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A Taguchi-Preconditioned GA Method for the Design Optimization
of a PM Vernier Motor
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Abstract—This paper presents an efficient Taguchi-preconditioned genetic algorithm (TPGA) strategy
for the design optimization of a 630-kW permanent magnet vernier motor (PMVM). In the TPGA,
firstly, the Taguchi method is combined with comparative finite element analyses (FEA) to judge the
influence factors of six typical structural parameters on the torque output. Secondly, four influential
parameters are taken from the six typical ones and decided as the variables in the global optimization
processes coupling genetic algorithm (GA) and FEA. As two variables with small influence factors are
set to constants in the computationally costly optimization processes, the calculation burden can thus be
effectively reduced. Thirdly, with the four influential optimization variables, FEA-assisted GA is used
to maximize the output torque of the PMVM. During the global optimization processes, a preliminarily
optimized structural configuration obtained from the Taguchi analyses is used as the initial values of the
variables. Finally, the working performances of the machine with the optimal parameters are obtained
through FEM calculations. The optimization effectiveness is validated by comparing the output torque
of the GA-optimized machine with that of the initial and the Taguchi-preliminary optimized ones.

1. INTRODUCTION

In modern civilized and industrial applications, low-speed and large-torque-density operations are
usually demanded. To provide sufficient driving torques without enlarging the driving system sizes,
mechanical gearboxes are often connected with driving motors to slow down the rotation speeds while
magnifying the output torques [1,2]. However, due to the inevitable mechanical frictions between the
gears, the working reliability and the operation efficiencies of the systems using gearboxes are seriously
limited [3, 4].

To realize the torque transformations without mechanical speed-regulating devices, magnetic gears
based on the flux modulation theory have been utilized to supersede the mechanical gears in [5, 6].
Since vernier machines (VMs) can use the stator slots as iron segments and thus integrate the magnetic
gears into the machine casings, they have attracted extensive research attentions in the direct-drive and
large-torque applications [7, 8].

1.1. State-of-the-Art

In order to maximize the output torque of VMs, researches have been done in designing and optimizing
the machine configurations. In [9], Toba and Lipo proposed the element domain (ED) model for a
permanent magnet vernier motor (PMVM), and the generic design for maximizing the output torque was
realized based on the ED methodologies. Zhao et al. [10] presented the quantitative analyses and design
guidelines for dual-permanent-magnet vernier machines (DPMVMs), and the results were validated
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through numerical and experimental researches. In [11], Ma et al. proposed a surrogate-assisted design
optimization scheme to realize the efficient multi-objective optimization of a surface-mounted PMVM.
In the multi-criteria optimization processes, the surrogate-assisted techniques were used to improve the
computational efficiency. Among the modern optimization methods, genetic algorithm (GA) is most
commonly used in optimizing VMs for its superior advantage in global searching [12,13]. In [14], Lin et
al. proposed the numerical presentations for the design configurations of a DPMVM and optimized the
numerical sets through GA. Wang et al. [15] investigated the influences of the structural parameters
of an axial-flux PMVM on the output torque and axial electromagnetic force. A Kriging prediction
method was utilized to model the influences, and GA was combined with the prediction model to search
for an optimized result.

For the design optimization of VMs, since the relations between the electromagnetic fields and
the machine parameters are highly nonlinear [9], the output performances of the machines can hardly
be modeled by analytical models. Therefore, the most usual way in optimizing them is to combine
the optimization algorithms with numerical calculations, making the whole processes computationally
costly [14, 15]. In addition, due to the complex structures of VMs, a large number of variables need to be
selected during optimization processes, which will further increase the complexities and the calculation
burdens.

