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Stator and Rotor Shape Designs of Interior Permanent Magnet Type
Brushless DC Motor for Reducing Torque Fluctuation
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This paper presents the stator and rotor shape designs in interior permanent magnet (IPM) type brushless dc (BLDC) motor for
reducing torque fluctuation. The partly enlarged air-gap made by rotor unequal out diameter and stator core structure with pole shoe
modification is introduced. The torque ripple reduction is achieved by upgrading torque value at minimum torque position and their
detail characteristics are compared. The final stator and rotor shape of IPM type BLDC motor is decided by design of experiments
(DOE) process. The magnetic field and torque characteristics are analyzed by 2 dimensional (2D) finite element analysis (FEA) and their
performances are validated by experimental results.

Index Terms—Cogging torque, finite element analysis, IPM type BLDC, torque ripple reduction.

I. INTRODUCTION

I N comparison to surface-mounted PM (SPM) motors, IPM
motors are more attractive option for various applications

because of their high torque density, wide speed range, excellent
efficiency and robustness [1]. However, the electromagnetic ex-
citation caused by variations in the torque fluctuation as a result
of the magnetization distribution of the PM according to rotor
position generates vibration and noise, which is a major problem
[2], [3]. The removal of torque fluctuation is always very crucial
for most applications which require smooth running [4].
Torque ripple caused by rotor field and stator current, is

affected by harmonic components of radial flux density. The
cogging torque is generated from the interaction between the
air-gap flux distribution and stator slotting structure. The torque
fluctuation reduction can be achieved by minimizing torque
ripple and cogging torque [5].
Thus, many previous researchers [2]–[9] dealt with torque

fluctuation reduction problems of PM motors. Hur and col-
leagues [2] proposed 3rd harmonic elimination method to
reduce cogging torque. Kang [4] introduced the analytical
approach to calculate the cogging torque of IPM motor. The
rotor flux barrier optimization with response surface method
(RSM) of double-barrier type IPMSM also studied by Fang
and colleagues [5]. The rotor flux barrier design of PM-assisted
synchronous reluctance motor for torque ripple reduction is
also studied [6]. The holes arrangement in the rotor had been
studied for distributed winding IPM motor [7]. The cutting
of rotor out diameter technique for distributed winding type
IPM motor [8] and multiobjective optimization technique by
Taguchi method [9] are introduced.
This paper studied the shape design of stator and rotor core

structure of concentrated winding IPM type BLDC motor to
reduce cogging torque and torque ripple. The partly enlarged
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Fig. 1. Quadrant structures of initial and improved models. (a) Initial model.
(b) Improved model without holes (“Nohole”).

air-gap made by modifying the stator core and rotor core struc-
ture is introduced. The flux distribution in the magnetic circuit
was investigated to compare the relationship between torque
ripple and flux density of air-gap in detail. The final core struc-
ture is decided by DOE to select the optimal points of several
design factors.

II. INITIAL AND IMPROVED MODELS

Fig. 1 shows the cross sections of initial and improved de-
sign which is obtained by DOE for 8 pole-12 slot IPM type
BLDC motor respectively. The stator has three phase concen-
trated windings and rotor is single layer IPM structure. Themain
dimensions and specifications are listed in Table I. The stator
out diameter is 140 mm and the high power density rare-earth
magnets of which residual induction is 1.21(T) are used. The
improved model has partly enlarged air-gap length by unequal
rotor out diameter and stator core cutting.

III. TORQUE FLUCTUATION REDUCTION

A. Torque Fluctuation Reduction by DOE

The IPMmotor design is very complicated owing to many de-
sign factors, as well as the mechanical robustness between each
part must be fully considered [5]. Therefore, the DOE such as
response surface methodology (RSM) by using Minitab 14 is
adopted to optimize multi parameters efficiently. The unequal
rotor out diameter and stator cutting dimensions are confirmed.
Fig. 2 shows the design parameters and Fig. 3 presents the final
parameters from DOE results. The Px and Py in Fig. 2 are the
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TABLE I
MAIN DIMENSIONS AND SPECIFICATIONS

Fig. 2. Design parameters for DOE.

x and y edge points of stator pole shoe respectively. The min-
imum inner diameter of stator is fixed, so the Px and Py make
uneven stator inner diameter shape and different slot open size.
The Pm_p is the distance between center point to permanent
magnet which those variation makes unequal air gap length due
to change of rotor outside cutting size. The Angle stands for the
angle of maximum rotor out diameter. The design objectives
and parameters are given as
• Design objectives:

• Design parameters:

represents design parameter of angle as in Fig. 2 and
means the results of cogging torque rates to average

torque. Tavg stands for average torque and Tripple means
percentage of ripple torque value to average torque.
It is found that the desired minimum points of torque ripple

and cogging torque cannot be achieved at the same point. There-
fore, the optimum point is selected as possible as close to sat-
isfy all requirements. The partly enlarged air gap shape made by
rotor out diameter gives main contribution for reducing cogging
torque and torque ripple. The shape modification of stator pole
shoe gives additional improvement as in Fig. 3.
Fig. 4 and Fig. 5 show that the cogging torque and torque

ripple analysis results for each model. Results show that the
cogging torque and torque ripple of improved model was re-
duced compare to initial model. The ratio to average torque of
cogging torque is achieved 5.6% from 19.5% and the peak to
peak value of torque ripple ratio to average torque is 21% from

Fig. 3. Response of design objectives from DOE results.

