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ABSTRACT

Magnetic gears (MG) demonstrate substantial developments over the years and is seen as a potential direct 
alternative for conventional mechanical gears due to their contactless torque transmission. Although it offers 
increased reliability and reduced maintenance, the contactless nature of magnetic gears also makes it prone to pole 
slipping when the load torque exceeds the transmitted torque. While this prevents potential damage to the MG, it 
also causes a loss of output speed, which would ultimately reduce the driven rotor to a standstill. In conventional 
automotive vehicles, gearboxes with multiple transmission ratios are used to vary the transmitted torque and 
output speed according to operating conditions. Based on a similar concept, a prototype MG with two switchable 
transmission ratios has been proposed in an earlier study. In the present work, the study focuses on the development 
of a control system that regulates gear ratio switching to prevent slipping, thus aiming to address an inherent 
limitation of MGs. This paper presents a simulation study of the MG switching transmission ratio control system. 
Developed via Simulink and State flow, the system starts with high gear ratio (1:2). After two seconds, the 
load was increased until it exceeded the transmitted torque and initiated slipping. The system then switches to the 
lower gear ratio (4:1). It was observed that slipping stopped, and the driven rotor starts rotating steadily 
again. Simulation results demonstrate that driven rotor speed, which dropped sharply during slipping, 
regains stabilization at approximately 80rad/s after the gear ratio switch. In contrast, the non-changeable ratio system 
failed to recover from slipping with rotor speed reducing to zero. The simulation results provide evidence 
for the effectiveness of dynamic gear ratio switch control in maintaining stable and safe operation and 
preventing unwanted pole slipping from occurring in MG systems.
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INTRODUCTION

Gears are mechanisms that are primarily used to transfer 
motion and torque within components in mechanical 
systems. In comparison to conventional mechanical gears, 
magnetic gears (MGs) serve similar functions except that 
they have no direct mechanical contact between rotors, 
utilizing magnetic field interactions instead. This non-
contact operation makes them highly favourable as 

alternative candidates to their mechanical counterparts 
(Shoaei & Wang 2023; Tlali et al. 2014; Wang et al. 2019). 

Significant developments and innovations in MG 
technology saw a major breakthrough in 1901 when 
Armstrong patented the first electromagnetic spur gear. His 
invention introduced a novel concept of transmitting power 
without physical contact and with minimal noise, laying 
the foundation for the modern contactless system 
(Armstrong 1901). Furthering the concept, countless 
improvements and innovations have been designed and 
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proposed to extend MGs applications and improve its’ 
efficiency. These advancements include magnetic worm 
gears, magnetic bevel gears, planetary MGs, coaxial MGs 
(CMG), axial-flux MGs (AFMG) and transverse flux MGs 
(TFMG) (Guilherme et al. 2015; Kamijo et al. 2023; 
Kikuchi & Tsurumoto 2005; Niguchi et al. 2010; Shin & 
Chang 2017; Tlali et al. 2014; Todorova & Marinova 2023). 

Early MG designs were limited by low torque densities 
and were not deemed as viable alternatives to mechanical 
gears. It was only when Atallah & Howe (2001) introduced 
their flux modulated design, where MGs with sufficiently 
high torque densities became feasible. Flux modulated 
magnetic gears are recognized for their simple structural 
designs and superior torque densities (Jing, Gong, et al. 
2019; Praslicka et al. 2022; Zhang 2017). The key principle 

of flux modulated MGs is the use of three components 
which are the magnetic drive rotor, a driven rotor, with a 
flux modulator in between them. The modulator serves a 
critical function in modulating the airgaps (Jing, Gong, et 
al. 2019). 

Flux modulated MG can be further categorized into 
axial flux (AFMG), radial flux (RFMG), and transverse 
flux MGs (TFMG), as illustrated in Figure 1 (Faysal et al. 
2019; Jing et al. 2020; Mateev et al. 2021; Niguchi et al. 
2010; Tlali et al. 2014). A novel flux switching MG 
(FSMG) was proposed for high-speed motor system 
achieved high torque density with 96% gear efficiency 
making flux modulated MGs well-suited for integration 
into high-speed performance application (Aiso et al. 2021). 