Through the design of experiment (DOE) methods, such as the Taguchi method [16], response
surface methodology (RSM) [17] and Latin hypercube sampling strategy [18], the optimal combination
of machine structural parameters can be obtained based on limited times of numerical calculations.
Amongst the DOE methods, the Taguchi method is more commonly utilized in the designs of electrical
machines for its preferable characteristics of reliability, conciseness, and robustness [19,20]. In [21],
Khan et al. combined manufacturing tolerances with assembly process variations in the optimal design
of a surface-mounted PMSM based on Taguchi method. Xia et al. [22] employed the Taguchi method
to optimize the PM cavity under different working conditions. In [23], Shi et al. novelly considered the
fault-tolerate capability in the Taguchi-based design optimization of a five-phase PM hub motor. By
using Taguchi method, the optimized design of a PMSM can be obtained efficiently. But as the designed
values based on Taguchi method are received with only dozens or even fewer simulation results, they
usually have quite an adequate potential to be further optimized.

1.2. Contributions

To overcome the aforementioned problems, in this paper, a Taguchi-preconditioned method is proposed
to realize the efficient FEA-assisted GA optimization of a PMVM. The detailed contributions in this
paper are as follows:

(1) Through variance proportion analyses based on Taguchi method, the approach in obtaining the
influential factors of PMVM structural parameters on the output performances is proposed.

(2) Taking the most influential variables obtained by Taguchi analyses in the FEA-assisted GA
optimizations, the calculation burden cost in the FEM simulations is effectually reduced.

(3) Combining the aforementioned contributions, the Taguchi-preconditioned genetic algorithm
(TPGA) is proposed to realize the efficient and effective optimizations of PMVMs.

2. 2 PMVM AND INITIAL WORKING PERFORMANCES

2.1. Machine Structure and Initial Parameters

The PMVM studied in this paper is with an outer-rotor and inner-stator structure, as shown in Fig. 1.
Silicon steel sheets with brand 35W470 are employed to make the stator and rotor cores. The stator
core has 36 rectangular slots, which are also used as iron segments to modulate the air-gap flux. The
basic parameters of the machine are tabulated in Table 1.

2.2. Initial Working Performance Analyses

The transient electromagnetic field of the machine is obtained by FEM calculations, and the flux line
and flux density distributions are shown in Fig. 2, illustrating the flux modulation effect transforming
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Figure 1. Machine structure. Figure 2. Flux lines and flux density
distributions of the PMVM.

Table 1. Initial parameters of PMVM.

Quantity

Value

Axial length

750 mm

QOuter diameter of rotor

2660 mm

Inner diameter of rotor

2460 mm

PM height

20 mm

Air-gap length

1 mm

Outer diameter of stator

2418 mm

Inner diameter of stator

779 mm

Slot width (in radians)

5.5°

Rotor pole pair number

30

Slot (iron segment) number

36

Stator pole pair number

6

the 30 paired magnetic fluxes in rotor to the 6 paired ones in stator. Fig. 3 shows the output torque
of the machine versus time. The PMVM can provide an averaged torque (Tgye) of 283.93kN-m, which
means a high torque density at 68.12kN-m/m3. In addition, the torque ripple of the machine can
be maintained below 1.32% (T, at 3.73kN-m) under full load operations. The calculated working

performances of the machine are tabulated in Table 2.

Table 2. Working performances of the PMVM.

Parameter | Tpye/kN-m | Tpp/kN-m | Ugpe/kV

Value 283.93 3.73

11.4

3. DESIGN OPTIMIZATION BASED ON TPGA

3.1. Methodologies

Starting from the initial structural parameters of the VM, in this section, the TPGA is proposed and
employed to realize the efficient optimization of the machine. The detailed optimization processes are
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Figure 3. The output torque versus time (initial).

illustrated in Fig. 4, and the optimization steps are as follows:

(1)

3.2.

With the initial parameters and material properties inputted, six typical structural parameters
(rotor yoke depth, d;otor, stator yoke depth, dsiqior, air-gap length, lyqp, stator tooth height, hg,
PM height, hpys, and stator tooth width, wg) that have relatively large impacts on machine
electromagnetic characteristics are selected as the initial optimization variables in the Taguchi-
based analyses.

