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Elimination of Cogging Torque and Torque Ripple in Magnetic Gear
Using Slicing Technique
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Abstract—Magnetic gears (MGs) have many advantages over mechanical gears, including high
efficiency, no contact, no lubrication, and low noise. Even though MGs are energy-efficient, cogging
torque and torque ripple are always challenging, especially in low-speed applications. Generally, the
cancellation of cogging torque enhances the performance of the operation of PM machines. This article
proposes an approach based on slicing technique through which reduced cogging torque and improved
torque density can be achieved in MGs. The two-dimensional finite element method (2D FEM) has
been used to analyze the models using Simcenter and MATLAB software packages. The results show
that the elimination of cogging torque of the proposed models compared to the base model is 97.53%
on the inner rotor, and that of the outer rotor is 42.23%. Also, the torque density is slightly improved
by 0.05% on the inner rotor while 0.1% improvement on the outer rotor is obtained.

1. INTRODUCTION

Recently, magnetic gears (MGs) have drawn much interest, especially in electric vehicles [1]. Multiple
torque-dense MG approaches have been put out in the literature [2–4], including flux-modulated,
harmonic, and planetary MGs. Due to its more straightforward mechanical design and flexibility in
making a single volume of a magnetic geared electric machine, flux-modulated MG is the one that
garners the most interest [5]. As seen in Fig. 1, an MG comprises three concentric parts: a flux
modulator, an inner magnet arrangement peripherally mounted on an inner back iron, and an outer
magnet arrangement with an outer back iron. The slotting effects of the modulator make the MGs
susceptible to cogging torque, which are considered as the main contributor to the torque ripple [3, 6],
just like any other traditional permanent magnet (PM) machine with a slotted stator [7].

Different studies for cogging torque mitigation approaches can be found in the literature. In [8],
slicing technique has been used to mitigate the cogging torque of the inner rotor of MGs. In [9], two
methods are proposed to mitigate the torque ripple in doubly salient PM machines; the first method
developed a combination of stator and rotor teeth depending on the shapes and dimensions of the teeth,
while the other method used the nonlinear indirect torque technique. Two new dissymmetric pole
radial magnetic gears (RMGs) are proposed in [10, 11], where the PMs on the inner rotor are constructed
from Halbach arrays with unmatched magnetic poles and irregular magnet configuration, improving the
output torque and magnetic flux density. The basic geometrical structure of the rotor lamination of
interior permanent magnet synchronous machines (IPMSMs) is progressively modified by [12] to give
a simplified cogging torque minimization method. The authors in [13] proposed a method for axial
flux permanent magnet (AFPM) machines in which the angle of PM placement is adjusted to obtain
a reduced cogging torque. The loaf-shape PM for reducing cogging torque is suggested in [14]. The
authors in [15] examined the effect of three strategies for reducing cogging torque: PM segmentation
method, PM shifting method, and composite material PMs method. In [16], the authors investigated
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Figure 1. MG components.

the influence of various magnetization modes on the performance of the MG. In [17], several techniques
for decreasing cogging torque for specific applications were investigated, such as PM segmentation,
adding unique slots, and inlaying two-part rotors. Two enhanced step-skewing approaches are proposed
and examined in [18]; rotor step-skewing with unequal step lengths and the rotor step-skewing with
optimum skew angles, for the mitigation of cogging torque of the inner rotor of permanent magnet
synchronous machines (PMSMs). A modulated pole machine with a high torque density has been
introduced by [19]; this study developed a tooth pitching technique to overcome the issue of high
cogging torque. Implementing a new combination of stator teeth and pole shoes to reduce cogging
torque is suggested in [20]. In [21], a novel method for cogging torque mitigation has been proposed by
generating a sinusoidal air gap flux density using Halbach arrays in coaxial magnetic gear (CMG). A
sealed slot with a sliding separator has been proposed in [22] to mitigate the cogging torque. However,
getting a slider into a slot on small machines is highly challenging. In [23], the authors suggested rotor
notches as a cogging torque mitigation approach. [24] suggested a new approach for the winding side
and coil winding which effectively reduces cogging torque and makes the winding more difficult.

