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Abstract ─ Magnetic gears offer important 
potential benefits compared with mechanical gears
such as reduced maintenance, improved reliability, 
inherent overload protection, and physical isolation 
between the input and output shafts. This paper 
presents the design and analysis of a novel structure 
of magnet gear, which named Interior Magnetic 
Gear (IMG) using neodymium-iron-boron magnets 
for the applications in which continuous ratio of 
gear box is useful such as wind generators, electric 
vehicles and etc. The analysis is performed by
Finite Element Method (FEM) to predict output 
torque, speed and magnetic field distribution inside 
the gear box. The IMG made up of an inner rotor 
and an outer rotor. The inner rotor is similar to the 
rotor of a 3 phase wound rotor induction motor and 
the outer rotor consists of 6 PM poles. Both the 
inner rotor and the outer rotor can be employed as 
a low/high speed rotating part. The interior 
arrangement of PMs result many advantage such as 
low torque ripple. The simulation and analytical 
results are in good accord.

Index Terms ─ Continuous, Finite Element 
Method (FEM), Interior Magnetic Gear (IMG), 
Permanent Magnet (PM). 

I. INTRODUCTION 
Mechanical gear boxes are used widely to 

transmit torque between separate moving parts with 
different speeds in various applications. For 
example, they are used in wind power generators to 
increase the rotational speed and in electric ship 
propulsion to decrease that. Because of the friction 
in mechanical gear boxes, power loss, gear noise 
and regular lubrication are inevitable. In the last 
decade magnetic gear coupling has been proposed. 

Magnetic gear boxes can transmit torque without 
any friction. They operate with the same principle 
as the mechanical systems where the teeth are 
replaced by magnet pieces. They can transform 
torque and speed level by interactive magnetic field 
between the permanent magnet pieces [1-5]. 

Magnetic gears offer substantial advantages 
compared to mechanical ones such as being 
maintenance free, improved reliability, minimum 
acoustic noise, and inherent over load protection. 
For example, the reduced maintenance is due to no 
mechanical contact and lubrication, the inherent 
overload protection is provided by the maximum 
synchronous torque, the isolation can be provided 
since the no mechanical contact between the inner 
and outer parts. At first, because of the complicated 
structure, low efficiency and low output torque, 
magnetic gear boxes in spite of some advantages 
have not gained much attention. In 2001, the 
Surface Permanent Magnet-type (SPM-type) 
magnetic gears has been introduced in a practical 
application on account of its novel design [6]. Since 
then, various types of magnetic gears have been 
proposed to develop torque density, lower torque 
ripple, higher ratios and efficiency [7-11]. Recent 
investigations focus are on implementing of 
continuous ratio gear boxes to be applicable for 
wind generators, electric vehicles and other 
analogous applications in which continuous ratio of 
gear box is essential [12-17]. Reference [18] 
proposes a new magnetic gear based on super 
conductors to achieve high torque density. In 2004-
2005, in linear motors field, linear-type magnetic 
gears were designed [19-20]. Reference [21]
proposed a new design of cycloid-type magnetic 
gears to achieve more torque density at high ratio. 
References [22-23] proposed a new type of 
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magnetic gear named axial-type magnetic gear. 
References [24-25] suggested a harmonic-type 
magnetic gear similar to a harmonic mechanical 
gear. As the coaxial magnetic gears are the most 
applicable type of magnetic gears, the new 
arrangement of PMs is applied in this type of 
magnetic gears. One of the most popular 
arrangements is Coaxial Magnetic Gear with 
Halbach Permanent-Magnet Arrays [26-28]. 
Recently, to achieve continuous ratio in gear boxes, 
a structure has been proposed which provides 
variable speed but has sophisticated structure [29]. 

In this paper, continuous ratio capability and 
simple design for manufacturing are the main goals 
which are analyzed by Finite Element Method 
(FEM) and validated by vector analytical 
calculation. To estimating performance of the 
magnetic gear, the air-gap magnetic field is 
computed by steady state analytical method and 
then compared with FEM results depicting air-gap 
magnetic field distribution. This adjustable 
continuous topology is quite suitable for many 
applications such as wind generators (which 
improves harmonic characteristics and eliminates 
back to back converters) and electric vehicles. This 
gear box can operate as a clutch and separate power 
from load. This advantage can make torque (speed) 
transmission systems very compact and simple. The 
operation principles of proposed magnetic gear box 
are presented first, and the design of this structure, 
which is consisted of the inner and the outer rotors 
is then introduced. In the next step, the proposed 
gear box is mathematically analyzed and its 
descriptive equations are derived. Finally, the 
validity of the obtained formulas is confirmed by 
simulation of proposed structure. 

