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Abstract—The paper presents a simplified analysis and 
control development method for IPM traction machines with 
skewed rotor using unskewed machine model. It is shown that 
the skewed machine characteristics under a given set of dq-axis 
currents could be obtained from the unskewed machine model 
using relevant modified dq-axis currents associated with the 
skewed information. Therefore, under the proposed method, the 
tested IPM machine model with skewed rotor could be rapidly 
derived from the unskewed machine model without FEA 
implementation for each skewed slice. It is demonstrated that in 
comparison with the FEA-based model, the proposed method 
could maintain up to 0.2% difference for both stator flux linkage 
and torque maps over dq-axis currents applied as well as 0.1% 
efficiency difference map over main torque speed operation. The 
proposed method is validated by FEA and measurement from a 
high-speed high-power (8000rpm, 80kW) IPM traction machine 
with skewed rotor.    

Keywords— Control development, IPM traction machine, 
multi-slices, skewed machine model.  

I. INTRODUCTION  
IPM machines are often selected for traction applications 

due to their rotor geometries resulting in high-torque and high-
speed operation capability [1], [2]. However, IPM machine 
rotor geometries may also result in the machine high torque 
harmonic characteristics [2]. To reduce torque harmonics, 
optimum skewed technique with multi-rotor slices is often 
employed [3]. Basically, the optimum skewed angle is 
carefully selected to minimize high order torque harmonics 
(i.e. 6th and 12th components…) while maintaining maximum 
DC torque achievement. In practice, for machine analysis and 
control development, IPM machine model with skewed rotor 
under multi-slice technique is often obtained via superposition 
theorem of FEA result on each slice [3], [4]. Therefore, the 
higher number of skewed rotor-slices, the higher 
computational FEA is required. 

To avoid high computational FEA, analysis methods for 
estimating the skewed machine characteristics from unskewed 
machine model were proposed in [5]-[7]. Influences of 
skewing on dq-axis inductances of PM machines were 
presented in [5] and [6] where skewed dq-axis inductances 
were computed from both unskewed dq-axis inductances 
using a skewed factor. However, only dq-axis inductances as 
a function of q-axis current were presented in [5]. On the other 
hand, since saturation level of IPM machines highly depends 
on dq-axis current applied [2], dq-axis inductance information 
of a skewed IPM machine obtained by applying a simple 
skewed factor to an unskewed IPM machine model as per 
shown in [5] and [6] may not be highly accurate under high 
dq-axis currents applied. A modified technique to predict dq-
axis flux linkages over dq-axis currents applied was proposed 

in [7] where only static torque measurements were validated. 
It is noted that for IPM traction machine, machine efficiency 
map over torque speed operation is highly essential [1], [2]. 

The paper presents an analysis and control development 
method for IPM traction machines with multi-skewed rotor 
slices using unskewed machine characteristics. It is shown that 
analysis model of the tested IPM machine with skewed rotor 
could be rapidly derived from the unskewed machine model 
without FEA requirement for each skewed slice. It is 
demonstrated that in comparison with the FEA-based model, 
the proposed method could maintain up to 0.2% differences 
for stator flux linkage and torque maps as well as 0.1% 
efficiency difference map over main torque speed operation. 
The proposed method is validated by FEA and measurement 
on a high-speed high-power (8000rpm, 80kW) IPM traction 
machine with skewed rotor.     

