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Two-stage Optimal Design of PMSM for Dual Operating Points Using
Practical Winding Turns Estimation and Global Sensitivity Analysis
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Flat motors, characterized by a low axial-to-radial aspect ratio, may exhibit significant discrepancies between 2D and 3D FEA
results due to end effects. While 3D FEA is indispensable for accurate parameters, its high computational cost makes optimization
challenging. To address this issue, this study proposes three distinct strategies aimed at reducing the computational cost. Considering
the analysis conditions of a motor with dual-operating points, the design cost is reduced by classifying the target performance
according to the optimization stage. Also, by utilizing practical winding turn estimation and global sensitivity analysis (GSA), the
number of experimental points and design variables are reduced to perform efficient two-stage optimization, thereby minimizing the
FEA calculation cost. Through the proposed method, the optimal design cost can be greatly reduced.
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Table 1. Target design specification.
Classification item unit  Value
Structure Rotor outer diameter mm 320
Airgap length mm 1
Electrical Voltage Vie 310
input Current Apeak 9
Stator 50PN600
Material Rotor 50PN1300
PM remanence T 0.45
Load 1 Efficiency % 80
(50 rpm, 6.0 Nm)  Ripple % 12
Load 2 Efficiency % 80
Performance (1,500 rpm, 3.5 Nm)  Rjpple % 25
Sgnilﬁe;i?d Torque Nm 36
Cogging torque Nm 0.7
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Fig. 1. (Color online) 2-step optimal design process.
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X% Unit: mm

o

X1 Stator yoke thickness 5~6.5
X2 Stator tooth width 4~8
X3 Stator toothtip width 1~4
X4 Stator chamfer height 0~1
X5 Stator toothtip height 05~1.5
X6 Stator stack length 18~27
X7 PM width 11~17.5
X8 PM thickness 17~24
X9 Rotor toothtip width 6~10
X10 Rotor chamfer width 2~35
X11 Rotor chamfer height 05~1.5
X12 Rotor chamfer height 05~1.5
X13 PM axial length 18~33
X14 Rotor core axial length 18~32
X15 Skew angle 45~55°
X16 Middle height 02~5
Fig. 2. (Color online) Design variables and range.
Table I1. Comparison of load 1 and load 2 load characteristics.
Main load
Note
Item 1 2
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* . * +
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Fig. 3. (Color online) Main load points (Load 1, Starting, and Load 2).
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Fig. 4. (Color online) Load 1 and Load 2 analysis process.
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Fig. 5. (Color online) Geometry parameters for estimating the number
of winding turns.
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PFEC(j) : Position of the first coil of the ;j-th layer
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Fig. 7. (Color online) Geometry parameters for estimating the number of winding turns.
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Fig. 10. (Color online) Predicted distribution of winding turns at experimental points according to stator design variables.
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Table III. Design variables according to optimization stage, first optimization result.

Design variables

Item Unit

1st optimization Ist optimization 2nd optimization

X) range result range
X1 Stator yoke thickness mm 5~6.5 5.31 5
X2 Stator tooth width mm 4~8 2.90 3.6~6.4
X3 Stator toothtip width mm 1~4 3.37 1~7.5
X4 Stator chamfer height mm 0~1 1.50 0~1.5
X5 Stator toothtip height mm 0.5~1.5 0.39 1.5
X6 Stator stack length mm 18~27 27 25~36
X7 PM width mm 11~17.5 16.39 11~17
X8 PM thickness mm 17~24 22.02 22
X9 Rotor toothtip width mm 6~10 7.59 4~9
X10 Rotor chamfer width mm 2~3.5 2.86 1~4
X11 Rotor toothtip height mm 0.5~1.5 0.99 1
X12 Rotor chamfer height mm 0.5~1.5 0.80 0.8
X13 PM axial length mm 18~33 33 34~42
X14 Rotor core axial length mm 18~32 32 28~38
X15 Skew angle © 4.5~5.5 4.5 4.5~5.0
X16 Middle height mm 0~5 0 0
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: 20d OPT results
X1 Stator yoke thickness 5)
X2 Stator tooth width 5.8

X3 Stator toothtip width 7.08
X4 Stator chamfer height 1.18

X5 Stator toothtip height 1ES
X6 Stator stack length 30
X7 PM width 12.32
X8 PM thickness 22

X9 Rotor toothtip width 5.58
X10 Rotor chamfer width 1.88

X11 Rotor chamfer height 1
X12  Rotor chamfer height 0.8
X13 PM axial length 41
X14  Rotor core axial length 345
X15 Skew angle 5°
X16 Middle height 0
Fig. 15. (Color online) DGSM of each variable for each performance.
Table IV. Geometric dimensions and performance of the final design result.
Classification item Unit Value
Rotor / Stator outer diameter mm 320 / 2844
Airgap length mm 1
. PM / Rotor core mm 41.0 / 345
Structure Axial length
Stator core mm 30
Coil diameter / Turns mm 1.10 / 105
Phase resistance Q 3.96
Load 1 Current / Beta Amms 1 ° 070 / 0
(50 rpm, 6.0 Nm) Efficiency / Torque ripple % 80 / 3.1
Load 2 Current / Beta Ams 1 ° 234 /792
(1,500 rpm, 3.5 Nm) Efficiency / Torque ripple % 83.5 / 7.50
Starting torque (9 Apcar) Nm 554
ETC Cogging torque Nm 0.034
Line to line BEMF @ 150 rpm Vims 95.03
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