




 

Abstract — This paper examines a study of an unexpected 
cogging torque due to the manufacturing tolerances. During the 
manufacturing, to reduce the cogging torque, various design 
techniques can be chosen. However, some techniques, which are 
effective cogging torque reduction methods, can become 
ineffective. Also, if the manufacturing tolerances exist, they can 
cause an increase in the cogging torque magnitude. 

In this paper, the influence of manufacturing defects on the 
cogging torque is analyzed. For this purpose, the finite-element 
(FE) analyses are utilized and validated by the experimental 
measurements. 

I. INTRODUCTION 

Nowadays an electric power steering (EPS) system is in the 
spotlight. The EPS system has advantages in fuel efficiency 
and high power density. 

In the EPS system, the cogging torque of the electric motor 
is a very important factor due to driving comforts of the 
vehicle. 

The cogging torque is an irregular torque in the motor and 
the force of the tangential direction that moves to a location 
where the magnetic energy is minimal. Regardless of the load 
current, the cogging torque is caused by the interaction 
between the permanent magnet and the slot [1]. 

In order to reduce the cogging torque, various design 
topologies can be chosen. For example, adoption of skewing, 
eccentricity and pole / slot combination can be regarded [2].  

Although cogging torque reduction techniques minimize the 
cogging torque, the effectiveness of techniques could be 
limited or diminished by the manufacturing defects [3].  

To study the influence of manufacturing tolerances on the 
cogging torque, a detailed theoretical and experimental study 
is carried out in this paper. 
    Also, this paper presents the analysis of the cogging torque 
of three different prototype motors. To measure the skew 
angle and the permanent magnet (PM) imperfection, the rotor 
surface flux density is measured by using a Gauss meter. To 
investigate the influence of the defective eccentricity on the 
interior permanent magnet synchronous motor (IPMSM), the 
variations in the cogging torque are compared when the 
defective eccentricity is applied to the IPMSM and the surface 
permanent magnet synchronous motor (SPMSM).  

II. PROTOTYPE MACHINE 

The analyzed prototype, Fig. 1 and Table I, is a fractional-
slot 8-pole/12-slot interior PM (IPM) machine that is 
designed for an electric power steering system. 
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Fig. 1. Prototype machine 

 
TABLE I 

MAJOR PARAMETERS OF PROTOTYPE MACHINE 
 

Parameter Dimension 

Pole / Slot 8 / 12 

Skew 

Rotor step  
skew angle 3× 5 mech. deg. 

Stator skew 
angle 15 mech. deg. 

Magnet remanence 1.3 T 

Magnet relative  
permeability 1.03 

Stator yoke width 4.25 mm 

Tooth width 7 mm 

Stator outer diameter 84 mm 

Axial length 45 mm 

Airgap length 0.5 mm 

Slot opening 2 mm 
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In this paper, three different prototype motors are used in 
the experiments and they are all the same except for the 
skewing. 

Model 1 has a step-skewed rotor and Model 2 is a motor 
without skew. For Model 3, the stator skew is employed. 

 
The cogging torque is the oscillatory torque of zero average 

value caused by the tendency of the rotor to line up with the 
stator in a particular direction where the permeance of the 
magnetic circuit “seen” by the magnets is maximized [4]. 

The period of cogging torque can be determined by 
expression (1) : 

360
LCM[2 , ]

T
p Z
°=                            (1) 

where T is the period of cogging torque in mechanical 
degrees, 2p is the pole number, Z is the stator slot number, 
LCM is the lowest common multiple. 

 
Theoretically, the cogging torque of motors should be well 

suppressed by using the cogging torque reduction techniques 
[5]. 

But many manufacturing defects could be behind such 
unexpected cogging torque, for example it can be due to: 
a) Defective skewing 
b) PM imperfection, e.g. placement, magnetization and/or 
strength 
c) Tolerance of eccentricity 
 

In the following analyses, the influence of such possible 
defects on the cogging torque is investigated.  
 

III. INFLUENCE OF DEFECTIVE SKEWING 
A common approach for cogging torque minimization is by 

skewing. The skewing can be continuous or step-wise. 
Model 1 is the machine having a step-skewed rotor.  
For the 8-pole/12-slot combination, the least common 

multiple is 24, thus the cogging torque period is 15 mechanical 
degrees. 

