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Magnetic Gear-based Actuator: A Framework of
Design, Optimization, and Disturbance

Observer-based Torque Control
Hangyeol Song1, Edgar Lee1, Hyung-Tae Seo2*, and Seokhwan Jeong1*, Member, IEEE,

Abstract—This letter presents a design framework and novel
control strategy for a compact coaxial magnetic-gear-based ac-
tuation module suitable for small-to-mid-sized mechanical and
robotic applications. The proposed actuation module adopts a
non-contact magnetic coupling mechanism to transmit rotational
power with a predetermined gear ratio, in contrast to tradi-
tional mechanical gear-based transmissions. This approach offers
several advantages such as enhanced backdrivability, hardware
safety, and transparency when compared to conventional contact-
based transmissions. Furthermore, the magnetic coupling effect
provides a spring-like characteristic that can be utilized to
implement a series elastic actuation enabling sensorless torque
control. The design of the magnetic gear was optimized using
a differential evolution method, and a dynamic model was
formulated to specify its dynamic characteristics. Finally, a
composite disturbance observer-based torque control algorithm
was developed, which capitalizes on the features of the magnetic
spring. The proposed control algorithm was validated through
several experiments.

Index Terms—Actuation and Joint Mechanisms, Mechanism
Design, Compliant Joints and Mechanisms, Force Control

I. INTRODUCTION

IN robotic applications, an input-output transmission ratio
shifting mechanism, normally called a transmission (e.g.,

planetary gear train and harmonic drive, etc.), is widely used
to align the actuator’s nominal operating range and the sys-
tem’s required operating range. The conventional transmission
mechanisms have been implemented by mechanical gearing to
transmit the power; however, the contact manner may cause
noise, friction, and backlash, which decreases the lifespan,
transparency, and backdrivability as the transmission ratio
increases. Additionally, these mechanisms require lubrication
and frequent maintenance.

As an alternative to the contact-based transmission, a mag-
netically driven transmission has gotten attention, providing
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Fig. 1: Geometry of coaxial magnetic gear

a non-contact power transmission feature. The concept of
magnetically driven transmission, so-called magnetic gear,
was proposed in 1980-1990 [1], [2]. Its inherent non-contact
power transmission manner provides a backdrivability of the
actuation system, which is robust to external impact and acts
like a torque limiter; and it is free from the issues caused
by noise, friction, heat, and maintenance such as lubrication,
which are considered drawbacks of the conventional contact-
based transmission.

Since Atallah has proposed a high-performance coaxial
magnetic gear design with enhanced torque density using a
modulation ring [3], [4], the magnetic gear-based transmission
has gotten more attention from other researchers; and its
mathematical modeling [5], parametric optimization [6], [7],
and effect of cogging torque [8] have been investigated by
research groups. [9] compared magnetic gears with mechanical
planetary gears, and [10] showed an effect of magnet grade,
temperature, and gear ratio in coaxial magnetic gear. The
non-contact transmission feature of magnetic gears has found
applications in various fields, including wind power generators
[11], electric air propulsion [12], and yacht propellers [13].
Further, [14] suggested a linear electromagnetic actuator using
the concept of magnetic screw transmission, [15] showed
consequent pole cycloidal magnetic gear for aerospace applica-
tions, and [16] proposed a mechanically variable magnetic gear
transmission system for robotic applications. While most of
the magnetic gear-based applications have been implemented
for medium to large-scale systems, few trial has been reported
for small to mid-sized mechanical and robotic systems due to
its relative low torque density and high complexity.