From the literature perspectives, slicing one rotor of MG reduces the cogging torque of one rotor,
while the cogging torque of the other rotor will not be reduced. Rotor notches mitigate the cogging
torque at the expense of the useful torque. The tooth pitching technique reduces the cogging torque in
large PM machines with the cost of a small reduction in the rated torque. Skewing the rotor reduces
the cogging torque efficiently, but the significant reduction in the torque is the main disadvantage.
The construction of magnets of the rotor with Halbach array makes the PM machines have efficient
performance through which both the elimination of cogging torque and improvement of the torque are
obtained, but the complexity in the magnets manufacturing is increased.

In this work, a cogging torque minimization method is introduced and analyzed using slicing method
for both rotors of the MG. This method is efficient in reducing the cogging torque of PM machines and
the condition upon which the method is applied. A slice (say the second slice) is shifted angularly from
the first slice by an appropriate angle, and the third slice is shifted from the second slice by the same
angle and so on. In other words, the third slice is shifted from the first slice by doubled angle, and the
angle of shifting is determined depending on the number of slices and the cogging torque cycle, as it will
be discussed in the next sections. In addition to the satisfying results in mitigating the cogging torque,
the slicing technique improves the torque density. Also, the size of magnets in each slice is smaller than
that of the unsliced magnets, so the feasibility of maintenance of each slice separately is high. However,
this method requires the high accuracy of rotor machining.
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2. BASICS OF COGGING TORQUE

For PM machines, the cogging torque is load-independent resulting from the interaction between the
PMs of the rotor and the structure of slotted iron, which can be expressed as in (1) [6]

Tcog = −1

2
φ2dR

dθ
(1)

where φ is the air gap flux, R the reluctance by which the flux passes, and θ the rotor position.
Figure 2(a) illustrates a schematic diagram of magnet and pole pieces. Fig. 2(b) shows the

reluctance variation and cogging torque waveform from A to E positions. The explanation of these
waveforms is as follows: the d-axis for position A is directly under the center of the pole piece; this
represents the stable position. Also, this position gives a minimum reluctance path for which the rate
of change of the air gap reluctance (dRdθ ) is zero, so the cogging torque is zero. For position B, the d-axis
is directly under the position bisecting the pole piece and the slot; from position A to B, the reluctance
value is increased, so dR

dθ has a positive sign giving a maximum negative cogging torque, which makes
the rotor tend to return to the stable position. Position C is an unstable position because any slight
disturbance will create torque to roll the rotor to the nearest pole piece; the d-axis is positioned at the
center of the slot through which the reluctance is at maximum value; furthermore, dR

dθ is zero, hence,

no cogging torque. From position C to D, dR
dθ is gradually decreasing, which will generate a maximum

positive cogging torque at position D. Finally, if the d-axis is located at E, the rotor realizes one cogging
torque period T , where this is the stable position for which the cogging torque is zero. The operation
of these five cases will be repeated periodically if the rotor continuously rotates [25].

(a) (b)

Figure 2. Reluctance and cogging torque variations. (a) Pole pieces/magnet arrangement. (b)
Reluctance and cogging torque waveforms.

[26] has proposed and analyzed an MG illustrated in Fig. 3. This MG will be taken as a case of
study, and the parameters of this MG are described in Table 1.

Figure 3. The selected MG.
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Table 1. Parameters of the MG.

Description Value

Pole-pairs number of high-speed rotor 4

Pole-pairs number of low-speed rotor 22

Number of ferromagnetic pole-pieces 26

Inner rotor back iron radius 43.5mm

Inner rotor back iron thickness 16.5mm

Inner rotor PMs radial thickness 5mm

Outer rotor back iron radius 70mm

Outer rotor back iron thickness 7mm

Outer rotor PMs radial thickness 5mm

Air gap radial thickness 1mm

Pole-pieces radial thickness 5mm

Permeance of flux density 1.26T

Silicon steel type M-19

Zhu and Howe in [27] introduced the cogging torque factor Cf through which they studied how
the slot/pole combination of PM machines affects the cogging torque. This factor can be calculated as
in (2), where LCM is the least common multiple, 2p the number of pole-pairs, and ns the number of
pole-pieces. Therefore, for the selected MG, Cf = 2.

