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The power transmission of magnetic gears, based upon the at-tractive force of magnets, does not involve direct
contact between the power transmission shafts. Thus, vibration or noise, due to friction, can be reduced. How-
ever, magnets and iron cores, which are the main components of magnetic gears, generate cogging torque. This
increases torque ripples that are the cause of the noise and vibration of permanent-magnet (PM) machines. In
this study, a torque ripple reduction method, using the combination of number of poles and number of pole
pieces was proposed. This method uses the structural characteristics of magnetic gears only. This method was
suggested instead of the existing torque ripple reduction methods for PM machines to reduce the torque rip-
ples of magnetic gears. Furthermore, the correlation between the numbers of poles, pole pieces, and torque rip-
ples was analyzed. From this analysis, a design guideline that minimizes torque ripples in the initial design of

magnetic gears was proposed.
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1. Introduction

Magnetic gears are power transmission devices that use
the attractive force of magnets. They have no direct
contact between shafts that transmit power since they are
operated using the attractive force of magnets. This
characteristic of magnetic gears can reduce the friction
loss caused by mechanical contact and enable magnetic
gears to exhibit lower vibration and noise thus requiring
less maintenance than mechanical gears [1, 2]. Since the
first magnetic gears were pro-posed, studies have been
conducted on a structure similar to conventional mech-
anical gears, but there were problems of low torque trans-
mission efficiency and torque density [3]. The coaxial
magnetic gear, first proposed by Atallah et al., in the early
2000s, significantly improved the shortcomings of con-
ventional magnetic gears and laid the foundation for
recent active research activities on magnetic gears [4].

The coaxial magnetic gear consists of three parts: an
inner rotor and an outer rotor composed of magnets and
cores, and pole pieces made of iron cores. Among them,
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the pole pieces, made of iron cores, are key structures that
enable the magnetic gear to exhibit its gear ratio. Addi-
tionally, they alter the flow of the magnetic flux. The pole
pieces also facilitate the flow of the magnetic flux of
permanent magnets to improve torque density. The space
for installing the pole pieces in the coaxial magnetic gear
is between the two rotors, and the pole pieces are placed
in a circumferential direction at regular intervals. This
structural characteristic of the pole pieces causes a
magnetoresistance imbalance in the gap, because the pole
pieces exhibit the shape in which the air and the iron core
are placed alternately from the perspective of the magnets.
As the magnetoresistance imbalance in the gap is
magnetically unstable, the force is generated to allow the
rotors to have magnetically stable positions. This force is
ostensibly the attractive force between the magnets and
iron cores, and it is called cogging torque in electro-
dynamics. As the cogging torque in a motor acts as a
result of torque ripples and causes problems such as
noise, reduced efficiency, and shortened life, it is one of
the factors that needs to be reduced first when designing
electric devices [5]. Previous studies on PM motors have
proposed chamfering, bifurcating, slot skew, and permanent
magnet skew as methods for reducing torque ripples [6-
8].
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This study proposes a method that reduces torque
ripples, using the characteristics of magnetic gears, as a
differentiated method from the existing torque ripple
reduction methods of PM motors. First, torque ripples
were shown for models with various pole number combi-
nations. These combinations use characteristics in which
the gear ratio is determined by the number of poles and
number of pole pieces. A structural de-sign guideline was
then prepared to minimize torque ripples by analyzing the
influence of the number of poles of magnetic gears on
torque ripple.

To analyze the torque ripples of magnetic gears, accurate
knowledge on the magnetic field distribution of the gap is
re-quired. In this regard, an analytical model for the
electromagnetic calculation of magnetic gears was pre-
sented in [9]. In this study, the torque characteristics of
each model were analyzed using finite element analysis
based on two-dimensional (2D) numerical analysis.

2. Combinations of Poles and Pole Pieces

Figure 1 shows the typical shape of the coaxial
magnetic gear. In this study, the inner rotor was selected
as high-speed and input rotor, and the outer rotor as low-
speed and output rotor. The gear ratio is shown in (1). In
this model, as the inner rotor has four poles and the outer
rotor has 40 poles, the gear ratio was 10:1. The number of
pole pieces was 22, calculated using (2). The size of the
pole piece and the size of the empty space between the
pole pieces are equal as determined by (2). Therefore, the
total area of the pole pieces is always the same regardless
of the number of pole pieces. The permanent magnets of
each rotor were different in split numbers but are able to
maintain the same area. Based on these characteristics,
the magnet use amount and the pole piece area were
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Table 1. Gear Ratio according to The Numbers of Poles and
Pole Pieces.