Some researchers addressed control strategies for the mag-
netic gear systems. Atallah et al. targeted servo control prob-
lems with a dual observer-based approach [17], [18] and
focused on pole-slip recovery and prevention to avoid negative
stiffness using a slip detection algorithm and a model predic-
tive controller (MPC) [19]. However, their control strategy was
focused on position control rather than force control, and their
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TABLE I: Comparison of Controller

- [17] [18] [19] [20], [21] proposed
Control Target Spd Pos Spd Spd/Tor Tor
F/T Estimation - State estimation using observer Deflection angle

Pole-slip D,R N/A D,R,P N/A D,R

Spd = speed; Pos = position; Tor = torque; D = detection; R=recovery; P
= prevention; N/A = information not available;

analysis only considered a magnetic gear system with a gear
ratio of 1:1 to simplify the dynamics. Their pole-slip recovery
method showed excellent results under constant speed control;
still, the MPC required much computational power. Komiyama
et al. studied the robotic application of magnetic spur gear
from estimating contact force using magnetic coupling to
hybrid control [20], [21]. To estimate the external contact
force, a force observer was designed with the model from a
motor input to a motor angle, assuming the magnetic gear
as an ideal low gear ratio system while ignoring friction.
However, the state estimate-based force control strategy could
be severely affected by the modeling error of the system.

In summary, although the several design and control of
magnetic gears have been studied in the past decades, very
few research has been reported for a general design and control
framework for small to medium-sized general mechanical or
robotic applications, considering proper transmission ratio,
optimal design, and force control for the nonlinear dynam-
ics, simultaneously. In particular, the inherent nonlinearity of
magnetic gear makes it challenging to control torque precisely,
which has not been sufficiently addressed.

This letter introduces a framework for the coaxial magnetic
gear actuation module suitable for small to medium-sized
mechanical or robotic applications, based on our preliminary
prototyping [22]. The paper presents 1) a mechanical design
and an optimization procedure of the actuation module, 2)
the characteristics of magnetic coupling of coaxial magnetic
gear, and 3) a disturbance observer(DOB)-based torque control
framework that enables its practical use in mechanical and
robotic applications. The proposed force control methodol-
ogy utilizes a spring-like characteristic (i.e., called magnetic
spring), which originates from the magnetic coupling of the
magnetic gear. This feature, similar to a series elastic actuator
(SEA), enables the sensing and controlling of contact force
without the need for external torque sensors. By directly
controlling the deflection angle of the magnetic spring, the
proposed approach enables more precise and straightforward
force control with high bandwidth compared to the previous
control methodology [17]–[21], while the DOB loop we pro-
posed help to linearize the nonlinearity of the magnetic gear.
Furthermore, controlling the deflection angle of the magnetic
spring simplifies the detection and recovery of pole-slip. Table.
I represents the brief comparison of controller. The details are
presented in this letter.

This letter is organized as follows with supplementary
videos (Videos S1-S3), Section II describes the optimization
procedure guideline and mechanical design of the actuation
module briefly. The dynamic model is presented in Section
III, followed by the torque control algorithm using magnetic
coupling in Section IV. Section V represents the validation
of the proposed controller through various experiments. The
discussion and conclusion are followed in Section VI and VII.
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Fig. 2: Schematic diagram of the proposed magnetic gear based actuator: (a)
exploded view, (b) cross-section view

II. DESIGN AND OPTIMIZATION

For small-to-mid-sized mechanical and robotic applications,
the prototype of the magnetic-gear-based actuation module
was designed with a compact disc-type direct drive BLDC
motor based on our preliminary work [22].

The magnetic gear was employed as a transmission con-
necting the motor and the output, amplifying the torque. This
section presents the working principle of the coaxial magnetic
gear, optimization procedure guideline, and mechanical design
of the proposed magnetic gear-based actuation module.

A. Working Principle of Coaxial Magnetic Gear

Let us review the working principle of the coaxial magnetic
gear. The conventional coaxial magnetic gear, as depicted in
Fig. 1, consists of three parts: the inner rotor, the outer rotor,
and the pole-piece ring. The inner and outer rotors have a
particular arrangement of magnets that create harmonic orders
corresponding to each magnetic pole pair in the inner and
outer air-gaps, respectively. The pole-piece ring, also known
as the modulation ring, is made up of a specific number of
ferromagnetic pieces. This unique configuration modulates the
harmonic order produced by each rotor and forms the same
number of harmonic orders of the counterpart rotor in each
counterpart air-gap, resulting in magnetic coupling between
the rotors [3]. By utilizing this magnetic gear configuration,
we have introduced a magnetic gear-based actuation module,
as illustrated in Fig. 2 (further details will be discussed in Sec.
II-C). The magnetic coupling is established with a specific
transmission ratio, G, between the input and output, which
depends on which part is set to be stationary (i.e., fixed to
ground). The formulas for calculating G are as follows [16]:

N = pi + po (1)

G =


wo/wN = N/po Case1: inner rotor fixed
wi/wN = N/pi Case2: outer rotor fixed
wi/wo = −po/pi Case3: pole-piece ring fixed

(2)

where pi and po are the number of pole pairs of the inner
and outer rotor, and N is the number of pole-pieces. wi, wo,
and wN are the rotational velocity of the inner rotor, outer
rotor, and pole-piece ring, respectively. The negative sign of
the transmission ratio represents a reverse rotation. Note that
this feature is remarkably similar to the planetary gear train.

To comprehend more intuitively, the magnetic gear could
be considered having virtual gear teeth whose number cor-
responds to the number of the pole pairs. For example, Fig.
3(a)-(b) shows a comparison between the conventional spur
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Fig. 4: Design parameters of the magnetic gear in optimization procedure.

gear and magnetic gear without a modulation ring (i.e., the
gear ratio is 1:1). The solid line of Fig. 3(b) represents the
flux density distribution along the circular direction, which
could be regarded as the virtual gear teeth; and each virtual
gear teeth is repeated for each period of electrical angle. Fig.
3(c) shows the relation between the mechanical angle, θ, and
the electrical angle. While θ varies a one-period ranging from
0◦ to 360◦, the corresponding electric angle varies from from
0◦ to piθ, having multiple number (i.e., pi) of a one-period
due to repeated polarities of the magnetic gear. As illustrated
in Fig. 3(c), during the one-period of θ, the electric angle has
five cycles, where the polarity of the magnet is repeated at
θ = [0◦, 72◦, 144◦, 216◦, 288◦, 360◦].

B. Optimization

In this study, the gear ratio is set to be G = 10.5, similar
to that of planetary gear-based actuation modules for small-
to-mid-sized mobile robots [23]. The number of pole pairs
and pole pieces were chosen as pi=2, po=19, and N=21
considering the ripple factor [24]. It represents the magnitude
of the ripple and is expressed as a function of the number of
pole pairs and the number of pole pieces (i.e., pi and N ). The
formulation is as follows:

RF,2 =
2Pi

LCM(2pi, N)
(3)

where LCM represents a least common multiple, and RF,2

is a ripple factor of the pole-piece ring. As the ripple factor
increases, the magnitude of the ripple tends to increase. In this
letter, RF,2 was designed to have minimized value (i.e., 2pi
and N are relatively coprime number) to avoid a large ripple.

Although (2) provides a primary relationship between in-
put and output, the maximum transmittable torque needs
to be specified with various design parameters. To simplify
the optimization procedure and maximize the transmittable
torque within a limited actuation volume, we chose dominant

TABLE II: Design Parameters of the Magnetic Gear in Optimization

Symbol Design variables Range Opt. Value Unit
Tin Thickness of inner magnet 1∼10 10 mm
Tout Thickness of outer magnet 1∼10 4.4 mm
Tpp Thickness of pole pieces 1∼10 4 mm

Tinyoke Thickness of inner yoke 1∼10 5.8 mm
Toutyoke Thickness of outer yoke 1∼10 2 mm

Rpp Position of pole pieces 20∼40 35.6 mm
Dmax Maximum diameter - 90 mm

L Axial length - 15 mm
− Inner/outer air-gap - 1 mm
pi Pole-pairs of inner rotor - 2 -
po Pole-pairs of outer rotor - 19 -
N Number of pole pieces - 21 -

(a)

(b)

A
B

Operating Region

Unstable Region

Static torque (FEMM)

Stiffness (FEMM)

Fig. 5: Static torque of optimized magnetic gear and its stiffness (a) using 2D
FEM, (b) comparison between 2D FEM and experiment result

optimization parameters from the previous studies, which
affect the output torque significantly [6], [7]. The six design
parameters were chosen (see Fig. 4) and summarized in Table
II.

