-optimal set of solutions was
searched with the subdomain model, allowing time savings.
Finally, the electromagnetic performance of the new design
was verified using FEM and compared with the original design
and the traditionally GA-optimized design. In [12], the GA
technique was utilized in conjunction with Taguchi
optimization and FEM to calculate the performance of
SPMSMs. The results indicated that a reduction in the cogging
torque results in a small reduction of efficiency from GAs to
Taguchi design due to the reduction of magnet volume. In [13],
an improved SPMSM design was proposed to reduce torque
pulsations and save magnet costs. In [14, 15], a partitioned
model was combined with GA to achieve an optimal SPMSM
design. In this study, the partitioned model was developed in
advance to accurately assess the flux density. Then, a Pareto-
optimal set of solutions was obtained by applying the GA
technique.

In this context, this study uses the GA technique to improve
the electromagnetic parameters of IPM motors. First, an
analytical model is provided to define the parameters required
for motor design. Then, an optimization model based on the
GA technique is developed to optimize the material cost and
losses of the motor. Finally, FEM is applied to perform
simulations and compare the results of the electromagnetic
parameters of the proposed motor before and after
optimization.

II. ANALYTICAL BACKGROUND

Figure 1 provides the analytical design steps of the PMSM.
The volume (V,) of the rotor is defined via the torque density
(TRV) [16]:

="p2=-_
V=10 = (M
where T is the electromagnetic torque, D;; is the inner diameter
of the stator, and L is the length of the rotor.

The TRV value is selected from 35 kKNm/m® to 85 kKNm/m®
[16]. The stator can be calculated similarly to the stator of an
asynchronous motor, using the following formulas [16]:

where Kgpqpe is the shape factor given in [16]. The thickness of
the magnet is determined by:

d. = ur.geffBg
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where B, is the PM remanence, g is the effective air gap
length, y, is the relative permeability of the PM, and By is the
magnetic flux density in the air gap. The By vallue can be
selected from 0.8 T to 1.05 T [16]. The width of the magnet is
determined by:

Am
Wiy = 22 @)

The PM opening angle in electrical degrees is computed as:
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The depth (d,) of a V-shape pole (ay) is given by:
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where w,, is the width of the PM. The height of the rotor yoke
and the number of turns are represented below:
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The parameters hg, and w, have been already defined in
[17]. The V-angle of the magnet and the magnitude of the
bridge length in the IPM motor can also be adjusted depending
on the design to suit the requirements.
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Fig. 1. Design steps of PMSM.
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TABLE 1. COMPUTATIONAL PARAMETERS OF THE 7.5KW
IPM MOTOR
Parameters Values Unit
Number of slots 15
Number of poles 10
Inner diameter of stator 151.45 mm
Outer diameter of stator 240.53 mm
Tooth width 14.46 mm
Slot height 30.6 mm
Air gap length 0.8 mm
Inner diameter of rotor 108.77 mm
Magnet thickness 23 mm
Magnet width 20.4 mm
Bridge length 2 mm
V-angle 114 Elec degrees
Electrical angle of the magnet 149.3 Elec degrees
Number of turns 29

III. GA TECHNIQUE FOR PARAMETER
OPTIMIZATION

GA was applied to optimize the objective functions,
including the motor losses and material costs. The optimization
process of the GA technique can be seen in Figure 1 in [14].
The process begins by defining the initial parameters, including
the optimization variables and constraints. These optimization
variables and constraints define the search space for the GA.
With the predefined objective functions, the optimization
variables and constraints are applied to calculate the values of
the objective functions. Each set of optimization parameter
values is an individual in the first generation's population. For
each individual, a set of results is obtained for the objective
functions. These objective function results are then compared
with the evaluation criteria. If the criteria to stop the loop are
not met, the next generation is created by randomly selecting
individuals from the first generation's population. These
individuals are then input into the algorithm to compute the
objective function values using methods such as reproduction,
crossover, and mutation. After the calculation process, the
objective function results are compared with the evaluation
criteria. If the stopping conditions are not met, a new iteration
is carried out as described above, or else the best result sets are
presented through the Pareto chart, and the optimization
process concludes. In this study, 10 optimization variables were
selected and included in the optimization process with the
limits shown in Table II. Constraints are an essential part of the
calculation process in any optimization method, as they limit
the search space of the GA. There are two types of constraint
functions: equality constraints and inequality constraints. This
study applied inequality constraints to the volume of the stator,
the rotor volume, and the magnet volume. Meanwhile, equality
constraints were applied to the flux density limits on the stator
core, rotor core, and stator teeth. Additionally, the slot filling
factor was also limited within an empirical range according to
motor manufacturers, from 0.35 to 0.55. Thus, the optimization
problem includes three equality constraints and four inequality
constraints:

e Equality constraints: Volume of the stator ( Vgigeor) =
constant, volume of the rotor (V,,to-) = constant, and
volume of the PM: (Vg gnet) = constant.