Theoretically, step skewing the rotor by 3 steps of 5 
mechanical degrees for every step can nearly eliminate the 
cogging torque. 

Since the step-skew angle is 5 mechanical degrees, the 
electrical angle difference between the cogging torque 
components is 120 electrical degrees. 

  The vector diagrams of cogging torque components are 
illustrated below. 
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Fig. 2. Vector diagrams of cogging torque (a) balanced (b) unbalanced 

Fig. 2 shows the balanced and the unbalanced cases of 
cogging torque components. In Fig. 2(a), it shows that the sum 
of the cogging torque components is zero. It means that 
cogging torque can theoretically be reduced to zero.  

However, in Fig. 2(b), the skew angle between the first 
vector and the second vector is 132 electrical degrees, which is 
different from 120 electrical degrees. 

Comparing with the balanced case, Fig. 2(b) shows that the 
sum of the cogging torque components is non-zero and implies 
that the cogging torque components exist. 

 

IV. INFLUENCE OF NONUNIFORM MAGNETIZATION 
DISTRIBUTION 

The magnets are parallel magnetized NdFeB having a 
remanence of 1.3 T. 

In reality, due to the irregularities in magnetization pattern, 
the PM imperfection increases the cogging torque magnitude 
and generates low order cogging torque components. 
 

A. Influence of axially nonuniform magnetization 
distribution  

To investigate the effect of axially nonuniform 
magnetization distribution, the remanence per step is 
differently applied. The remanence of the leading piece and 
the lagging piece is 1.3 T while that of the centre piece is   
1.35 T. 

 It should be assumed that the rotor rotates at 1 rps. In this 
case, if 1 Hz is the fundamental frequency, the frequency of 
the cogging torque components will be 24 Hz. 

Thus, in the following analyses, the 24 Hz is assumed to be 
the frequency of the cogging torque components. 
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Fig. 3. Harmonic analysis considering axially imperfect remanence 

 
Fig. 3 compares the predicted harmonic analyses of axially 

uniform and nonuniform magnetization distribution.    
It implies that the presence of axially nonuniform 

magnetization distribution can cause the cogging torque and 
low order cogging torque components. 
 



 

B. Influence of horizontally nonuniform magnetization 
distribution 

 To investigate the effect of horizontally nonuniform 
magnetization distribution, the remanence of one or two of 8 
poles is differently applied. 

In the result presented in this analysis, the skewing is not 
considered. 
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Fig. 4. Harmonic analysis considering horizontally imperfect remanence 
 
Fig. 4 compares the predicted cogging torque of machines 

having horizontally uniform and nonuniform magnetization 
distribution, e.g. horizontally nonuniform magnetization 
distribution means that one or two poles have a remanence of 
1.35 T and the rest have a remanence of 1.3 T. 

Comparing with the ideal case (the remanence of all 
magnets is 1.3T), the 12 Hz components are significantly 
larger.  

 

V. INFLUENCE OF ECCENTRICITY 
Another popular technique used for reducing the cogging 

torque is to introduce eccentricity. But the defects of the 
eccentricity can cause an increase in the cogging torque 
magnitude. 

To investigate the effect of eccentricity on the cogging 
torque, defective eccentricity has been considered. Also, in 
order to study the influence of defects of eccentricity on 
IPMSM, the case of SPMSM is compared. Fig. 5 shows the 
shape of SPMSM and the stator of SPMSM is the same as that 
of IPMSM. The PM angle / pole pitch is 0.8.  
 

 

Airgap

Permanent magnet
Rotor

Stator

Winding

Eccentricity

 
Fig. 5. Configuration of SPMSM 

 
TABLE II 

COMPARISON OF COGGING TORQUE OF IPMSM AND SPMSM  
 

Eccentricity [mm] Cogging torque magnitude [mNm] 
IPMSM SPMSM 

8.0 53.7 72.43 
8.5 14.1 83.78 
9.0 49.6 92.21 
9.5  29.1 96.58 

10.0  183.2 94.41 
 
In this analysis, it should be mentioned that the skewing has 

not been considered. As shown in the TABLE II, the cogging 
torque of IPMSM is very sensitive to the variations in the 
eccentricity. 