Fig. 4. Cogging torque comparison between initial and improved models.

Fig. 5. Commutating torque comparison between initial and improved models.

44.1%. Fig. 6 presents the phase back EMF waveform and their
harmonics of initial and improvedmodel at 1,492 rpm. The level
of EMF value is almost same but their waveform is lightly dif-
ferent due to partly enlarged air-gap structure. The improved
model has less harmonic distortion compare to initial model as
in Fig. 6(b). This back EMF harmonic comparison result gives
indirect validation of reduction of torque fluctuation with exper-
imental results which is described at further section.

B. Discussions About Torque Ripple

The commutating torque ripple can be reduced by upgrading
torque value at minimum points and downsizing at maximum
torque points respectively as in Fig. 7. Position #1 and #2 mean
the maximum torque point and minimum torque point respec-
tively. To solve the problem, the flux passing through the rotor
pole should be reduced at minimum torque position. The com-
binations of partly enlarged air-gap, holes in rotor make that
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Fig. 6. Phase back EMF comparison between initial and improved models.
(a) Back EMF. (b) Harmonic components.

Fig. 7. Commutating torque behavior according to rotor position.

Fig. 8. Maximum and minimum torque position. (a) Maximum torque posi-
tions. (b) Minimum torque position.

possible. The air-gap torque distribution can be calculated by
Maxwell stress tensor as

(1)

where, : tangential components of force density; : normal
components of magnetic flux density on contour; : tangential
components of magnetic flux density on contour; : magnetic
permeability of air.
The torque at each point can be computed by line integral

of tensor on the contour. Fig. 8 shows the relationship between
rotor position with response to maximum and minimum torque
generating position. Fig. 9 illustrates the comparison results of
air-gap torque distribution calculated from (1) at maximum and
minimum torque generating position. “Nohole” model has same
rotor structure with improved model whether holes in rotor or
not. The computational contour is located at the middle of the
air-gap. P1, P2, P3, P4, P5 and P6 are the same positions dis-
played in Fig. 8. The torque value of improved model at Posi-
tion #1 which is maximum torque position as in Fig. 7 has less

Fig. 9. Air-gap torque distribution analysis. (a) Maximum torque positions.
(b) Minimum torque position. (c) Torque comparison with and without holes.

than that of initial model whereas torque is upgraded at Posi-
tion #2. Therefore the peak to peak value of output torque can
be reduced significantly. The peak to peak torque reduced from
2.5 (Nm) to 1.1 (Nm), so ripple reduction ratio exceed 56%.
The air-gap torque distribution in Fig. 9(a) says that P1 and P3
torque of initial model make increase the total torque at Position
#1 whereas improved model torque at P4, P5 and P6 increase.
Center holes in rotor play a role to increase the torque value at
P5 by slightly enlargement of tangential component of flux den-
sity through distortion of flux path as in the Fig. 10. The com-
binations of partly enlarged air-gap, flux barrier and side holes
increase torque at P5 and P6, whereas initial model generates re-
verse torque. Therefore, the torque ripple reduces with increase
of the resultant torque summed along air-gap contour at min-
imum torque generating position. The ripple torque reduction
effects of holes arrangement in rotor core is shown in Fig. 9(c).
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Fig. 10. Flux lines of improved model. (a) Maximum torque positions.
(b) Minimum torque position.

Fig. 11. Prototype structure and test set up. (a) Structure of prototype. (b) Test
set up.

Fig. 12. No load back EMF measurement. (a) Analysis. (b) Measurement.

IV. EXPERIMENTS

Fig. 11 presents the core structure of improved “Nohole” IPM
type BLDC motor. The 8 pole-12 slot single layer IPM con-
figuration and concentrated winding were adopted. In order to
verify the validity of the design results, the experimental re-
sults of back EMF, speed-torque and speed-output are com-
pared. The comparison results of back EMF, speed-torque and
speed-output characteristics are shown in Fig. 12 and Fig. 13, re-
spectively. The design and analysis of back EMF characteristic
of improved model have good agreement with experimental
data as in Fig. 12.

Fig. 13. Performance test results. (a) Speed-Torque and output power.
(b) Current waveform at 3,600 rpm.

Fig. 13 shows the performance test results of prototype motor
with phase current waveform. The distortion of test data near
4,000 rpm is occurred from the control characteristics of our
test equipments. The torque characteristic according to current
agrees with design and analysis results.

V. CONCLUSION

This paper presents the torque fluctuation reduction method.
The partly enlarged air gap length made by unequal rotor out
diameter and stator core cutting is introduced. The flux barrier
in rotor core is also redesigned. Design of experiments (DOE)
method is used to find the optimal points of each design pa-
rameter. The comparisons of analysis results show that method
is very reliable. The cogging torque is extremely low but the
torque ripple reduction rates are not very big in case of square
wave operation. Adding holes in rotor core is good solution to
overcome this problem, so the additional torque fluctuation re-
duction can be achieved.
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