e Inequality constraints:
o Magnetic flux density in the stator core: 1T<B,,<1.5T
o Magnetic flux density in the rotor core: 1T<Bj, <1.5T
o Magnetic flux density in the teeth: 1.5T<B;,,:n<2T
o Slot filling factor: 0.35<k;;;<0.55.

TABLE II. BOUNDARY VALUES OF THE OPTIMIZATION
VARIABLES.
Value Lower boundary | Upper boundary
value value
z; (mm): length of the air gap 0.6 0.8
z> (mm): inner stator diameter 145 155
z3 (mm): thickness of the PM 1.5 2.5
z4 (mm): stator core height 11 15
zs: the magnitude of the V-angle 110 125
z6: bridge length 1.2 2

27 (A/mm’) 4.7 55
Zs (turns) 28 34
Zo: (mm): tooth width 12 16
Z70: (mm): rotor core height 1.5 2.8

Objective functions are an essential part of any
optimization method because they define the results to be
obtained after the optimization process. Two objective
functions were defined: total losses and material costs. The
goal of the optimization method is to reduce both power losses
and material costs. The material costs include the costs of
magnetic steel, copper, and magnets, as expressed below [14]:

C = cpeMpe + CcuMcy + CnMyy = cpe(Ms + M, + M) +
CCuMCu + CmMm (9)

where cg,, Ccy, Cpy are the costs of magnetic steel, copper, and
magnets, respectively. The expressions for Mg, M,., M;va M,,
are as follows [14]:
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The factors from A; to A, are calculated as follows:
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A, = bgy. (hg + hgg + 2h,,) + byy. (hg + hgy + ) +
bgo- (hy, + 2hgp) (16)

where the parameters V;, V., V., B, B,,, hy,, hsy, by, are the
volumes of the stator, rotor, and magnet, along with the
residual magnetic flux density of the magnet at ambient
temperature, the operating magnetic flux density of the magnet,
the wedge height, the slot mouth depth, and the slot mouth
width.

The total losses in the IPM include core losses and copper
losses, expressed as follows [14]:

Ploss = psMs + per + ptMt + NsIZR (17)

where N is the number of slots, I is the phase current, R is the
winding resistance per tooth, M is the mass of the stator core,
M, is the mass of the rotor core, and M, is the mass of stator
teeth.

The loss per kilogram of the stator core (p;) is calculated as
[14]:

Ps = kp. f. (15";1_;)1'7 . (M)1,7 N

Z4

2 Bg_TI 2 222-221y7
ke £ (2, (2

(18)

The loss per kilogram of the rotor core (p,) has already
been given [14]. The loss per kilogram of the stator teeth (p;) is
calculated as:

pe = kp. f. (B;]l_-s")l'7 . (ﬂ)lj N
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The resistance (R) of each coil winding on a tooth:
_ Pculaqzy
T 11076 (20)

Lgq is the length of the coil winding on each tooth,
determined as:
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IV. NUMERICAL TEST

Based on the input parameters given in Table I, the test was
first carried out with the analytical technique to define the
required/main parameters of 7.5 kW, voltage of 400 V, =125
Hz. Figure 2 shows the Pareto front results. It can be observed
that the two objective functions, material cost and total losses,
exhibit an inverse relationship: As the material cost decreases,
the losses increase and vice versa. This study chose a weight of
0.3 for total losses and a weight of 0.7 for material cost to

determine the point with the minimum value for the sum of
both objective functions to calculate the motor parameters after
optimization. Figure 3 shows the magnetic flux density
distribution in the stator and rotor before and after
optimization.
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N
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Fig. 2.

Pareto front optimization results.