The L5% orthogonal table is established with related machine working performances calculated
through FEM. Taguchi method is then employed to analyze the influence factor of each variable.
The four most influential structural parameters are selected from the six typical ones and are used
as the variables in GA-based optimization. In addition, the preliminary structural configuration
obtained by Taguchi method is used as the initial value in the globalized optimization processes.
The GA setup is established based on the aforementioned variables and initial values. The variation
ranges are also decided based on Taguchi analyses.

FEM calculations are combined with GA to globally optimize the machine structural parameters.
The finally optimized structural configuration is exported for FEA.

Taguchi-Based Preconditioning Processes

3.2.1. Basic Conditions

For the Taguchi analyses, six typical structural parameters are selected as the optimization variables.
Several constraints are set on the ranges of the variables:

(1)

(2)

(3)

A smaller depth of the rotor yoke will lead to heavy saturation and significant reduction on the
PMVM performance. When selecting the depth of the rotor yoke, it is necessary to ensure that the
averaged magnetic flux density in the rotor is less than 1.8 T.

When being deposited with a large air gap, the excitation current has to increase to fix with
increasing magnetic resistances. However, to balance the manufacturing precision, the air gap
length should also be not too small.

The PM consumption is set to constant during optimization. Therefore, reducing the height of the

PMs will make them wider. In order to avoid the overlapping of the adjacent PMs, the minimum
height of the PMs is 14.6 mm.



Progress In Electromagnetics Research C, Vol. 125, 2022 137

Parameter Input and Optimization Setup

|
I |
I Initial Structural . . '
| ( Parameters of PMVM CMaterlals & Propertws) :
I

Taguchi Preconditioning

Objective Function & Optimization Variable Determination

v v v v v v

|4 V2 Vi Vi Vs Vs
roror dyraror boop hy hpy W

v v v v v v

Orthogonal Table Establishment & Numerical Simulations

|
|
i |
' |
' |
' |
' |
' |
' |
| |
|

|
: v v v v v v |

|
|
. :
' |
' |
|
. :
' |
' |
| |

1F, IF, 1F, 1F, 1F; IF,

v v v v v v

Precondition Optimization Variables Based on Influential
Factors

v

preliminarily optimized structural configuration Obtained

Global Optimization Based on GA

I
Optimization Variable Determination (J-l—

v

I
I
I
I
—:—b Variation Range Determination & Population Initialization
I
I
I
I
|
I
|
I
I
I

v

|
|
|
|
|
Fitness Calculation <r——:
|
|
|
|
|
1
|

¥ v v
Selection Crossover Mutation

v v v

Population Updated

Optimization Converged ?

Yes

( Calculation Results Output )

Figure 4. Optimization process flowchart.

(4) The width of the stator teeth has a significant influence on the electromagnetic performances of
the motor. Since 36 stator teeth separate 360° space, the stator teeth width is constrained from 3°
to 7° to leave spare space for stator windings.
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3.2.2. Analyzing and Preconditioning Process

For the globalized robust design optimization of the PMVM through GA, due to the complex machine
structure and large machine size, the selection of the optimization variables has become a hard task.
Too many optimization variables will lead to slow convergence speed with large amounts of numerical
calculations. A small variable number will in turn lead to an insufficient optimization effort. To balance
those contradictions, Taguchi method is used to diminish the least influential variables by judging their
influence factors and to obtain a fine initial value for the GA-based optimizations.

Figure 5 shows the schematic diagram of optimized variables. In order to implement this method,
the optimal range and levels of the variables are presented in Table 3 and Table 4, respectively. As
shown in the tables, six variables with five levels of each variable are selected. The related orthogonal
table is set up as shown in Table 5. The averaged output torque (7gye) and the value of torque ripple
(Trip) with according levels are calculated and also listed in the table.

Figure 5. Schematic diagram of optimized variables.