Inner poles Outer poles Numbf':r of Gear ratio
Pole piece
4 40 22 10.0
4 38 21 9.5
4 36 20 9.0
4 34 19 8.5
4 32 18 8.0
4 30 17 7.5
4 28 16 7.0
4 26 15 6.5
4 24 14 6.0
4 22 13 55
4 20 12 5.0
4 18 11 4.5
4 16 10 4.0
4 14 9 35
4 12 8 3.0
4 10 7 2.5
4 8 6 2.0
4 6 5 1.5

basic model magnetic gear, according to the number of
poles and the number of pole pieces, are listed in Table 1.
The torque characteristics of each model analyzed are
shown in Table 2 and Fig. 2. The analysis results show
that the torque ripples at integer gear ratios were very
high while those at fractional gear ratios were low when
the number of poles of the inner rotor was four. Based on
these results, it can be assumed that torque ripples of
magnetic gears are lower at fractional gear ratios than at
integer gear ratios. Therefore, additional models to support
this assumption are analyzed in the next section.
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Fig. 1. (Color online) Magnetic gear basic model.
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Table 2. Torque Characteristics according to The Gear Ratios.

. Inner Outer Inner Outer
Gear ratio . .

torque Torque ripple ripple

10.0 22 21.9 24.5% 0.1%

9.5 24 222 3.0% 0.1%

9.0 2.5 224 101.9 % 24 %

8.5 2.7 22.6 43 % 0.1%

8.0 29 22.8 25.8% 0.2%

7.5 3.1 229 44 % 0.1%

7.0 34 23.0 106.6 % 51%

6.5 3.6 23.0 4.4 % 0.1%

6.0 38 229 28.9 % 0.5%

55 4.2 22.7 53% 0.2%

5.0 4.7 22.3 111.2 % 129 %

4.5 4.9 21.8 6.1% 0.3%

4.0 5.4 21.1 333 % 25%

35 59 20.1 6.8 % 0.8%

3.0 6.7 18.1 139.0 % 45.1 %

2.5 7.0 16.7 8.6 % 2.8%

2.0 74 14.1 524 % 252 %

1.5 8.1 10.3 125 % 15.1%
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Fig. 2 Torque characteristics of models with four inner poles
according to the gear ratios.
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where G, is gear ratio, P; is number of inner rotor poles,
P, is number of outer rotor poles, @, is revolution speed
of inner rotor, @, is revolution speed of outer rotor, N is
number of pole piece

3. Numbers of Poles and Pole Pieces
for Minimizing Torque Ripples

3.1. Inner rotor model with 6, 8, 10, and 12 poles

First, models with six poles in the inner rotor were
analyzed. For the models with six inner poles, integer
gear ratios are available when the number of poles in the
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Fig. 3. Torque characteristics of models with six inner poles
according to the gear ratios.

160% 48%
140% | OInner rotor ripple M Outer rotor ripple | | 42%
(] (]
“& 120% 1 36% _&
= 100% 130% =
8 0, i 0, 8
S 80% 2% 2
-
g 60% 1 18% E
£ 40% 1 12% &
20% 1 6%
0% T o NS 1 U RO | | I = P 0%
QRN QWM Q VMmoo ™
M T T T T AN — — —

Gear ratio

Fig. 4. Torque characteristics of models with eight inner poles
according to the gear ratios.

outer rotor is a multiple of six: e.g. 12, 18, 24, 30, and 36.
Fig. 3 shows the torque characteristics of these models
according to the gear ratios. The six-pole models also
show higher torque ripples at integer gear ratios as in the
four-pole models.

In addition, the torque characteristics of models with 8,
10, and 12 poles in the inner rotor were analyzed as
shown in Figs. 4-6. As a result, higher ripples occurred at
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Fig. 5. Torque characteristics of models with ten inner poles
according to the gear ratios.
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Fig. 6. Torque characteristics of models with twelve inner
poles according to the gear ratios.

integer gear ratios as in the previous models. Some models
exhibited very high torque ripples, which is analyzed in
detail in the next section.