The object function was set to maximum static torque,
directly relevant to maximum transmittable torque of output
(i.e., pole-piece ring). The static torque was calculated in
each iteration using the 2D finite element method magnetics
(FEMM) [25] to make optimization more straightforward and
time-saving rather than solving infinite summation expressions
as objective functions [5]. The optimized result shows that
the maximum transmittable torque increase approximately up
to ≈14 Nm. Further information is available in our previous
prototyping [22].

C. Mechanical Design

The overall schematic diagram of the proposed actuation
module is shown in Fig. 2. To maximize the gear ratio, the
outer rotor was fixed, and the inner rotor and the pole-piece
holder (ring) were set as the input and output, respectively,
as determined by (2). Both the inner and outer rotors have
built-in neodymium magnets (NdFeB, Grade: N40), while the
pole-piece ring and the inner and outer yokes were made
of laminated silicon steel (50PN1300, 0.5mm thickness). The
inner ball bearing was made of 304 stainless steel to reduce
flux leakage, while the remaining parts were 3D printed
using ABS plastic (style NEO-A22C, CUBICON). A disk-
type direct drive BLDC motor (ϕ 92.3mm×38mm, 200W,
0.8Nm) served as the input source for the module, and the
angular position of the motor was measured by a 12-bit
magnetic encoder (AS5600, AMS). The overall parameters of
the actuator are summarized in Table. III.
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TABLE III: Parameters of the Magnetic Gear-Based Actuation Module

Symbol Parameter Value Unit
Dmodule Diameter of actuation module 106 mm
Lmodule Height of actuation module 76 mm

- Weight of actuation module 1.3 kg
- Weight of motor 0.53 kg
- Nominal power of motor 200 W
- Nominal torque of motor 0.8 Nm

Jm Inertia of motor side 5.508e− 3 kg ·m2

Jl Inertia of load side 0.142e− 3 kg ·m2

Bm Damping of motor side 2.24e− 6 Nm · s/rad
Bl Damping of load side 0.0885 Nm · s/rad
Kf Linearized magnetic spring stiffness 4 Nm/rad

III. DYNAMICS ANALYSIS AND MODELING

This section describes the dynamic analysis of the magnetic
gear, mainly focusing on spring-like characteristics (i.e., such
as SEA) and modeling as a two mass-spring system.

A. Spring Characteristics of Magnetic Gear

The magnetic coupling of the magnetic gear provides
spring-like characteristics (i.e., magnetic spring), which is
illustrated well in the static torque plot. Fig. 5(a) shows the
static torque, τ , of the optimized magnetic gear depending
on the electrical deflection angle between the input and the
output, θe, using FEMM. The static torque and the electric
deflection angle were calculated as follows [17]:

τ =τg sin(θe) (4)
θe =piθm −Nθl (5)

where θm and θl are the rotational angles of a motor and load
side (i.e., inner rotor: input, pole-pieces ring: output), τg is the
peak torque of the sine wave.

Equation (4) implies that there is an elastic component like
a virtual spring between the input and output, and we call it
magnetic spring. The magnetic spring is assumed to be the
non-linear spring, which creates sinusoidal stiffness relative
to the θe as shown orange line in Fig. 5(a). This feature is
an essential factor for overload protection. When an excessive
torque is applied to the actuation module and θe exceeds the
angle at the peak of the sine wave, the magnetic coupling falls
apart between the input and output, which induces pole-slip
without damaging parts.

Here, we assumed that the non-linear spring is considered a
linear spring with stiffness Kf , and (4) can be approximated
as follow within a confined range of θe:

τspring = Kfθe (6)

Due to the unstable region where stiffness has a negative
value (see the green region in Fig. 5(a)), we restricted the
θe in a range between −80◦ and 80◦ with 10◦ margin from
the unstable regions (i.e., ±90◦) to guarantee the stability of
the system, as depicted as the blue region in Fig. 5(a). The
linearized stiffness was obtained from the experiment, and the
result is illustrated in Fig. 5(b) and Table. III.