Fig. 3. Magnetic flux density distribution in the stator and rotor before
(top) and after (bottom) optimization.
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It can be observed that, before optimization, the maximum
magnetic flux density value is 2.18 T at the Bridge position.
After optimization, the maximum value is 2.2 T at the same
position. This means that the maximum magnetic flux density
in the air gap was increased by 0.02 T. This value is small and
insignificant and is not likely to cause saturation of the
magnetic circuit. Figure 4 shows the distribution of the
magnetic flux density in the air gap before and after
optimization. Figure 5 shows the waveform of the back EMF.
Figure 6 shows the reduction in THD (Total Harmonic
Distortion) of the back EMF in the motor, from 5.7% to 3%.
The THD of the back EMF was significantly decreased, due to
the significant reduction in the large-value harmonic
components at the 1%, Sth, and 11" orders. It can be seen that
the torque on the motor shaft increased after the optimization
process, from 47.77 Nm to 48.21 Nm. This is also due to the
drop in THD of the back EMF. Figure 7 shows the distribution
of the cogging torque in both cases (before and after
optimization). The value after optimization slightly increased
compared to before optimization because the air gap size of the
motor was reduced after optimization.

1.5 T T T T T T

= = =Before Optimization
After Optimization

Br(T)

0 50 100 150 200 250 300 350
Position (EDeg)

Fig. 4. Radial magnetic flux distribution.
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Fig. 5. Waveform of back EMF.
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Fig. 6. Harmonic amplitude in the Back EMF.
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Cogging Torque (Nm)
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Position (EDeg)
Fig. 7. Waveform distribution of cogging torque.

Figure 8 shows that torque quality improved significantly.
Torque ripple is the fluctuation of the torque, shown in Figure
9. The torque ripple of the motor after optimization was 3.65%,
much lower than the 12.86% before optimization. Therefore,
the torque quality improved, while the efficiency of the
machine increased from 95.44% before optimization to 95.77%
after optimization. These are expected results, confirming the
effectiveness of the optimization method applied in this study.

Table III shows the optimization results for the main
parameters of the IPM. The optimization process yielded
favorable results, as the percentage of torque ripples decreased,
while the motor efficiency increased. The power factor has a
significant impact on motor operation. If this value is high, it
reduces energy losses and the heat generated in the motor, thus
increasing the motor's lifespan. As expected, the power factor
also improved significantly from 0.9 to 0.95. Furthermore, the
output torque demonstrated more stable performance after
optimization, indicating a significant reduction in torque ripple.
Although there is a slight increase in flux density on the teeth,
it is not large enough to cause magnetic saturation and does not
affect any motor parameters during operation. These favorable
results emphasize the advantageous comparison between the
optimized design and the initial configuration, as shown in
Table IV.
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Fig. 8. Distribution of torque waveform.
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Fig. 9. Waveform of torque ripple.

TABLE IIL. MAIN DIMENSIONAL PARAMETERS BEFORE
AND AFTER OPTIMIZATION
Quantity Before optimization| After optimization
Outer stator diameter (mm) 240.53 231.8
Inner rotor diameter (mm) 108.77 113.77
Tooth width (mm) 14.46 13.8
Slot height (mm) 30.6 26.5
Magnet thickness (mm) 2.3 2.5
V-angle (electrical degrees) 114 124
Number of turns 29 27
Conductor diameter (mm) 2.714 2.76
TABLE IV. ELECTROMAGNETIC PARAMETERS BEFORE
AND AFTER OPTIMIZATION
Quantity Before optimization | After optimization
Output power (W) 7503.6 7573
Back EMF (V) 126.8 127
Efficiency (%) 95.44 95.77
Cogging torque (Nm) 4.3 4.7
Torque Ripple (%) 12.87 3.65
Power factor 0.9 0.95
Shaft torque (Nm) 47.71 48.21
Back EMF THD (%) 5.7 3
Bmax (T) 2.18 2.2
Cost ($) 279.9 272.8

V. CONCLUSION

This study examined a practical motor by performing
analytical calculations and utilizing a GA to optimize losses
and material costs. The parameters of a 7.5 kW IPM motor
were calculated and optimized based on the GA technique with
10 variables. The primary objective of the optimization process
was to minimize total losses and material costs, which are two
critical factors. FEM was applied to evaluate the performance
of the motor and determine the influence of the selected
variables and constraints during the optimization process. The
results demonstrated that the optimized design not only reduced
material costs compared to the original design while
maintaining the desired performance level, but also yielded
favorable improvements in other parameters such as flux
density, torque ripple, and cogging torque. Future studies could
explore the impact of further optimizations on motor lifespan
and performance under varying environmental conditions.
Additionally, further research could focus on the integration of
these optimized motors into smart grid systems and renewable
energy technologies to promote sustainability.
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ABSTRACT