II. MODELING AND CONTROL DEVELOPMENT OF IPM 
TRACTION MACHINE WITH SKEWED ROTOR 

A. Tested IPM Machine with Skewed Rotor 
In Table I, specification of the tested machine is presented. 

The original unskewed design is depicted in Fig. 1(a) whereas 
the skewed designs of the tested machine are respectively 
presented in Figs. 1(b) and 1(c). In comparison with the 
unskewed design, Fig. 1(a), the tested IPM machine rotor is 
half-skewed backward [see Fig. 1(b)] and half-skewed 
forward [see Fig. 1(c)] to reduce machine torque harmonics. 
Torque and voltage waveform under FEA of the tested 
machine at 1000rpm under no-load condition and maximum 
peak torque condition (240Nm) are respectively presented in 
Figs. 2 and 3. As can be seen, due to the skewed technique, a 
significant reduction of torque ripples cold be achieved for the 
tested machine over its torque generation. Figs. 2 and 3 also 
demonstrates that for the tested machine with skewed rotor, 
FEA for each skewed slice should be implemented and then 
the skewed machine model could be obtained via 
superposition theorem considering all skewed rotor slices. It 
is noted that due to the equal active length for both the 
backward-skewed and forward-skewed slices, the unskewed 
dq-axis reference is also the skewed dq-axis reference under 
superposition theorem [see Fig. 2(b)].          

B. Modelling and Control Development of Skewed Rotor 
IPM Traction Machines 
Normally, the IPM machine model with skewed rotor for 

control development is often obtained by FEA. As 
aforementioned, for each specific skewed slice, a relevant 
FEA-based model is generated. Then, the combined model 
including all skewed slices are derived via superposition 
theorem. By way of example, Figs. 4 and 5 respectively 
presents torque and flux maps of the tested machine with half-



skewed backward rotor and half-skewed forward rotor. As can 
be seen, under half-skewed backward model, a negative 
torque may obtain for the tested machine with zero q-axis 
current applied, Fig. 4(b). Also, under half-skewed forward 
rotor, a positive torque may obtain for the tested machine with 
zero q-axis current applied, Fig. 5(b). The torque and flux 
maps of the tested machine with skewed rotor under 
superposition theorem is depicted in Fig. 6. Obviously, the 
higher number of skewed slices, the higher computational 
FEA is required for obtaining the combined model.  

 
TABLE I 

SPECIFICATION OF TESTED IPM MACHINE 

Peak torque (Nm) 240 
Continuous torque (Nm) 75 
Peak current (A) 460 
Base speed (rpm) 2500 
Maximum speed (rpm) 8000 
DC-link voltage (V) 324 
Number of pole pair 4 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Tested IPM machine geometries. (a) Unskewed structure. (b). 
Backward-skewed structure. (b). Forward-skewed structure. 

 
(a) 

 
(b) 

Fig. 2.  Skewed effects on tested IPM machine under no-load condition, 
1000rpm. (a) Torque waveform. (b) Back-EMF waveform. 

 

 
(a) 

 
(b) 

Fig. 3. Skewed effects on tested IPM machine under peak torque condition 
(240Nm), 1000rpm. (a) Torque waveform. (b) Voltage waveform. 

 



 
(a) 

 
(b) 

Fig. 4. Tested IPM machine characteristics with backward-skewed rotor, FEA 
model. (a) Stator flux linkage. (b) Torque. 

 

 
(a) 

 
(b) 

Fig. 5. Tested IPM machine characteristics with forward-skewed rotor, FEA 
model. (a) Stator flux linkage. (b) Torque. 

 

 

 
(a) 

 
(b) 

Fig. 6. Final tested IPM machine characteristics with multi-slice rotor under 
superposition theorem, FEA model. (a) Stator flux linkage. (b) Torque. 

 

III. PROPOSED ANALYSIS AND CONTROL DEVELOPMENT OF 
SKEWED IPM MACHINE WITH UNSKEWED MODEL  

A. Relation Between Dq-axis Currents under Skewed Rotor 
and Unskewed Rotor 

 
  (a) (b) 

Fig. 7.  Relation between dq-axis current under unskewed structure and 
skewed structure. (a) Backward-skewed rotor. (b) Forward-skewed rotor. 