F IGURE 1. Conceptual diagram of types of MGs: (a) Axial Flux MG (AFMG), (b) Coaxial MG (CMG) and (c) Transverse Flux 
MG (TFMG) adapted from (Faysal et al. 2019; Jing et al. 2020; Mateev et al. 2021; Niguchi et al. 2010; Tlali et al. 2014)

Mechanical gearboxes with multiple gear ratios or 
continuously variable transmission systems are used in 
internal combustion engine powered automotive vehicles. 
The purpose is to vary the output torque and speed as 
required during operation. For example, suppose a car 
traverses a road where the profile changes from a flat 
surface to a steep hill climb. Then, the load torque on the 
vehicle would likewise, significantly increase upon 
starting the climb. If the transmission ratio is too small, 
an over-torque situation could occur, where the load 
torque exceeds the drive torque transmitted through 
the gears. In MG systems, such overload conditions 
have been associated with demagnetization, which was 
previously mitigated by incorporation magnetic windings 
to enhance reliability and torque performance (Jing, 
Chen, et al. 2019). For vehicles with conventional 
mechanical gears, this could lead to engine stall and 
could damage the transmission system. Research into 
pole-slip correction method has shown that recovery is

possible in MG systems, thus returning operational 
safety (Liao et al. 2022). On the other hand, if the 
transmission ratio is too large, while higher increased 
torque can be transmitted, the output speed is significantly 
reduced. 

A key advantage that MGs hold is their intrinsic 
overload protection capabilities. The contactless nature 
of magnetic gears allows the driven wheel to slip under 
over-torque conditions. While this prevents damage to the 
geared system, the loss of transmitted torque will 
result in the reduction of output speed and ultimately 
coming to a complete stop (Liao et al. 2022; Montague 
et al. 2013). To prevent this, changeable gear ratios (as 
commonly found in conventional automotive 
gearboxes) is desirable, allowing the transmitted 
torque to be increased or decreased as the situation 
requires. In recent years, researchers have explored MGs 
with variable transmission ratios. Notable contributions 
include the design approaches presented by Chen (2014)
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Megahed et al. (2024), each offering advancements 
tailored dynamic transmission requirements.
    In most studies on changeable MG transmission ratio, 
the radial field magnetic gear topology has been used. 
In a 2006 study by Mezani et al. (Mezani et al. 2006), 
an AFMG was developed which recorded a torque 
density of 70 Nm/m3. This breakthrough highlighted the 
potential of AFMGs for use in practical applications. In 
view of this, Al Faysal et al. (2019) then proposed an 
AFMG with two switchable transmission ratios. The 
proposed switchable ratio AFMG has a simple, compact 
and lightweight design, as shown in Figure 2, offering 
significant advantages over conventional mechanical 
gearboxes. Expanding on this concept, a proposal for 
a non-contact, seamless ratio shifting was found via 
gear-actuated magnet rotation. The prototype shows 
successful mode switching under 0.8 

seconds without continuous energy consumption, 
underscoring MGs potential for compact and efficient 
applications (Lee et al. 2022).

In the present work, we consider situations where the 
load may increase during operation such that the load 
exceeds the transmitted torque. In this case, the gear ratio 
needs to be increased, resulting in a higher transmitted 
torque to overcome the increased load. Due to the 
contactless nature of MGs, failure to transmit sufficient 
torque will result in the driven wheel slipping to a stop, or 
even rotating in the reverse direction. Hence, an automated 
gear ratio changing system is desirable for the proposed 
AFMG. The system needs to be properly controlled as, if 
the gear change occurs to slowly, a significant and 
unwanted discontinuity in the motion would result. 

F IGURE 2. Schematic illustration of the changeable ratio MGs Adapted from the design of Faysal et al. (2019)

Before an acceptable control system that minimises 
the discontinuity at switching can be realised, the dynamic 
behaviour of the AFMG system must first be understood. 
For this purpose, the automated AFMG ratio switching 
system was simulated using Simulink and Stateflow. The 
speed and torque responses were then studied.