II. PRINCIPLE OF OPERATION 
Figure 1 shows the structure of the proposed 

magnetic gear box. It consists of an inner rotor with 
three phase windings and an outer rotor which 
includes PMs. Each part is made up of a steel 1010, 
this steel has high saturation point (almost 1.8T) 
which is suitable for this application. In this system, 
the inner rotor windings produce a rotating 
magnetic field with desired speed and as a result of 
its interaction with the outer rotor permanent 
magnets, outer rotor rotates [30]. It is obvious that 
controlling the inner rotor current frequency 
controls the gear box ratio, which is the main idea 
of this paper. 

Fig. 1. Proposed topology. 

It should be noted that the three-phase power is 
transmitted to the windings of the inner rotor 
through a slip ring. In other words N2=N1+Nf in 
which N1 is the mechanical speed of the inner rotor, 
Nf is the speed of the rotating magnetic field of the 
windings current frequency and N2 is the speed of 
the outer rotor. 

The advantages of the purposed topology are: 
1- It is possible to use this topology as a high ratio 

gear box which is important in gear box 
applications. 

2- It is possible to use it as a speed regulator. 
3- Possibility of controlling the output torque. 
4- Inherent overload protection. 
5- The proposed topology can operate as a clutch 

and separate the prime-mover from load. 
6- Because of precision and high ratio of the 

proposed structure, it is possible to connect the 
generator output to the network (eliminating 
power electronic interfaces). 

7- Silent working. 
8- Interior arrangement reduce torque ripple. 

III. DESIGN OF THE MAGNETIC GEAR 
PARTS 

A. Windings and slots of the inner rotor 
One of the important parts of the proposed 

structure is the inner rotor which its design has a 
great impact on the performance and behavior of 
the whole system. The cogging torque of the 
magnetic gear box arises from the interaction of 
permanent magnets and the inner rotor slotted 
structure without the applied driving current [31]. 
Since an oscillatory torque always induces 
vibration, acoustic noise, and possible resonance 
especially at high load and low speed, the slots of 
the inner rotor have been designed in order to 
minimize the cogging torque. Figure 2 shows the 
structure of the inner rotor. 
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Fig. 2. 3D view of the inner rotor. 
 

Windings type of the inner rotor is fractional 
slot and shorted pitch. This selection is based on 
evaluating of various windings performances in 
FEM simulation [32]. This type of the inner rotor 
windings improves the machine characteristics 
such as harmonic specifications. With proper 
selection of windings step, it is possible to 
minimize the attenuation coefficient for main 
frequency and maximize it for other harmonics. The 
inner rotor has 27 slots and its windings layout is 
according to Fig. 3. 
 

 
 
Fig. 3. Windings layout in the inner rotor. 
 

Parameters of the inner rotor windings are 
presented in Table 1. In this table, q is the number 
of slots per pole per phase (spp), γoe is electrical 
pitch angle, Kd is distribution factor, Kp is shortage 
pitch coefficient of windings and α is the slot angle. 
 
Table 1: Inner rotor windings parameters 
Parameter Value 
q(spp) 1.5 
Kd 0.985 
Kp 0.998 
γoe 30o 

0G 13.33o 
 

The implemented and simulated models of the 
inner rotor are shown in Fig. 4. 

  
 (a) (b) 
 
Fig. 4. (a) Simulated model, and (b) implemented 
view of the inner rotor. 
 
B. Outer rotor 

According to the inner rotor structure, the outer 
rotor is designed and constructed whose model is 
shown in Fig. 5. More details of the outer rotor 
design are discussed in part 5. The permanent 
magnets are Neodymium rare earth type with grade 
of N35 (NdFe35). 
 

 
 
Fig. 5. Simulated model of the outer rotor. 
 