The relation in dq-axis currents between the unskewed 
reference (d0q0-axis), the backward-skewed reference (d1q1-
axis), and the forward-skewed reference (d2q2-axis) is 
respectively presented in Figs. 7(a) and 7(b). As can be seen, 
for a given set of dq-axis currents under the unskewed 
reference, relevant dq-axis currents seen by the backward-
skewed reference and the forward-skewed reference could be 
computed by (1) to (4) where id0,q0 is the dq-axis current set in 
the unskewed reference; id1,q1 is the relevant dq-axis current 
set in the backward-skewed reference; id2,q2 is the relevant dq-
axis current set in the forward-skewed reference. Using the 
obtained relevant dq-axis currents, stator flux linkage and 
torque maps under backward-/forward-skewed rotor in the 
relevant skewed references could be extracted from unskewed 
models as shown in (5) to (7) where Te0,1,2 is respectively the 
machine torque under unskewed reference, backward-skewed 
reference, and forward-skewed reference; ψd0,1,2 is 
respectively the d-axis flux linkage under the unskewed 
reference, the backward-skewed reference, and the forward-



skewed reference; ψq0,1,2 is respectively the q-axis flux linkage 
under the unskewed reference, the backward-skewed 
reference, and the forward-skewed reference.  

 1 0 0cos( ) sin( )d d qi i iα α= −  (1) 

 1 0 0sin( ) cos( )q d qi i iα α= +  (2) 

 2 0 0cos( ) sin( )d d qi i iα α= +  (3) 

 2 0 0sin( ) cos( )q d qi i iα α= − +  (4) 

 1,2 0 0 0 1,2 1,2( , ) ( , )e d q e d qT i i T i i=  (5) 

 1,2 0 0 0 1,2 1,2( , ) ( , )d d q d d qi i i iψ ψ=  (6) 

 1,2 0 0 0 1,2 1,2( , ) ( , )q d q q d qi i i iψ ψ=  (7) 

Since the control reference of the tested machine model 
under superposition theorem is similar to the unskewed 
reference (d0q0) [see Fig. 2(b)], dq-axis flux linkages under the 
skewed reference in (6) and (7) should be transferred into the 
unskewed reference using (8) to (11) where ψd,q1(0) is the dq-
axis flux linkages transferred from the backward-skewed 
reference into the unskewed reference; ψd,q2(0) is the dq-axis 
flux linkages transferred from the forward-skewed reference 
into the unskewed reference. Under superposition theorem, 
the tested machine model for analysis and control 
development could be obtained by (12) to (14) where Te is the 
tested machine torque; l1,2 is respectively the active length of 
the backward-skewed and forward-skewed slices; ψd,q is the 
dq-axis flux linkages. It is noted that the torque Te is an 
nonvectorial value and therefore the same for both the 
skewed- and unskewed references. 

 1(0) 1 1cos( ) sin( )d d qψ ψ α ψ α= +  (8) 

 1(0) 1 1sin( ) cos( )q d qψ ψ α ψ α= − +  (9) 

 2(0) 2 2cos( ) sin( )d d qψ ψ α ψ α= −  (10) 

 2(0) 2 2sin( ) cos( )q d qψ ψ α ψ α= +  (11) 
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B. Analysis of IPM Traction Machine with Skewed Rotor 
using Proposed Method 
The stator flux linkage and torque maps of the tested 

machine without skewing are presented in Fig. 8. Based on the 
relation between dq-axis currents under the skewed reference 
and the unskewed reference in (1) to (4), the relevant stator 
flux linkage and torque maps with skewed rotor for the tested 
machine [see Figs. 1(b) and 1(c)] could be obtained as shown 
in Fig. 9. To demonstrate the effectiveness of the proposed 
method, the difference between the proposed method [see Fig. 
9] and FEA result [see Fig. 6] is respectively presented in Fig. 
10(a) and 10(b). As can be seen, under the proposed method, 

a maximum difference up to 0.2% over main dq-axis current 
operation region could be derived for both the stator flux 
linkage [see Fig. 10(a)] and the electromagnetic torque [see 
Fig. 10(b)].  

Based on the obtained stator flux linkage and torque maps 
under the proposed method in Fig. 9, relevant dq-axis current 
reference LUTs for control development of the tested IPM 
machine could be generated [1] as shown in Fig. 11. In the 
next section, these current reference LUTs are employed to 
study the machine efficiency over torque-speed performance.   

 
(a) 

 
(b) 

Fig. 8.  Tested IPM machine characteristics with unskewed rotor, FEA model. 
(a) Stator flux linkage. (b) Torque. 