In this paper, the control action is performed by a 
simple on-off controller. The occurrence of slipping is 
determined by monitoring the output speed. If the output 
speed drops by a certain amount, while there has been no 
reduction in the input speed, slipping is deemed to have 
occurred. This would then trigger the control system to 
switch to the higher gear configuration. 

FIGURE 3. Simulink model for single transmission ratio AFMG
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METHODOLOGY

In this study, Matlab Simulink was employed to model the 
MG, and Stateflow was used to perform the gear switching 
control action. The main objective was to analyse and to 
compare the dynamic behaviour of the load speed, ωL 

under over-torque conditions for two scenarios: (i) a 
single transmission ratio model and (ii) a changeable 
gear ratio model. 

SINGLE TRANSMISSION RATIO SIMULINK 
MODEL

A Simulink model referring to (Montague et al. 2013), as 
shown in Figure 3 was developed to simulate the behaviour 
of the non-changeable axial flux magnetic gear (AFMG) 
criteria. The model follows the differential equations of a 
two-inertia geared system connected via a torsional spring, 
with gear transformation applied between motor and load 
side. This system excludes friction and damping factors. 

(1)

(2)

(3)

In this model, ωM (rad/s) and ωL (rad/s) denote the 
motor and load speeds respectively. The gear ratio, GR is 
expressed as the input-to-output speed ratio. The magnetic 
gear (MG) system incorporates a dual-speed configuration, 
comprising high-speed GR (HG) and a low-speed GR (LG). 
The quantities JM and JL stand for the mass moments of 
inertia on the motor and load sides. TEM denotes the 
torque applied by the motor, while TL stands for the load 
torque. Additionally, TC symbolizes the torque 
transmitted through the magnetic coupling, and Klin 
refers to the linearized coupling stiffness (Montague et 
al. 2013). 

The gear ratio was held constant to simulate a fixed 
transmission ratio condition. Two configurations were 
considered:

1. High-speed gear ratio (HG): GR: 1:2
2. Low-speed gear ratio (LG): GR: 4:1

To establish a clear input-output relationship, the
motor and load speeds were further related to the gear ratio: 

(4)

(5)

These relationships were implemented using algebraic 
blocks in Simulink, while the integrator blocks solved 
differential equations for angular speed and torque 
evolution. The coupling torque dynamics (Eq. 3) were 
represented using a first-order system with gain Klin.

The simulation was run for a duration of 10 seconds. 
Initially, a load torque of τL=4Nm was applied. At t=2s  the 
load torque was increased to τL=6Nm to simulate an 
over-torque condition leading to potential pole-slip 
events. The response of the load speed, ωL was 
monitored and analyzed. 

The parameter applied in this research are listed 
in Table 1.

TABLE 1. S ystem inertia, gear ratio, and torque parameters 
used in Simulink model

No Parameters Units Value
1 kgm2 19x103

2 kgm2 15x103

3 - 1:2
4 - 4:1
5 Nm 5
6 Nm 4
7

Motor Side Inertia, JM

Load Side Inertia, JL

Gear Ratio - HG Gear 
Ratio - LG Motor 

Torque, τEM Initial Load 
Torque, τL

Over-torque at  t=2s, τL Nm 6

CHANGEABLE RATIO SIMULINK MODEL

The model was then modified to incorporate adaptive 
gear switching with a dynamic gear-switching 
mechanism using Stateflow as shown in Figure 4, and a 
slipping detection function, as in Figure 5. Two gear 
ratios, GR were used which were GR= 1:2 (HG) and GR= 
4:1 (LG). The purpose of this enhancement was to 
maintain torque transmission under over-torque 
conditions by switching to a more favorable gear 
configuration.
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FIGURE 4. Changeable gear ratio using Stateflow model

FIGURE 5. Pole slip detection from load speed signals

The chart initializes by the default in the HG (GR= 1:2) 
state. A pole-slip detection algorithm continously 
monitors the difference between the current load speed, 
ωL and its previous load speed, ωLdelay detected using 
delay block function. When the speed difference 
exceeds a predefined threshold, a slip flag changes from 
0 to 1.This triggers a transition from the HG state to the 
LG (GR= 4:1) state. The transition logic is encoded 
using conditional guar statements such as: 

if |ωL-ωLdelay |<ϵ →Set slip_flag=1 (6)

Where ϵ is a tunable slip detection threshold. In this 
study case, a threshold of 0 had  been set to detect negative 
difference between the speeds.