IV. ANALYSIS OF THE INTERIOR 
MAGNETIC GEAR (IMG) 

The aim of this section is calculation of the 
output torque of the IMG which is produced by 
interaction of two magnetic fields, one by windings 
current (in the inner rotor) and the other one by 
permanent magnets (in the outer rotor). Fri is the 
peak value of the inner rotor windings Magneto 
Motive Force (MMF) and Fro is the peak value of 
the outer rotor MMF. It is obvious that output 
torque is equivalent of the multiplex of these fields 
and sinus of the angle between them as shown in 
Fig. 6. For calculating output torque the following 
assumptions has been taken into account [33]: 
- The inner and outer rotors are made of material 

with infinite permeability. 
- Air gap length is much less than average radius; 

there is no difference in the inner rotor surface 
flux with the outer rotor surface flux. 

- Only the main field component of the inner and 
outer rotors will be taken into account. 

- Because of the mechanical consideration, the 
air gap length (g) can’t be very small. 
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Fig. 6. Field vectors of the inner and outer rotors. 

Magnitude of the resultant MMF in the air gap 
can be calculated as: 

2 2
R roF F F 2F F cosθ.ri ro ri� � �  (1) 

In Eq. (1), “� ” is the angle between roF and riF .
The magnetic field intensity in the air gap Hg is: 
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Eq. (1) and Eq. (3) can be combined to calculate the 
total co-energy in the air gap: 
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Rewriting the Eq. (5) with FR: 
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into Eq. (6), it is possible to write it in a more useful 
form: 

2
e ri

ph ph2
w

ph w

ph ph

π
T P φF sin δ

8

E N Iπ 2 2
P m k sin δ

8 π P2πfN k

P 1
mE Isinδ mE Isinδ.

4πf m�

�

� �

� �

/ ,/ ,
- *- *- *. +. +

(11) 

In these equations φ is the air gap flux, EPh is 
induced voltage per phase in the inner rotor, NPh is 
effective turns of the inner rotor windings per 
phase, Kw is the inner rotor windings coefficient 
and I is its current. Eq. (11) can be written as in 
below: 

e ph ph

1 1
T mE Isinδ mE I ,

m m

cos�
� �

� �  (12) 

where δ θ 90� � in which �  is the phase angle 
between EPh and I. 

V. SIMULATION AND EVALUATION 
OF THE PROPOSED GEAR BOX 

In this section, the design of the proposed 
magnetic gear and the associated parts are 
presented and discussed, and finally evaluated 
based on the earlier-discussed issues. Table 2
summarizes the parameters of a proposed IMG. 

Table 2: Specifications of a proposed IMG 
Parameter Value Parameter Value
Shaft 
radius 15 mm Turns per 

slot layer 33

PM
length 9 mm Number 

of PMs 6

PM width 10 mm Current 
density 5 A/mm2

Air-gap 
length (g) 0.8 mm Steel 

grade M19

Inner-
rotor
back-iron 
length

35.2 mm
Slot per 
pole per 
phase

1.5

Outer-
rotor 
back-iron 
length

10 mm Windings 
type

Fractional 
slot, 
fractional 
pitch

Axial 
length 140 mm Number 

of slots 27

It is worth noting that PM specifications cannot 
be chosen freely, and must be selected among the 

riF

roF�
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standard ones given in Table 3. 
 
Table 3: Approximate value of PMs specification 

Type Br 
(T) 

Hc 
(kA/m) 

Type Br 
(T) 

Hc 
(kA/m) 

N27 1.05 800 N40 1.27 928 
N30 1.10 800 N42 1.30 928 
N33 1.15 840 N45 1.35 870 
N35 1.19 872 N48 1.40 840 
N38 1.23 904 N50 1.42 840 

 

 
The B-H characteristic of the utilized steel 

(M19) is depicted in Fig. 7. 
 

 
 
Fig. 7. B-H characteristic of the utilized steel with 
grade M19-29G. 
 