Interior Permanent Magnet Synchronous Motors (IPMSM) are increasingly utilized across various fields
as a result of their superior performance and high power density. To ensure efficient operation in electric
vehicles and industrial applications, these motors have to meet the stringent performance objectives of low
vibration. This study proposes an optimization method based on Genetic Algorithm (GA) techniques to
minimize losses and material costs. First, an analytical model is developed to determine the required
parameters for an IPM motor with five pole pairs, 15 slots, and a power rating of 7.5 kW. Subsequently,
the GA is implemented using the analytical model to optimize the electromagnetic parameters of the IPM
motor. Finally, the Finite Element Method (FEM) is applied to simulate the parameters obtained from the
analytical model and GA. The results before and after optimization, including material cost functions, total
losses, and motor outputs, were compared to validate the proposed method.

Keywords-Interior Permanent Magnet Synchronous Motor (IPMSM); GA; cogging torque; torque ripple;
analytical model
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Due to their high power density, efficiency, stable
operation, and reliability, the Permanent Magnet Synchronous
Motors (PMSMs) have been widely applied in industrial fields
and electric vehicles in recent years [1-6]. PMSMs have
contributed significantly to technological advancements and the
creation of more energy-efficient systems by using permanent
magnet materials such as neodymium-iron-boron (NdFeB) and
samarium-cobalt (SmCo) [7]. In [8, 9], the Genetic Algorithm
(GA) was used to optimize the main parameters of the motor.
This technique has been employed in numerous studies to
analyze optimal PMSM designs [10-13]. In [10], a multi-
objective optimization design was developed for PMSMs using
the artificial bee colony algorithm, achieving high dynamic
performance and overall efficiency of 94.5% to 96%. In [11], a
subdomain model was combined with GA to optimize the
design of Surface-mounted PMSMs (SPMSMs). This study
used a subdomain model to accurately evaluate the flux density
harmonics. Next, a Pareto-optimal set of solutions was
searched with the subdomain model, allowing time savings.
Finally, the electromagnetic performance of the new design
was verified using FEM and compared with the original design
and the traditionally GA-optimized design. In [12], the GA
technique was utilized in conjunction with Taguchi
optimization and FEM to calculate the performance of
SPMSMs. The results indicated that a reduction in the cogging
torque results in a small reduction of efficiency from GAs to
Taguchi design due to the reduction of magnet volume. In [13],
an improved SPMSM design was proposed to reduce torque
pulsations and save magnet costs. In [14, 15], a partitioned
model was combined with GA to achieve an optimal SPMSM
design. In this study, the partitioned model was developed in
advance to accurately assess the flux density. Then, a Pareto-
optimal set of solutions was obtained by applying the GA
technique.

In this context, this study uses the GA technique to improve
the electromagnetic parameters of IPM motors. First, an
analytical model is provided to define the parameters required
for motor design. Then, an optimization model based on the
GA technique is developed to optimize the material cost and
losses of the motor. Finally, FEM is applied to perform
simulations and compare the results of the electromagnetic
parameters of the proposed motor before and after
optimization.

II. ANALYTICAL BACKGROUND

Figure 1 provides the analytical design steps of the PMSM.
The volume (V,) of the rotor is defined via the torque density
(TRV) [16]:

="p2=-_
V=10 = (M
where T is the electromagnetic torque, D;; is the inner diameter
of the stator, and L is the length of the rotor.

The TRV value is selected from 35 kKNm/m® to 85 kKNm/m®
[16]. The stator can be calculated similarly to the stator of an
asynchronous motor, using the following formulas [16]:

where Kgpqpe is the shape factor given in [16]. The thickness of
the magnet is determined by:

d. = ur.geffBg
™ 4Bysin(a)-Bgm

(€)

where B, is the PM remanence, g is the effective air gap
length, y, is the relative permeability of the PM, and By is the
magnetic flux density in the air gap. The By vallue can be
selected from 0.8 T to 1.05 T [16]. The width of the magnet is
determined by:

Am
Wiy = 22 @)

The PM opening angle in electrical degrees is computed as:

) e

Dor—2x4

B = 2p.arcsin [Wm. (

The depth (d,) of a V-shape pole (ay) is given by:

by vmae () (B 1-on B

om (6)

sin(aTV)
where w,, is the width of the PM. The height of the rotor yoke
and the number of turns are represented below:

iz —dy; N, =

Uphase (7)
2.Bry.Lkj

h. = —_'phase
Ty V2 fkwBgDirL

The parameters hg, and w, have been already defined in
[17]. The V-angle of the magnet and the magnitude of the
bridge length in the IPM motor can also be adjusted depending
on the design to suit the requirements.