 
(a) 

 
(b) 

Fig. 9.  Tested IPM machine characteristics with multi-slice rotor predicting 
from the unskewed model, proposed technique. (a) Stator flux linkage. (b) 
Torque. 



 
 (a) (b) 

Fig. 10.  Difference between proposed method and FEA. (a) Stator flux 
linkage. (b) Torque.  

 

 
(a) 

 
(b) 

Fig. 11.   Dq-axis current reference LUTs generated from stator flux linkage 
and torque maps under proposed method [see Fig. 9]. (a)  D-axis current 
reference. (b) Q-axis current reference.  

 

IV. ANALYSIS AND EXPERIMENTAL RESULTS 
In the section, analysis and experimental validation of the 

proposed method on model analysis and control development 
for the tested IPM machine with skewed rotor using the 
unskewed machine model is presented. The test-rig is shown 
in Fig. 12(a) where the dyno is controller under speed control 
mode and the tested IPM machine is controlled under torque 
control mode using dq-axis current reference LUTs obtained 
from the proposed technique [see Fig. 11]. A torque transducer 
(MAGTROL TM-313) is employed to sense the machine 
torque and active power. The machine efficiency is measured 
by a high-precision power analyzer (YOKOGAWA 
WT5000). Measured back-EMF of the tested machine is 
depicted in Fig. 12(b).   

 
 

 
(a) 

 
(b) 

Fig. 12.  Test-rig for proposed model validation. (a) Tested IPM machine. (b) 
Back-EMF at 1000rpm. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 13.  Tested IPM machine efficiency maps. (a) Efficiency map with dq-
axis current references generated from FEA model [see Fig. 6]. (b) Efficiency 
map with dq-axis current references generated from proposed method [see 
Fig. 9]. (c) Efficiency difference.    

 



 
Fig. 14. Measured efficiency of tested IPM machine at 3000rpm under 
different demanded torques. 

 

The efficiency map of the tested IPM machine under FEA-
based model is presented in Fig. 13(a) and the relevant 
efficiency map of the tested machine using the obtained dq-
axis current references under the proposed method [see Fig. 
11] is depicted in Fig. 13(b). As can be seen, by employing the 
proposed method, a very similar efficiency as that with FEA 
could be achieved for the tested IPM machine. Therefore, for 
IPM machine with multi-skewed rotor slices, the proposed 
technique for obtaining skewed machine model from an 
unskewed model is highly essential due to not requiring 
extensive computational FEA for each rotor slice. For further 
demonstration, efficiency difference between the FEA and 
proposed method is illustrated in Fig. 13(c) where a maximum 
up to 0.2% efficiency could be observed for the proposed 
method over main torque-speed operation region. 

The measurement of the tested machine efficiency is 
depicted in Fig. 14 where a good agreement between the 
predicted FEA and measured results could be observed. It is 
noted that the predicted efficiency is calculated based on a 
machine winding temperature assumption as 120 Celsius 
degrees. Therefore, under low demanded torque associated 
with low winding temperature, a higher measured efficiency 
than the predicted FEA could be achieved.  

V. CONCLUSIONS 
The paper presents a simplified analysis and control 

development method for IPM traction machines with skewed 
rotor using unskewing machine model. It has been shown that 
analysis model for an IPM machine with multi-slice skewed 

rotor could be obtained via the unskewed machine model 
using relevant modified dq-axis current associated with the 
skewed information without FEA requirement for each 
skewed slice. The proposed method is validated by FEA and 
measurement on a high-speed high-power (8000rpm, 80kW) 
IPM traction machine with multi-skewed rotor slices. It has 
been demonstrated that up to 0.2% stator flux linkage 
difference as well as 0.2% torque difference compared with 
FEA could be achieved for the skewed machine model derived 
from the proposed method. It has been presented that up to 
0.1% efficiency difference compared with FEA could be 
achieved for the tested IPM machine using the obtained 
model. 

Since the skewed effects are similar for synchronous 
machines, the proposed method is equally applicable to other 
synchronous machine types such as surface-mounted PM 
(SPM) machine, synchronous reluctance machine, and PM-
assisted synchronous reluctance machine.   
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