In term of structure, the Stateflow mechanism  
consists of: 

1. Two states: HG and LG.
2. A monitored input: slip_flag (boolean)
3. Conditional transition based on the slip_flag

outcomes.
4. Entry action to update gear ratio, GR in the

Simulink workspace.

A filter was applied to the speed signals before
calculating the slip detection value. A low-pass filter with 
a cut-off frequency, fc was used to eliminate noise and 
prevent false triggering due to transient flunctuations for 
both the motor and load speed signal. These filters were 
implemented using first-order transfer function in 

Simulink’s transfer function block. The filtered signals 
ensure that only consistent speed discrepancies cause gear 
changes. The equation governing the filters is as follows:

(7)

Where H(s) represents the continous-time transfer 
function of the filters applied to the speed signals. Whereas 
τ is the time constant, which determines the cut-off 
frequency, fc. The relationship between the time constant 
and the cut-off frequency, fc (in Hz) is given by:

(8)

Based on this study, the filter applied to the speed 
signals has a time constant constant τ =0.6s (i.e., fc ≈ 0.265 
Hz). These settings were chosen to balance filtering 
performance with system responsiveness.

In the simulation runs, HG is initially engaged. Then, 
pole slip is induced at t=2s, when the load torque is 
increased such that overload occurs. This results in the 
driven side being disengaged from the magnetic drive side, 
thus speed reduction on the driven side can be observed. 
When the slip condition is detected, the system automatically 
switches to LG, increases the gear ratio, thereby enhancing 
the torque transmitted to the driven side and hence, 
overcoming the over-torque condition restoring 
stable operation.
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The clear overview of the overall system for the 
changeable gear ratio model is as shown in Figure 6. This 
diagram summarizes on:
1. the Stateflow gear shift controller, which hangles

automatic gear selection

2. the pole-slip detection module, which calculates
the speed difference of the AFMG and generates
the slip flag signals to the gear shift controller.

3. The filtering unit, which processes raw speed
signals to prevent detection errors.

4. The whole Simulink block diagrams, showing the
motor dynamics, coupling torque equations, and
gear transformation.

FIGURE 6. Simulink block model for changeable ratio AFMG: (a) Stateflow gear shift controller, (b) Pole-Slip detection 
module, (c) Filtering unit, and (d) Overall Simulink block model

A simplified flowchart of the developed system logic 
is also included in Figure 7 to visually explain the 
operational logic for dynamic gear switching. 

FIGURE 7. System flowchart for the process flow of 
Changeable Ratio Magnetic Gear

SIMULATION RESULTS

SINGLE TRANSMISSION OVER-TORQUE 
SIMULATION

The initial simulation analyzes the performance and 
behavior of the AFMG with a fixed gear ratio under an 
over-torque condition. As seen in Figure 8, the load 
speed increases gradually up to approximately 150 rad/s 
during the first 2 seconds. Once a load torque, TL=6Nm 
is applied at t=2S, the system exhibits a sudden speed 
reduction on the driven side transmitted through 
HG eventually transitions into negative speed, 
indicating reversal due to pole slipping. This 
phenomenon occurs because TL exceeds  TEM=5Nm 
resulting in desynchronization between the driver 
side and the driven side of the system. The remedy to 
this is achieved by raising a slip flag function, as shown 
in Figure 9, which triggers immediately upon 
the occurrence of a pole-slip. This illustrates the 
inherent limitation of fixed gear ratios in 
sustaining system performance under varying load 
conditions. 



2021

It is worth to note that the detection of pole-slip does 
not occur instantaneously at the moment the torque is 
applied. A slight delay is observed between the torque 
disturbance and the assertion of the slip flag. This delay is 
primarily due to the inherent response time of the low-pass 
filter incorporated in the slip detection algorithm, which 
smooths the signal to reduce noise and prevent false 
triggering.

This simulation demonstrates the vulnerability of the 
system and inability of a single ratio system to recover 
form an over-torque condition, emphasizing the 
necessity for adaptive mechanisms to improve system 
reliability and safety, and to prevent long-term 
disruptions. 