In Fig. 5(b), we could observe relatively large differences
between the 2D FEMM result and the experiment result, whose
maximum transmittable torque is 43% of 2D FEMM. The
discussion section will address the reasons for this discrepancy.
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Fig. 6: Simplified model of actuation module
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Fig. 7: Block diagram of the actuation module as a two-mass system

B. Two Mass-Spring System Modeling

Based on the magnetic spring feature discussed in section
III-A, the actuation module was modeled as a two mass-
spring with an ideal gearbox, as shown in Fig. 6. Its dynamic
equations can be derived as follows [17]:

Jm
dωm

dt
=−Bmωm − Kf

G
(piθm −Nθl) + τm (7)

Jl
dωl

dt
=−Blωl −Kf (Nθl − piθm) + τext (8)

where Jm, Bm, Jl, and Bl are the rotational inertia and
damping coefficient of motor and load side, respectively. Note
that Jm is the lumped the inertia of the motor and inner rotor.
τm and τext represent the motor and external torque.

Fig. 7 illustrates a block diagram of the actuation module as
a two-mass system. It consists of motor side dynamics, load
side dynamics, and the magnetic spring that couples the motor
and load side dynamics, similar to a SEA. The relationship
between input (i.e., τm) and various outputs (i.e., θm, θl, and
θe) could be derived from the block diagram Fig. 7.

θm
τm

=
Jls

2 +Bls+KfN

D(s)
(9)

θl
τm

=
Kfpi
D(s)

(10)

θe
τm

=
piJls

2 + piBls

D(s)
(11)

where D(s) is the characteristic equation of the system,
represented as follows:

D(s) =JmJls
4 + (JmBl + JlBm)s3

+ (JmKfN +BlBm + JlKfpi/G)s2

+ (KfNBm +KfpiBl/G)s (12)

The actual parameters were identified by using System
Identification Toolbox (MATLAB R2022a, Mathworks) by
applying a chirp signal input and measuring the output. The
parameters are listed in Table III. Note that the system includes
a single arm with a mass attached to the end. The arm length
and the mass weight are 32cm and 500g, which replicates an
application in a robotic (or mechanical) system.
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Fig. 8: Block diagram of the proposed control algorithm

IV. TORQUE CONTROL BASED ON DYNAMIC MODEL

In this section, we propose a novel torque control strategy
of the proposed magnetic gear actuation module exploiting the
magnetic spring feature based on the dynamic model derived
in section III-B.

A. Torque Control: disturbance observer

As shown in section III-B, the relationship between the
torque and electrical deflection angle in (4) implies that it is
possible to control the torque by controlling the position in-
stead of direct torque control using extra torque/force sensors;
therefore, the magnetic-geared actuator can be treated as a
SEA, and we can apply the force control strategies employed
for SEAs. In addition, for high-performance torque control,
we propose composite DOB-based control and feedforward
controller algorithm exploiting the magnetic spring as shown
in Fig. 8.

In order to design the controller, a nominal plant was
derived. We assumed the inertia of the load side is infinite (i.e.,
Jl = ∞ and θl = θ̇l = 0) to simplify the torque controller
design and replicate the situation when the load side comes
into contact with the ground, whereby the nominal plant (i.e.,
Pn) is derived from (11) as follows:

Pn =
θe
τm

=
pi

Jms2 +Bms+Kfpi/G
(13)

However, the magnetic gear is composed of multiple nonlin-
earities such as nonlinear characteristics of the magnetic spring
and the customized 3D printed bearing friction, which results
in a discrepancy between the nominal model and the actual
plant. Additionally, signal noises are imposed at sensor mea-
surement. These nonlinear factors and measurement noises are
represented as disturbance, d, noise, n1,2,3 respectively, in Fig.
8. To nominalize the actual plant and attenuate disturbances
and noise, a DOB loop using a Q-filter approach has been
implemented, providing a disturbance estimate, d̂ [26]–[28].
By implementing the active disturbance rejection, the output
of the loop is derived from the block diagram Fig. 8.