Definition of intial requirement parameters

(P.p. 1% T Qs Vo)
I
4

Calculation of main Rotor dimensions
(De,» L)

Magnet sizes determination
(doms N Wen)

Stator dimensions calculation
(yoke, slot, tooth)

Comparison
Torque, Efficiency

Fig. 1. Design steps of PMSM.
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TABLE 1. COMPUTATIONAL PARAMETERS OF THE 7.5KW
IPM MOTOR
Parameters Values Unit
Number of slots 15
Number of poles 10
Inner diameter of stator 151.45 mm
Outer diameter of stator 240.53 mm
Tooth width 14.46 mm
Slot height 30.6 mm
Air gap length 0.8 mm
Inner diameter of rotor 108.77 mm
Magnet thickness 23 mm
Magnet width 20.4 mm
Bridge length 2 mm
V-angle 114 Elec degrees
Electrical angle of the magnet 149.3 Elec degrees
Number of turns 29

III. GA TECHNIQUE FOR PARAMETER
OPTIMIZATION

GA was applied to optimize the objective functions,
including the motor losses and material costs. The optimization
process of the GA technique can be seen in Figure 1 in [14].
The process begins by defining the initial parameters, including
the optimization variables and constraints. These optimization
variables and constraints define the search space for the GA.
With the predefined objective functions, the optimization
variables and constraints are applied to calculate the values of
the objective functions. Each set of optimization parameter
values is an individual in the first generation's population. For
each individual, a set of results is obtained for the objective
functions. These objective function results are then compared
with the evaluation criteria. If the criteria to stop the loop are
not met, the next generation is created by randomly selecting
individuals from the first generation's population. These
individuals are then input into the algorithm to compute the
objective function values using methods such as reproduction,
crossover, and mutation. After the calculation process, the
objective function results are compared with the evaluation
criteria. If the stopping conditions are not met, a new iteration
is carried out as described above, or else the best result sets are
presented through the Pareto chart, and the optimization
process concludes. In this study, 10 optimization variables were
selected and included in the optimization process with the
limits shown in Table II. Constraints are an essential part of the
calculation process in any optimization method, as they limit
the search space of the GA. There are two types of constraint
functions: equality constraints and inequality constraints. This
study applied inequality constraints to the volume of the stator,
the rotor volume, and the magnet volume. Meanwhile, equality
constraints were applied to the flux density limits on the stator
core, rotor core, and stator teeth. Additionally, the slot filling
factor was also limited within an empirical range according to
motor manufacturers, from 0.35 to 0.55. Thus, the optimization
problem includes three equality constraints and four inequality
constraints:

e Equality constraints: Volume of the stator ( Vgigeor) =
constant, volume of the rotor (V,,to-) = constant, and
volume of the PM: (Vg gnet) = constant.

e Inequality constraints:
o Magnetic flux density in the stator core: 1T<B,,<1.5T
o Magnetic flux density in the rotor core: 1T<Bj, <1.5T
o Magnetic flux density in the teeth: 1.5T<B;,,:n<2T
o Slot filling factor: 0.35<k;;;<0.55.

TABLE II. BOUNDARY VALUES OF THE OPTIMIZATION
VARIABLES.
Value Lower boundary | Upper boundary
value value
z; (mm): length of the air gap 0.6 0.8
z> (mm): inner stator diameter 145 155
z3 (mm): thickness of the PM 1.5 2.5
z4 (mm): stator core height 11 15
zs: the magnitude of the V-angle 110 125
z6: bridge length 1.2 2

27 (A/mm’) 4.7 55
Zs (turns) 28 34
Zo: (mm): tooth width 12 16
Z70: (mm): rotor core height 1.5 2.8

Objective functions are an essential part of any
optimization method because they define the results to be
obtained after the optimization process. Two objective
functions were defined: total losses and material costs. The
goal of the optimization method is to reduce both power losses
and material costs. The material costs include the costs of
magnetic steel, copper, and magnets, as expressed below [14]:

C = cpeMpe + CcuMcy + CnMyy = cpe(Ms + M, + M) +
CCuMCu + CmMm (8)

where cg,, Ccy, Cpy are the costs of magnetic steel, copper, and
magnets, respectively. The expressions for Mg, M,., M;va M,,
are as follows [14]:

_ 2
Mg =Aq.(z, — 221)2- (% - Zzz) )

M, = A;. (2, - 221)2- (((Zz - 221)2 — (7, — 27z, —

2((zg +V+W.Coszz—5+ (zz_zi— 26).(1 - CosAz—s) +
z3'n.(zz—221)2

1_32_5) +Z10))2> _%-Az-zs) (10)

St
2 2
,VS. -2
M, = Ay.(z, — 221)*. (( (ZZV—TZI) - 224) -z -

4A1.(zp—221)?

= Qs Ay (n

8960.1.05.Laq

M, 106 M,, = V,,.4p.7500 (12)

The factors from A; to A, are calculated as follows:

Ay = V,..7650.107% A, = wy,. 4p (13)

sinZs
+ 2) ) (9

2

A; = 2. asin(< VZ{,r

Z3.
37.(z2-221)?
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A, = bgy. (hg + hgg + 2h,,) + byy. (hg + hgy + ) +
bgo- (hy, + 2hgp) (15)

where the parameters V;, V., V., B, B,,, hy,, hsy, by, are the
volumes of the stator, rotor, and magnet, along with the
residual magnetic flux density of the magnet at ambient
temperature, the operating magnetic flux density of the magnet,
the wedge height, the slot mouth depth, and the slot mouth
width.

The total losses in the IPM include core losses and copper
losses, expressed as follows [14]:

Ploss = psMs + per + ptMt + NsIZR (16)

where N is the number of slots, I is the phase current, R is the
winding resistance per tooth, M is the mass of the stator core,
M, is the mass of the rotor core, and M, is the mass of stator
teeth.

The loss per kilogram of the stator core (p;) is calculated as
[14]:

Ps = kp. f. (15";1_;)1'7 . (M)1,7 N

Z4

2 Bg_TI 2 222-221y7
ke £ (2, (2

a7

The loss per kilogram of the rotor core (p,) has already
been given [14]. The loss per kilogram of the stator teeth (p;) is
calculated as:

pe = kp. f. (B;]l_-s")l'7 . (ﬂ)lj N

Zg

Bg. -
ke f2 (F5)2 (2222 (18)
S 9
The resistance (R) of each coil winding on a tooth:
_ Pculaqzy
T 11076 (19)

Lgq is the length of the coil winding on each tooth,
determined as:

4V,

m.(22—221)%

qu = (29 +

Zg

\fh)or(j(4h52Hbsz_bﬂ)z)'ln'l‘ls.L)/
T Z7

401,15 1

).2.2Zg

+ceil

(20)

Tz
IV. NUMERICAL TEST

Based on the input parameters given in Table I, the test was
first carried out with the analytical technique to define the
required/main parameters of 7.5 kW, voltage of 400 V, =125
Hz. Figure 2 shows the Pareto front results. It can be observed
that the two objective functions, material cost and total losses,
exhibit an inverse relationship: As the material cost decreases,
the losses increase and vice versa. This study chose a weight of
0.3 for total losses and a weight of 0.7 for material cost to

determine the point with the minimum value for the sum of
both objective functions to calculate the motor parameters after
optimization. Figure 3 shows the magnetic flux density
distribution in the stator and rotor before and after
optimization.

282
280 |

278

Best individual

N N
~ ~
N o

Material Cost ($)

N
]
N

270}
268 |

266 L L L L L L L L L )
560 570 580 590 600 610 620 630 640 650 660
Total Losses (W)

Fig. 2.

Pareto front optimization results.