Cf=
2p∗ns

LCM(2p,ns)
(2)

3. COGGING TORQUE MINIMIZATION METHOD

In this section, the slicing method will be used to mitigate the cogging torque. This method is based
on dividing the rotors of MG into n number of slices. Furthermore, each slice is shifted angularly by an
appropriate angle α, viz. for (n = 3) model, the second slice is shifted from the first slice by α, while
the third slice is shifted from the first slice by 2α making the d-axis of each magnet align with a pole
piece at a different position. So, the resulting cogging torque is the vector sum of cogging torque of all
slices through which the magnitude is dramatically reduced.

The cogging torque period θ in mechanical degree is defined as in (3) [28]:

θ =
360◦

LCM(2p, ns)
(3)

Using (3), the cogging torque period for the high-speed rotor (HSR), (θin), is 3.46◦, and for the
low-speed rotor (LSR), the cogging torque period (θout) is 0.629◦. For n number of slices, each slice
must be rotated by α, where α = θ

n ; n > 1.
If the outer rotor is rotated by α, the inner rotor must be rotated by (Ghl × α) to maintain

synchronism between the two rotors, where Ghl is the gear ratio of the MG, which is calculated in [26]
and equals −5.5. Fig. 4(a) and Fig. 4(b) show a schematic example of an MG with (2p = 6) on the
outer rotor and (2p = 4) on the inner rotor and their corresponding cogging torque waveforms.

If the axial length (z-axis) of both rotors of the MG is divided into three slices (n = 3) and each slice
rotated by α, the total cogging torque will be eliminated, where δ represents the angle of circumferential
direction. The schematic diagram of these slices and the related cogging torque waveforms are shown
in Fig. 4(c) and Fig. 4(d). Because the rotors are equally sliced, the cogging torque magnitude is the
same for all slices, so the only d-axis of each waveform is shifted by α. Therefore, the waveform of total
cogging torque is reduced significantly on both rotors.
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(a) (b)

(c)

(d)

Figure 4. Cogging torque waveforms. (a) The inner rotor of the unsliced model. (b) The outer rotor
of the unsliced model. (c) Inner rotor with three slices. (d) Outer rotor with three slices.

For the selected MG of [26], different numbers of slices will be applied in order to verify the method
and evaluate the optimal model for cogging torque mitigation.

4. EVALUATION BY FE

In order to solve and analyze the MG, the mechanism must be defined, viz., which part of the MG will
be the rotor and which one will be the stator. For the selected MG, the pole pieces are considered to
be stationary, and the HSR and LSR are rotated in opposite directions because of a negative gear ratio
(−5.5). The method used for predicting the Tcog on both rotors will be evaluated using a 2D static
solver, where the rotors are rotated in steps, and for each step, Tcog is determined. The accuracy of this
method is based on the number of steps per cycle of Tcog. Then, the MG will be solved using transient
2D with motion solver for the load conditions. Different models with different numbers of slices have
been investigated in this work as illustrated in Fig. 5. Each slice in a single model has been constructed
and solved separately in the same time domain. MATLAB software is linked to Simcenter software to
facilitate the process of evaluation of the models. The resultant torque of the model (cogging torque,
torque ripple, and mean torque) is equal to the vector sum of all slices results.
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(a) (b) (c) (d)

(f) (g) (h) (i)

(e)

Figure 5. Slicing models for the selected MG. (a) n = 2. (b) n = 3. (c) n = 4. (d) n = 5. (e) n = 6.
(f) n = 7. (g) n = 8. (h) n = 9. (i) n = 10.

5. RESULTS AND DISCUSSIONS

First of all, in order to validate the accuracy of the original model [26] and the proposed models,
the original model has been analyzed by 2D FEM for maximum torque angle on the outer rotor
(φ = 4.09◦mech), and the maximum torque densities of both rotors are verified according to [26]. The
torque density is the volumetric torque density (Nm/m3). Since the diameter of the MG is constant,
the surface area is also constant. So in this work, the torque density will be taken as the torque per
axial length unit (Nm/m).

The fundamental component of the cogging torque for HSR is (104) and for LSR is (572). Therefore,
the most effective cogging torque belongs to the HSR. The results of the original model are shown in
Table 2. Table 3 shows the values of the angle α through which both rotors should rotate for each
proposed model; note that n = 1 is for the original model. The comparison between the values of the
maximum torque density, cogging torque, and torque ripple for the original and proposed models is
shown in Fig. 6.