Table 3. Optimal range of factors.

Variable Description Range
dyotor /mm Rotor yoke depth 60 ~ 140
dstator/mm Stator yoke depth 325 ~ 405

lgap/mm Air gap length 09~ 1.3

hst/mm Stator teeth height 80 ~ 120
hpyr/mm PM height 14.6 ~ 18.6

wst/deg | Stator teeth width (in radians) 3% ~T°

In order to analyze the influential factors on the optimization variables, the averaged 75, and T},
with different levels of each variable are analyzed and listed in Table 5. For example, the averaged value
of the output torque with a 1-level d,qt0r can be obtained by:

Tons(61) = Tave(1) + Tave(2) + Tavg(:a) + Tove(4) + Tuve(5) "

where Thpe(1), Tave(2), Tave(3), Tave(4), and Tyye(5) are the output torque average in experiments 1, 2,
3, 4, and 5, respectively.

The proportion of the influence factors of each variable on T4, and T}, can be obtained by variance
analyses. In the variance analyses, the overall average value (SS) of each objective function should be
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Table 4. Factor level value.
Level Variable 1 2 3 4 )
drotor /MM 60 | 80 | 100 | 120 | 140
dstator/mm 325 | 345 | 365 | 385 | 405
lgap/mm 0.9 1 1.1 | 1.2 | 1.3
hst/mm 80 90 | 100 | 110 | 120
hpyr/mm 14.6 | 15.6 | 16.6 | 17.6 | 18.6
wgt/deg 3° 4° 5° 6° 7°
Table 5. L5% orthogonal table and related working performances calculated.
Combinations of variable levels
No. drotor/mm dstator/mm lgap/mm hst/mm hpM/HlHl wst/deg Tm}e/kN'm T’I‘Zp/kNm
1 1 1 1 1 1 1 168.44 10.84
2 1 2 2 2 2 2 255.64 8.02
3 1 3 3 3 3 3 276.75 4.33
4 1 4 4 4 4 4 253.97 6.13
5 1 5 5 5 5 5 209.54 4.29
6 2 1 2 3 4 5 246.24 5.51
7 2 2 3 4 5 1 213.61 8.42
8 2 3 4 5 1 2 236.03 14.15
9 2 4 5 1 2 3 294.48 3.58
10 2 5 1 2 3 4 294.60 7.43
11 3 1 3 5 2 4 300.61 8.49
12 3 2 4 1 3 5 263.41 5.96
13 3 3 5 2 4 1 198.38 6.69
14 3 4 1 3 5 2 268.27 3.23
15 3 5 2 4 1 3 282.74 6.23
16 4 1 4 2 5 3 288.25 4.57
17 4 2 5 3 1 4 287.28 10.70
18 4 3 1 4 2 5 274.57 4.41
19 4 4 2 5 3 1 183.83 4.22
20 4 5 3 1 4 2 256.00 4.39
21 5 1 5 4 3 2 242.37 8.42
22 5 2 1 5 4 3 288.13 4.25
23 5 3 2 1 5 4 279.78 4.33
24 5 4 3 2 1 5 269.38 3.45
25 5 5 4 3 2 1 156.92 9.96

calculated first. Take T,,e as an example:

1 25
SS (Tave) - % ZT(we(i)
1

(2)

where Type(7) is the output torque in the ith combination in Table 6. The variance (SSF) is then
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Table 6. The average value of torque under different levels of each optimization factor.