Fig. 3. Magnetic flux density distribution in the stator and rotor before
(top) and after (bottom) optimization.
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It can be observed that, before optimization, the maximum
magnetic flux density value is 2.18 T at the Bridge position.
After optimization, the maximum value is 2.2 T at the same
position. This means that the maximum magnetic flux density
in the air gap was increased by 0.02 T. This value is small and
insignificant and is not likely to cause saturation of the
magnetic circuit. Figure 4 shows the distribution of the
magnetic flux density in the air gap before and after
optimization. Figure 5 shows the waveform of the back EMF.
Figure 6 shows the reduction in THD (Total Harmonic
Distortion) of the back EMF in the motor, from 5.7% to 3%.
The THD of the back EMF was significantly decreased, due to
the significant reduction in the large-value harmonic
components at the 1%, Sth, and 11" orders. It can be seen that
the torque on the motor shaft increased after the optimization
process, from 47.77 Nm to 48.21 Nm. This is also due to the
drop in THD of the back EMF. Figure 7 shows the distribution
of the cogging torque in both cases (before and after
optimization). The value after optimization slightly increased
compared to before optimization because the air gap size of the
motor was reduced after optimization.

1.5 T T T T T T

= = =Before Optimization
After Optimization

Br(T)

0 50 100 150 200 250 300 350
Position (EDeg)

Fig. 4. Radial magnetic flux distribution.
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Fig. 5. Waveform of back EMF.
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Fig. 6. Harmonic amplitude in the Back EMF.
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Position (EDeg)
Fig. 7. Waveform distribution of cogging torque.

Figure 8 shows that torque quality improved significantly.
Torque ripple is the fluctuation of the torque, shown in Figure
9. The torque ripple of the motor after optimization was 3.65%,
much lower than the 12.86% before optimization. Therefore,
the torque quality improved, while the efficiency of the
machine increased from 95.44% before optimization to 95.77%
after optimization. These are expected results, confirming the
effectiveness of the optimization method applied in this study.

Table III shows the optimization results for the main
parameters of the IPM. The optimization process yielded
favorable results, as the percentage of torque ripples decreased,
while the motor efficiency increased. The power factor has a
significant impact on motor operation. If this value is high, it
reduces energy losses and the heat generated in the motor, thus
increasing the motor's lifespan. As expected, the power factor
also improved significantly from 0.9 to 0.95. Furthermore, the
output torque demonstrated more stable performance after
optimization, indicating a significant reduction in torque ripple.
Although there is a slight increase in flux density on the teeth,
it is not large enough to cause magnetic saturation and does not
affect any motor parameters during operation. These favorable
results emphasize the advantageous comparison between the
optimized design and the initial configuration, as shown in
Table IV.
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Fig. 8. Distribution of torque waveform.

T T
= = -Before Optimization
Lo —— After Optimization |-

Torgue Ripple (%)

0 50 100 150 200 250 300 350
Position (EDeg)

Fig. 9. Waveform of torque ripple.

TABLE IIL. MAIN DIMENSIONAL PARAMETERS BEFORE
AND AFTER OPTIMIZATION
Quantity Before optimization| After optimization
Outer stator diameter (mm) 240.53 231.8
Inner rotor diameter (mm) 108.77 113.77
Tooth width (mm) 14.46 13.8
Slot height (mm) 30.6 26.5
Magnet thickness (mm) 2.3 2.5
V-angle (electrical degrees) 114 124
Number of turns 29 27
Conductor diameter (mm) 2.714 2.76
TABLE IV. ELECTROMAGNETIC PARAMETERS BEFORE
AND AFTER OPTIMIZATION
Quantity Before optimization | After optimization
Output power (W) 7503.6 7573
Back EMF (V) 126.8 127
Efficiency (%) 95.44 95.77
Cogging torque (Nm) 4.3 4.7
Torque Ripple (%) 12.87 3.65
Power factor 0.9 0.95
Shaft torque (Nm) 47.71 48.21
Back EMF THD (%) 5.7 3
Bmax (T) 2.18 2.2
Cost ($) 279.9 272.8

V. CONCLUSION

This study examined a practical motor by performing
analytical calculations and utilizing a GA to optimize losses
and material costs. The parameters of a 7.5 kW IPM motor
were calculated and optimized based on the GA technique with
10 variables. The primary objective of the optimization process
was to minimize total losses and material costs, which are two
critical factors. FEM was applied to evaluate the performance
of the motor and determine the influence of the selected
variables and constraints during the optimization process. The
results demonstrated that the optimized design not only reduced
material costs compared to the original design while
maintaining the desired performance level, but also yielded
favorable improvements in other parameters such as flux
density, torque ripple, and cogging torque. Future studies could
explore the impact of further optimizations on motor lifespan
and performance under varying environmental conditions.
Additionally, further research could focus on the integration of
these optimized motors into smart grid systems and renewable
energy technologies to promote sustainability.
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