3.2. LCM and GCD analysis

Although the above results show that integer gear ratios
exhibited higher ripples, Figs. 3-6 show that the gear ratio
models: 5:1 and 3:1 with six poles, 5:1 and 3:1 with eight
poles, 3:1 and 2:1 with 10 poles, and 3:1 and 2:1 with 12
poles exhibited much higher torque ripples that other
integer gear ratio models. The common characteristics of
these models are found in the least common multiple
(LCM) and the greatest common divisor (GCD) between
the number of poles and the number of pole pieces. Fig. 7
and Fig. 8 show inner and outer ripple according to LCM
of inner poles and pole pieces; outer poles and pole
pieces. First, among the models with six poles in the inner
rotor, the model with the lowest LCM between the
number of inner poles and the number of pole pieces is
the model with a 3:1 gear ratio (LCM: 12, Ripple: 130
%). In this model, the GCD between the number of inner
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Fig. 7. Inner ripple according to LCM of inner poles and pole
pieces.
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Fig. 8. Outer ripple according to LCM of outer poles and pole
pieces.

poles and the number of pole pieces was the highest
compared to other six-pole models (GCD: 6). As a result,
the inner and outer ripples were 130 % and 35 %, respec-
tively, which were higher than other models. The 5:1
model ranked second in terms of the LCM and GCD and
showed the second highest ripple values as well (LCM:
18, GCD: 6, Ripple: 123 %).

Among the eight-pole models, the 3:1 model also ex-
hibited the lowest LCM and highest GCD (LCM: 16,
GCD: 8). Its inner and outer ripples were the highest at
127 % and 30 %, respectively, followed by the 5:1 model

Table 3. Torque Ripples of 14-20 Poles according to The
LCM and GCD.

Inner poles(in) 20 20 18 18
Outer poles(out) 40 38 40 36
Pole pieces(pp) 30 29 29 27
in-pp 60 580 522 54
Lem out-pp 120 1102 1160 108
in-pp 10 1 1 9
Geb out-pp 10 1 1 9
Gear Ratio 2:1 1.9:1 222:1 2:1
Inner ripple 38.79 % 0.32 % 0.37 % 40.17 %
Outer ripple 9.64 % 0.14 % 0.13% 10.09 %
Inner poles(in) 16 16 14 14
Outer poles(out) 38 32 40 28
Pole pieces(pp) 27 24 27 21
LcMm PP 432 48 378 42
out-pp 1026 96 1080 84
Gep PP 1 8 1 7
out-pp 1 8 1 7
Gear Ratio 2375:1 2:1 2.857:1 2:1
Inner ripple 0.33 % 38.53 % 0.37 % 38.35%
Outer ripple 0.12 % 10.58 % 0.12 % 11.03 %
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(LCM: 24, GCD: 8, Ripple: 119 %). Among the ten-pole
models, the 3:1 models showed the lowest LCM and the
highest GCD (LCM: 20, GCD: 10, Ripple: 300 %).
Among the 12-pole models, the 3:1 model was followed
by the 2:1 model (LCM: 24, GCD: 12, Ripple: 112 %).

From the above results, it was confirmed that not only
the integer gear ratio but also the LCM and GCD between
the number of poles and the number of pole pieces affect
torque ripples. The reverse interpretation of this analysis
may indicate that the model with the highest LCM and
the lowest GCD is advantageous for ripple reduction.

In addition, for the models with 14, 16, 18, and 20
poles, the gear ratio model of 2:1 and the adjacent model
with the highest LCM and the lowest GCD were com-
pared as shown in Table 3. The results also show that the
LCM and GCD affect the size of ripples.

4. Conclusion

This study proposed a torque ripple reduction method
by combining the number of poles and the number of
pole pieces, characteristics of magnetic gears only, to
reduce the torque ripples of magnetic gears. As a result,
fractional gear ratios exhibited the lowest torque ripples.
For models with high ripples, additional analysis was
conducted, and it was further confirmed that the LCM
and the GCD between the number of poles and number of
pole pieces directly affect ripples. The analysis of other
arbitrarily extracted models show the same results as the
results noted above thus ensuring the reliability of this
analysis.

Therefore, based on the above results, it is proposed
that integer gear ratios be avoided as much as possible.
Fractional gear ratios should be selected in order to
minimize ripples when magnetic gears are designed. If
integer gear ratios must be used, it is advised to use the
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combination with the highest LCM between the number
of poles and number of pole pieces as well as the GCD of
one must be selected to obtain the lowest ripples.

Depending on the field of the application, the ripple
reduction method applied to PM motors must be applied
under conditions in which the number of poles and
number of pole pieces are limited. That said, in most
magnetic gear design situations with other conditions, the
results of this study will be utilized.
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