Variable | level | Toye/kN-m | T}, /kN-m
1 232.87 6.72
2 256.99 7.82
dyotor/mm | 3 262.68 6.12
4 257.99 5.66
5 247.32 6.08
1 249.18 7.57
2 261.61 7.47
dstator/mm | 3 253.10 6.78
4 253.99 412
5 239.96 6.46
1 258.80 6.07
2 249.65 5.66
lyap/mM 3 263.27 5.82
4 239.72 8.15
5 246.41 6.74
1 252.42 5.82
2 261.25 6.03
hst/mm 3 247.09 6.75
4 253.45 6.72
5 243.63 7.08
1 248.77 9.07
2 256.44 6.45
hpM/mm 3 252.19 6.07
4 248.54 5.39
5 251.89 4.97
1 184.24 8.03
2 251.66 7.64
ws/deg 3 286.07 4.59
4 283.25 7.42
5 252.63 4.72

obtained by:

SSF(TaUe) = % Z (Tave(i) - SS(TGUE))Q

i=1

Zhu et al.

(3)

where n is the number of the levels. Similarly, the variance and influential factor of each variable are
calculated. The calculation results are shown in Table 7.

As can be found from the results, variable wy has the largest impact on the output torque, and
level 3 shows the best result. Therefore, variable wg; is selected in the GA-based optimizations. On
the contrary, the stator tooth height has a relatively small influence on the output torque, and it is not
taken as an optimization variable in the later globalized optimizations. The rest variables affect the
output torque more significantly than factor hy,. Therefore, variables drotor, dstators lgap, and wg are
further optimized to maximize the PMVM output torque.
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Table 7. The variance and the influential factors of each optimization factor under different performance
indexes.

Factors Tove/kKN-m Trip/kN-m
Variance | Influential factor/% | Variance | Influential factor/%

drotor/mm | 112.36 6.92 0.57 7.58
dstator/mm 49.90 3.07 1.57 20.88

lgap/mm 71.98 4.43 0.83 11.04

hst/mm 36.21 2.23 0.23 3.06

hpm /mm 8.24 0.51 2.06 27.39

wst/deg 1345.6 82.84 2.26 30.05

total 1624.36 100 7.52 100

3.2.8. Initial Value and Ranges

Figure 6 shows the factor effects on torque and torque ripple. The initial value and variation range of
each variable are decided based on the figures. For factors hg and hpps shown in Figs. 6(d) and (e),
the initial values are set to 90 mm and 18.6 mm, respectively.

=~ Torgque
4— Torque Ripple 1 4

Torque(kNewtonMeter)
Torque Ripple(kNewtonMeter)

Torque Ripple(kNewtonMeter)

Torque Ripple(kNewtonMeter)

T T T T T T T T T T T T T T T
60 80 100 120 140 320 340 380 380 400 420 08 10 11 i 2] 13

d,,,./mm g /MM I/ mm

@ (b) ©

F'orque Ripple(kNewtonMeter)
e

Torque Ripple(kNewtonMeter)

Torque Ripple(kNewtonMeter)

T T T T T T T T T 1 T T T T T
80 90 100 10 120 14 15 16 17 18 19 3 4 5 6 7

i, /mm Jp,/mm w,/deg

(d) (e) (f)

Figure 6. Factor effects on torque and torque ripple. (a) drotor. (b) dstator- (¢) lgap- (d) hst. (€) hpwm.
(f) Wgt-

As to dotor, the initial value is set to 100 mm, with a varied range of 80 mm ~ 120 mm. For dgstator,
the initial value is set to 345 mm while the variation range is from 335 mm to 395 mm. For /4, 1.1 mm
is taken as the initial value, and the range is from 0.9 mm to 1.2 mm. Finally, for w, the initial value
is set to 5° with a variation range of 4.5° ~ 6.5°. The initial values and ranges are tabulated in Table 8.
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Table 8. Initial values and ranges of the optimization variables.

Variable | Initial Value | Variance Range
dyotor /MM 100 80 ~ 120
dstator /mm 345 335 ~ 395

lgap/mm 1.1 0.9~1.2

wet /deg 5° 4.5° ~ 6.5°

3.3. Globalized Optimization Based on GA Method

In this section, GA is combined with FEM simulations for the optimization of the Taguchi-per-optimized
motor. In addition, the optimization variables and their ranges are also selected based on Taguchi
analyses.

