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Fig. 1a shows a cross section of the mathematical model (3-D FEM) of the PMSM with the 
winding sequence U+/V+/W+ used for PM loss and motor performance analysis. The model 
comprises the standard tooth-tip shape. For thermal tests and to evaluate the power loss within 
the analysed machine a simplified approach has been adopted utilizing the segmented stator 
topology. A three-tooth sector of the stator with a single wound coil surrounded by unwound 
segments can be used to provide valuable data for both theoretical and experimental valida-
tions, Figs. 1b-c. Fig. 1c shows three segments of the stator mounted on a cold plane cooled 
via an outer water jacket and set up in the environmental chamber. To simplify the analysis, 
the influence of the rotor and the mutual coupling between phases are assumed to be negli-
gible. 
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Fig. 1. Cross-section of the PMSM with periodic solution domain (a), 3-D numerical model of a three 

tooth sector of the stator (b), used in the verification executed by experimental test (c) 
 
2.2. Numerical analysis of the basic motor performance 

To validate the FE model the theoretical investigation of AC loss is carried out using a 3-D 
FEA based on a steady state AC harmonic formulation, and takes into account the distribution 
of the eddy-current induced in the conducting regions. In the first stage of armature design the 
winding includes 14 turns with 7 parallel conductors within a bundle, used only for FE model 
validation. A single tooth winding is instrumented with a number of type-K thermocouples. 
Then temperature measurements are monitored at each side of the coil including active length 
and end-windings. The thermal steady state is defined as temperature changes less than 1°C 
over 10 min. And the maximum recorded copper temperature was selected in the numerical 
model for the entire winding. The example of the temperature recorded for winding at I = 
40 A is depicted in Fig. 2b. A number of tests were carried out to assess the power loss gene-
rated within the setup under AC operation. The winding was energised with the sinusoidal 
current of 40 A at 400/600/800 Hz. AC loss predictions including both a winding and lami-
nated stator are compared with measurements giving a good agreement, Fig. 2a. The error of 
the AC measurements and 3-D FEA can be caused by geometry precision of the numerical 
model according to the winding strands, air-gap between stator segments, and the end-winding 
shape. 

At 100 A the temperature of copper at 800 Hz reached very quickly 153°C (Fig. 2). The 
maximum variable frequency sinusoidal current is assumed to be 150 A. Then the wire may 
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Fig. 6. EC vector and density on PMs at full load operation (I = 150 A, f = 800 Hz) with segmentation 

definitions: solid magnet (a), n = 5 in circumferential direction (b), n = 16 in axial direction (c), and both 
segmentation with 5 and 16 magnet segments in circumferential and axial directions respectively (d) 

 
The corresponding WPM loss in the magnet with different numbers of magnet segments 

under SC and OC conditions at 1000 r/min are analysed in this study. The effect of the number 
of the division n on the EC is depicted in Figs. 7a-c. 
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Fig. 7. EC loss in PM at 1 k rpm under SC and OC conditions. Segmented PM in circumferential 

direction (a), in axial direction (b), and both adopted methods of segmentation (c) 
 
The WPM loss for the proposed machine with 16 segments of the axial direction, and 5 

segments of the circumferential direction at the SC condition are around 397 W and 380 W, 
respectively. And segmented magnets implemented to cut the paths of EC decreased the mag-
net loss about 81%. Further modification can be achieved when both circumferential and axial 
segmentations are adopted and the magnet loss was reduced to 255 W (n = 16 in axial direc-
tion and n = 5 in circumferential direction), Fig. 7c. Table 2 presents how much the main 
performance and efficiency of the machine is affected by magnet segmentation. 

It is important to note that the values of torque constant kT and voltage constant ke are 
changed slightly by magnet segmentation. And because the PM loss was significantly reduced 
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In order to visualize the magnet EC loss versus tooth-tip design variables the FEA results 
of induced EC loss normalised by the magnet EC induced in the reference motor are shown in 
Fig. 9. Motor versions I and II lead to increase in the WPM at load operation, and significantly 
reduce the WPM loss at OC condition, Figs. 9a-b and Table 3. In the cases of motor versions 
III-VI the EC loss at load operation can be significantly reduced, Figs. 9c-f. For the motor 
version IV-VI the variable parameter a/b, 
 in the range of 0.2-0.45, 10°-17°, 16°-20°, 
respectively, lead to the smallest WPM. 
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Fig. 9. The normalised magnet EC loss vs. tooth-tip design variables at 1000 r/min and full load 150 A. 

Motor version I (a), version II (b) version III (c), version IV (d), version V (e), and version VI (f) 
 
 
Changing the design parameters of the tooth-tip shape leads to change in the vibration and 

noise caused by cogging torque and electromagnetic torque ripple. These changes can se-
riously affect the motor performance. Figs. 10 and Fig. 11 demonstrate the variation of the 
normalized cogging torque Tcog and torque constant kT by the Tcog and kT of the reference 
motor versus the tooth-tip design variables. All motor versions except the motor version IV 
lead to increase in the cogging torque. 

The numerical findings suggest that motor versions III-VI show acceptable options for 
significant WPM reduction and keeping the electromagnetic torque or torque constant kT at 
reasonable levels at load operation, Figs. 11c-f and Figs. 9c-f. 

Fig. 12 shows the variation in the voltage constant ke normalised by the ke of the reference 
motor versus tooth-tip design variables. The ke is computed at open-circuit operation and it 
decreases in all tooth-tip design cases. Nevertheless, the motor versions III-VI show that the ke 
reduction is relatively small compared with the huge reduction of the WPM. 
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Fig. 12. The normalised ke by the reference motor versus tooth-tip design variables at 1000 r/min and full 

load. Motor version I (a), version II (b) version III (c), version IV (d), version V (e), and version VI (f) 
 

3.3. Adopting both methods: segmented PM and modified tooth-tips 
The most promising tooth-tips geometries according to the FE analysis presented in 

Section 3.2 are selected and adopted to the machine with segmented magnets. The model with 
4 and 16 magnet segments in the circumferential and axial directions, respectively, is used to 
explore the impact on WPM and iron loss (PFe), Table 3.  

 
Table 3. Selected stator tooth-tip design data of the motor having segmented magnet 

Motor 
version 

WPM 
[W] 

PFe 
[W] 

Te 
[N�m]

� 
[%]

kT 
[N�m/Arms]

I 
[Arms]

ke 
[V�s/ rad] 

� 
[-] 

SC OC Full 
load SC OC Full 

load Full load SC OC  

Ref. motor 2051 4.94 610 75 212 401 506 16.8 3.38 306 1.89 0.94 
Ver. 1 
a = 7 mm 
	 = 5° 

208 85 153 54 185 355 487 24.3 3.24 328 1.84 0.955 

Ver. 2 
a = 17 mm 
	 = 7° 
R = 17 mm 

210 67 114 57 169 343 463 34.8 3.09 324 1.85 0.954 

Ver. 3 
a = 17 mm 
b = 3 mm 

277 75 153 72 185 358 489 22.5 3.26 276 1.77 0.955 

Ver. 4 
a = 2.15 mm 248 54 80 60 183 317 452 25.1 3.02 278 1.73 0.953 

Ver. 5 

 = 13° 260 49 91 68 189 345 470 21.6 3.13 281 1.82 0.956 

Ver.6 

 = 17° 249 56 86 63 180 326 459 28.3 3.06 283 1.75 0.954 
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