FIGURE 8. Speed r esponse of single ratio AFMG with pole-
slip induced at t=2s

 FIGURE 9. Slip detection of single ratio AFMG with pole-slip 
induced at t=2s

RATIO VARIATION USING STATEFLOW 
MODEL

To address the shortcomings of single ratio transmission 
systems, a Stateflow-based control simulation model was 
constructed. The system was subjected to the same 

over-torque condition, T L =6Nm a t  t=2s , to 
analyse the dynamic response. Despite being under the 
same conditions, Figure 10 shows the slip flag signal 
with pole-slip being induced at , as in the previous 
simulation test, returning to the non-slipping condition 
from  onwards. This indicates successful recovery from 
the slipping condition. 

In the Stateflow model, upon receiving the slip flag 
= 1 signal, the operating mode transitioned from HG to 
LG, changing the AFMG gear ratio,  from 1:2 to 4:1. 
This gear transition is verified in the Simulink Scope 
window as depicted in Figure 11. As illustrated in 
Figure 12, despite the system experience a brief 
transient discontinuity disturbance, it successfully 
regained its output speed and re-established proper 
alignment of the magnetic poles, thereby restoring 
the driven side speed to a non-slip condition. Thus, 
the automatic gear changing mechanism has ensured 
safe operation of the system. This is an important 
factor for MGs as it depends on the synchronization of poles 
to transmit torque efficiently (Bouheraoua et al. 2015).

 FIGURE 10. Slip detection for switchable ratio AFMG

 FIGURE 11. Gear variation when over-torque is induced at t=2s
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 FIGURE 12. Load speed, ωL response after incorporating 
changeable ratio Stateflow model

The simulations illustrate how an automatic gear ratio 
change function can maintain the safe operation of AFMGs, 
as opposed to those with fixed transmission ratios. Utilising 
real-time slip detection, the pole-slip condition is then 
remedied through gear ratio switching, thus preventing 
system failure. This ensures continuous operation under 
varying torque conditions and minimizes torque 
transmission losses. This adaptive mechanism enhances 
operational reliability by maintaining pole synchronization, 
which is a critical factor for efficient MG applications such 
as in transport vehicles and renewable energy systems, 
where dynamic torque fluctuations are common. 

The simulation results show that improvement in 
recovery time of the system is within 1s of the gear change, 
compared to a permanent stop in the fixed ratio model. 
However, a brief transient discontinuity is observed 
immediately after the gear change, characterized by a sharp 
but temporary fluctuation in load speed, as highlighted in 
FIGURE 12. This brief discontinuity is attribute to the 
sudden transition in gear ratio triggered in response to 
pole-slip detection. During this moment there is a mismatch 
between the input torque and the load dynamics, which 
causes a momentary loss in effective transmission.

 It should also be noted that dynamic lag due to the 
inertia of the gear switching mechanism was not 
incorporated into the Simulink model as the focus of this 
study was on pole slipping detection and rectification by 
MG ratio switching, rather than on the mechanism itself. 
Thus, in reality, gear switching would not be instantaneous 
and hence, the recovery time could take longer. This 
highlights the challenge of achieving smooth transitions 
during gear shifts under dynamic loading conditions. Future 
studies to mitigate the transient discontinuity could involve:

1. The use of PID controller to regulate variations
in load speed during the transitional phase of the
system.

2. Earlier detection of slipping conditions using
predictive algorithms to initiate the gear change
before system reaches a critical point.

CONCLUSION

In this paper, a control system to prevent pole slipping in 
an AFMG with two changeable transmission ratios was 
simulated using Simulink and Stateflow. A simulated 
scenario involved increasing the load beyond the torque 
limit of the active gear was executed. The resulting pole 
slipping condition was detected, and subsequently the gear 
ratio was automatically changed to increase the transmitted 
torque. This enabled the load rotor to be re-engaged, and 
subsequently, continue with its rotation.

Although this study provides insight into the 
possibility of a safe and reliable changeable ratio MG, the 
momentary discontinuity before regaining load speed is 
one factor that could be further studied and improved in 
producing a smoother running magnetic geared system. 
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