In the GA-based global optimization processes, the averaged output torque is taken as the objective
function. The optimization converges when the fitness function meets the following conditions:

IT*(G +1) — T*(G)]| < 0.0005|T*(G)| (4)

where T%(G) (in kN-m) means the fitness function value of the best individual in the Gth generation. In
this paper, a very critical criterion (5%og) is taken as the GA-based optimization can converge fluently
with the Taguchi-preconditioned initial values and variables, as shown in Fig. 7.
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Figure 7. Convergence curve. Figure 8. Electromagnetic performances of the
PMVM with optimized structural parameters.

Figure 8 shows the flux lines and flux density distributions of the PMVM with optimized structural
configuration. When the motor is working under full-load operations, the output torque curve and back
EMF curves versus time are shown in Fig. 9 and Fig. 10, respectively. As obtained from the simulation
results, Tope is 296.94 kN-m with 7T}, at 3.40 kN-m, and Uy, is 13.60kV. Table 9 tabulates the optimized
structural parameters and related working characteristics. As can be found from the table, the PMVM
can output larger torque after the TPGA processes.

3.4. Validation

In order to validate the FEA techniques used in this paper, the methodologies are used to calculate the
working performances of a 2.1-kW PMSM prototype with an amorphous alloy (AA) stator core [24].
Fig. 11 illustrates the test bench of the machine. The electromagnetic field of the machine is shown
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Table 9. Comparison between initial and optimized values.
Variable | Initial | Taguchi-preliminarily optimized | GA optimized
drotor /mMm 100 100 92.5
dstator/mm 345 345 348.1
lgap/mm 1 1.1 0.95
hst/mm 85 90 90
hpm /mm 20 18.6 18.6
wst /deg 5.5° 5° 5.5°
Tove/kKN-m | 283.93 291.34 296.94
1 20
= 250
3
Q Phase A
% 200 4 = ke —Phase B
‘; 2 Phase C
o =
é 150 Z o
2 E
E" [»2]
= 100+ -10
50
-20
0 T T T T T T T ; I
0 20 40 60 80 100 0 2 40 s & 100
Time(ms) Time(ms)
Figure 9. The output torque versus time (GA  Figure 10. The back-EMF versus time (GA
optimized). optimized).

Figure 11. Experimental setup.

in Fig. 12, and the calculated and tested no-load back EMF values are compared in Table 10. As the
calculated results can fit in well with the tested ones, the numerical simulation methods used in this
paper are indirectly validated.
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Figure 12. Flux lines and flux density distributions of the 2.1-kW PMSM.

Table 10. Comparison between calculated and tested no-load back EMF.

Value Calculated | Tested | Error
Back EMF (in rms) 233V 226V | 3.10%

4. CONCLUSION

This paper proposes a TPGA strategy coupling Taguchi method and GA for the optimal design of a
630-kW PMVM. The working performances of the machine with initial structural parameters are firstly
analyzed through FEA. The calculation results show that the PMVM can provide a large torque density
even with the initial parameters. Taguchi method is employed to find the influence factors of six typical
optimization variables (rotor yoke depth, stator yoke depth, air-gap length, stator tooth height, PM
height, and stator tooth width) on the output torque. In addition, a preliminary optimization result
is also obtained through Taguchi analyses. GA is then utilized to realize the global optimization of
the PMVM. During the GA-based optimization processes, four variables (rotor yoke depth, stator yoke
depth, air gap length, and stator teeth width) with relatively large influence factors are selected as the
optimization variables, and the Taguchi-preliminarily optimized structural parameters are taken as the
initial values. As the optimization variable number is limited to a fine initial value, the calculation
burden caused by the FEA in the GA-based global optimization can be effectively reduced. After the
TPGA optimization process, the output torque of the PMVM is improved by 13.01 kN-m compared with
that of the machine with initial parameters, which proves the effectiveness of the proposed methodology.
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