The reason is that for IPMSM, when the airgap length is 
small, the variations in eccentricity cause the nonuniform 
airgap and have a significant influence on the cogging torque. 

However, for SPMSM, the variations in eccentricity are 
smaller than the airgap length. Although there are defects of 
eccentricity in SPMSM, they will cause a negligible change of 
the airgap length. So it will cause a negligible influence on the 
cogging torque. 

VI. EXPERIMENTAL RESULTS 
In order to measure the cogging torque waveform, the test 

rig, which is shown in Fig. 6 is utilized.  
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Fig. 6. Experimental machinery for measurement of cogging torque 



 

 
By rotating the rotor, the torque is measured at different 

relative positions between the stator and the rotor. The jaws 
hold the stator of the motor while the rotor is connected to the 
torque meter. 
    In this paper, three different prototype motors are used in 
the experiments and they are all the same except for the 
skewing. 
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Fig. 7. Harmonic analysis of measured torque 
 

Fig. 7 compares the measured cogging torque and low order 
components. It shows that the cogging torque of skewed 
motors is larger than that of an unskewed motor. 

It is evident from Fig. 7 that the result of the experiment is 
quite different from the theories. 

Theoretically, the skewing can nearly eliminate the cogging 
torque. However, the harmonic analysis shown above implies 
that the presence of defective skewing causes a significant 
increase in cogging torque magnitude and low order 
components. 
 

A. Skewing 
To measure the skew angle, the rotor surface flux density is 

measured by rotating the step-skewed rotor of Model 1.  
The rotor surface flux density is measured at 3 different 

positions by using a Gauss meter as shown in Fig. 8.  
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Fig. 8. Measurement of rotor surface flux density 
 

A part of the result is shown below. 
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Fig. 9. Rotor surface flux density of a motor having the step-skewed rotor 

 
From Fig. 9, it is found that the skew angle between the 

leading piece and the centre piece is 5.9 mechanical degrees 
and that between the centre piece and the lagging piece is 3.0 
mechanical degrees. This implies that there are defects of the 
skew angle and the defective skew angle caused the 
unexpected cogging torque. 

Fig. 10 is an experimental machinery for measurement of 
the skew angle of slots. To investigate the skew angle of 
Model 3, a video comparator system is utilized as shown 
below. 
 

 
 

Fig. 10. Measurement of skew angle of slots 
 

 
 

Fig. 11. Measured skew angle of slots 



 

Fig. 11 shows that there exists the defect of the skew angle 
of Model 3. 
    From the result of the experiment, it is found that the 
cogging torque is caused by the defect of skew angle. 
 

B. Magnetization distribution  
The rotor surface flux density of all the magnets of Model 2 

is illustrated below. 
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Fig. 12. Rotor surface flux density distribution of Model 2 
 
Fig. 12 shows that the remanence of each magnet is 

different from every other magnet due to PM imperfection.  
It implies that the PM imperfection can cause an increase in 

the cogging torque magnitude.  
 

C. Eccentricity 
The video comparator system is utilized to measure the 

eccentricity.  
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Fig. 13. Comparison of eccentricity 
 
From Fig. 13, it is not easy to measure the eccentricity 

exactly. However, it is evident that there are manufacturing 
tolerances of eccentricity and the tolerances influence the 
cogging torque variations. 
 

VII. CONCLUSION 

The influence of tolerances of skew angle, magnetization 
distribution, eccentricity, which exist due to manufacturing 
limits, on the cogging torque of PM machines has been 
analyzed. On the basis of several FE simulations, harmonic 

analyses and experimental verifications, it is found that 
manufacturing defects and tolerances can cause the 
unexpected cogging torque. 

Although the cogging torque can be theoretically reduced to 
zero by the selection of optimum techniques, the cogging 
torque may not be eliminated due to the unavoidable 
variations and tolerances. 

For example, the skewing technique becomes ineffective 
when the defective skewing exists. When the nonuniform 
magnetization distribution exists, the cogging torque and low 
order components can be generated. Also, the variations in 
eccentricity of IPMSM strongly influence the cogging torque.  
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