Because of the mechanical considerations, the 
minimum air-gap length is about 0.8 mm as given 
in Table 2. The shaft radius also satisfies and 
provides us the torque transfer capability of 39 N.m. 
A satisfactory PM length and width are 10 mm so 
that the torque pulsations and back-EMF harmonics 
are simultaneously minimized, because of this 
sizing the leakage flux will be limited as well. A 2-
Dimensional Time-Stepping Finite Element 
Method (2-D TSFEM), that its meshed regions is 
shown in Fig. 8, is employed to evaluate the design 
outcomes. It should be mentioned that the mesh size 
selection is critical to achieve accurate results. At 
first, we chose an initial mesh with relatively larger 
elements. Then, we made them smaller step by step 
until no enhancement was appeared in the accuracy 
of the results. So, that mesh was somewhat 
appropriate for the simulations since it was a trade 
of between the run speed and accuracy. Moreover, 
we paid more attention to the regions having higher 
flux variations; e.g., air-gap and slot areas, in which 

smaller elements are also adopted. 
 

 
 
Fig. 8. Meshed regions of the FEM employed for 
evaluating the proposed IMG. 
 

The proposed design also provides an 
appreciable demagnetization withstand capability 
by an appropriate field intensity ratio of Hm/Hc=0.5. 
The rotor radius is large enough to avoid saturation 
and the length of the outer-rotor back iron is 
properly designed as well. The magnetic flux 
density distribution within the device is shown in 
Fig. 9, which validates the design. This model has 
been used for various operating conditions to 
evaluate the proposed IMG behavior. 
 

  
 
Fig. 9. Magnetic flux density distribution within the 
proposed IMG. 
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In generator mode, if the outer rotor rotates at 
the speed of 1000 rpm while the inner rotor is fixed, 
the three phase voltage induced in the windings is 
determined as shown in Fig. 10. It is seen that the 
voltage waveforms are sinusoidal that finally 
simplifies the drive system, all of which originates 
from the proper machine design; e.g., the inner-
rotor windings and slots, and PMs. 

Fig. 10. Induced voltage in the inner rotor windings. 

In Fig. 11, gear box torque and speed with 20 
N.m loading are shown. Since the windings current 
frequency is 50 Hz, the rotating magnetic field is 
1000 rpm, and the initial mechanical speed of the 
inner rotor is 500 rpm; therefore, the speed of the 
outer rotor is 1500 rpm, i.e., 1000+500 rpm. It is 
observed that the gear box has been stabilized in 
desired values. Since in the generator mode the 
back-EMF amplitude was 96 volt, while the applied 
voltage is on the inner rotor terminals, to 
compensate for the voltage drop on the windings, 
the applied voltage is set to Vpeak=105 volt, i.e., a
little higher. This voltage is transmitted to the 
windings of the inner rotor through a slip ring. 

At this point, by simulating the IMG without 
the outer rotor permanent magnets, it is possible to 
plot the air gap flux density and flux linkage 
waveforms (Fig. 12) and evaluate Eqs. (8) and (10). 
Issued from the machine having the specifications 
given in Table 2, we achieve: 0.000442 ,φ  wb�

0.129λ  wb�  and the air gap flux density is 
B=0.121 T. Finally, by knowing the phase 
difference between voltage and current in the inner 
rotor windings, an output torque of 20.84 N.m is 
obtained. It is worth noting that the presented 
equations well describe the gear box behavior in 
steady state operation and are in good agreement 
with those extracted from simulations. 

(a) 

(b) 

Fig. 11. (a) Output torque, and (b) speed of the 
IMG. 

(a) 

(b) 

Fig. 12. (a) Flux density, and (b) flux linkage 
waveforms in the air gap caused by the inner rotor 
windings. 
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VI. CONCLUSION 
In this paper, the analysis and simulation of a 

novel structure of magnet gear, which named 
interior magnetic gear using neodymium-iron-
boron magnets is carried out in which can be 
employed in wind generators, electric vehicles, etc., 
wherein a continuous ratio of gear box is required. 
To this end, finite elements analyses are performed 
to predict the main characteristics of the device 
including output torque, speed and magnetic field 
distributions. Both the inner and the outer rotors can 
be exploited as a low/high speed rotating part by 
controlling the frequency of the inner rotor 
windings current. The output torque and other 
parameters such as B are evaluated in the steady 
state condition using vector analysis. Simulation 
results are also in good agreement with theoretical 
analysis. 
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