Table 2. The results of the original model.

Description HSR LSR

Cogging torque, (Nm) 0.986 0.109

Torque ripple (Nm) 0.831 0.07

Maximum torque density, (Nm/m) 332.42 1822.2

Table 3. The values of slicing angles for each model.

No. of slices n 2 3 4 5 6 7 8 9 10

α (Deg)
HSR 1.73 1.15 0.87 0.69 0.58 0.49 0.43 0.38 0.35

LSR −0.31 −0.21 −0.16 −0.13 −0.10 −0.09 −0.08 −0.07 −0.06

As evident in Fig. 6(a) and Fig. 6(b), the torque density has improved on both rotors; in Fig. 6(c)
and Fig. 6(d), the torque ripple has minimized, which means that the cogging torque has been eliminated
by the proposed models as shown in Fig. 6(e) and Fig. 6(f). As predicted in the literature, the slicing
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(a) (b)

(c) (d)

(e) (f)

Figure 6. Comparison of the torque values of all models. (a) Torque density of the HSR. (b) Torque
density of the LSR. (c) Percentage torque ripple of the HSR. (d) Percentage torque ripple of the LSR.
(e) Cogging torque of the HSR. (f) Cogging torque of the LSR.

technique has a positive effect on the cogging torque, torque ripple, and the torque density.
The proper selection of the proposed MG requires some factors to be considered, such as design

complexity, cogging torque, torque ripple, and the average torque. To achieve the goal of an optimal
number of slices, a factor β has been introduced and considered as an objective function of maximum
average torque (Tavg) and minimum torque ripple (Tr), where β can be defined as:

β =
Tavg

Tr
(4)
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As β is large, the torque ripple is minimum. Fig. 7 shows the variation of β as a function of slice
number n for both rotors. It can be seen that all slicing models reduce the torque ripple, so according
to Fig. 7(a), the factor β has an optimal point at n = 10, while in Fig. 7(b), β has three optimal points.

(a) (b)

Figure 7. Torque to ripple ratio of the proposed models. (a) HSR. (b) LSR.

(a) (b)

Figure 8. Cogging torque of the original and proposed model. (a) HSR. (b) LSR.

(a) (b)

Figure 9. Torque density of the original and proposed model. (a) HSR. (b) LSR.
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However, from the design complexity point of view, the optimal number of slices is 5. The summary
of the results is shown in Table 4. Fig. 8 shows the waveforms of cogging torques for the original and
optimized models. Furthermore, the LSR has a small reduction of cogging torque because the cogging
torque in the original model is initially small but also decreased by this method. The torque densities of
the two models are shown in Fig. 9; there is a slight improvement in the torque density on both rotors.
Hence, from the results, the torque ripple that existed clearly in the inner torque density of the original
model has been canceled.

Table 4. Summary of the results.

Description
Original

model

Proposed

model

Percentage

improvement (%)

Cogging torque of HSR, (Nm) 0.986 0.0243 97.53

Cogging torque of LSR, (Nm) 0.109 0.0629 42.3

Torque ripple of HSR (Nm) 0.831 0.0382 95.4

Torque ripple of LSR (Nm) 0.07 0.0456 34.8

Maximum torque density of HSR,

(Nm/m)
332.42 332.6 0.05

Maximum torque density of LSR,

(Nm/m)
1822.2 1824 0.1

6. CONCLUSIONS

This paper has proposed a rotor slicing technique as a cogging torque reduction method in MGs.
Slicing both rotors of the MG was very efficient compared with the slicing of one rotor, described in
the literature. Thanks to this technique, the cogging torque has been dramatically eliminated on both
rotors, and the overall performance of the MG has been improved. It is obvious that the cogging torque
elimination is increased directly with the number of slices, but the cost and manufacturing complexity
are also increased. It has been recognized that the factor β played a significant role in the selection of the
optimal number of slices combined with FE sensitivity analysis. Finally, this method can be generalized
for all PM machines with a high cogging torque factor Cf due to its principle of elimination. Therefore, if
the MGs are ripple free, they can be used as substitutions for mechanical gears in applications requiring
a precise position and smooth rotation, such as automobiles, mechanical clocks, elevators, and printing
machines. Other applications of MGs are in the fields of marine energy, renewable energy systems,
defense industry, and spacecraft.
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