θe =
PPn

Pn(1−Q) + PQ
u+

PPn(1−Q)

Pn(1−Q) + PQ
d

+
−PQ

Pn(1−Q) + PQ
n3 (14)

where P is the actual plant and Pn is the nominal plant of
system. The u is controller output, which is equivalent to
Cffθe ref + C(θe ref − θe) in Fig. 8 (here, the role of Cff

will be discussed later).

Depending on the Q-filter, (14) is formulated as follows.

θe = Pnu− n3 where Q(s) ≈ 1 (15)
θe = Pu+ Pd where Q(s) ≈ 0 (16)

Equation (15)-(16) means that DOB removes the inherent
nonlinearity in the magnetic gear (when Q ≈ 1) and attenuates
signal noise (when Q ≈ 0) so that the system behaves like
a nominal linear plant obtained in (13). The performance
of the DOB is mainly determined by the Q-filter which is
usually a stable low-pass filter with the unity dc gain. Many
factors are considered in designing the Q-filter, such as system
bandwidth, stability, and nominal plant, etc. In this letter,
3rd order low-pass Butterworth filter was employed as a Q-
filter with a cut-off frequency of 30 Hz, based on the system
bandwidth, relative degree of the nominal plant, and effective
noise attenuation.

B. Torque Control: PD and feedforward controller

Once the system was nominalized by DOB, a feedback
controller was implemented. The proportional-derivative (PD)
controller, C, was adopted for feedback, and the controller
gains were given by the nominal plant. Regardless, an ad-
ditional controller is required since the system is of type 0
(meaning there is a steady-state error when a step input is
applied). Rather than adding an integral gain, we introduced
feedforward terms, Cff , to remove the steady-state error and
increase the bandwidth of closed loop. This approach enhances
the ability of the actuator to track the step reference more
quickly and stably than utilizing an integral gain [27], [28].
If we only consider steady-state situation (i.e., s → 0), the
feedforward controller may be designed as follows:

lim
s→0

Cff (s)Pn(s) = 1 (17)

Cff = Kf/G (18)

The Cff could be derived as P−1
n Q to compensate for a wide

range of frequency references (i.e., s ̸= 0). However, this could
increase the complexity of Cff , resulting in a large control
input from Cff , which can surpass the saturated control input
from the 2nd saturation block in Fig. 8 due to the limit of the
system and makes an undesirable response. Thus, we chose
the constant Cff = Kf/G to make the controller simpler and
avoid the unintended response. The steady-state error resulting
from a unit step input, ess, is calculated as follows.

ess = lim
s→0

1− Cff (s)Pn(s)

1 + C(s)Pn(s)
= 0 (19)
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C. Pole-slip Detection and Recovery

Pole-slip is the feature that makes controlling the magnetic
gear difficult but also ensures hardware safety. This occurs
when the sum of control input and external impact exceeds
the maximum transmittable torque of the system. To tackle
this issue, we adopted two solutions. 1) The reference of the
electrical deflection angle (i.e., θe ref ) should be within a
range of −80◦ ∼ 80◦, as discussed in section III-A. This is
implemented and depicted as the 1st saturation block in Fig. 8.
2) The electrical deflection angle (i.e., θe) was modified to be
within a range of -180◦ ∼ 180◦ to control the torque after the
pole-slip. When pole-slip occurs, (6) is no longer applicable,
and it is necessary to shift and correct the operating region.
As the electrical deflection angle is measured directly, pole-
slip can be easily detected. The modified electrical deflection
angle can therefore be calculated as follows.

θe.mod =


θe (no pole-slip)
θe − 2nπ (n times positive pole-slip)
θe + 2nπ (n times negative pole-slip)

(20)

For instance, in Fig. 5(a), the occurrence of pole-slip will
result in the movement of point A to point B, which is one
time positive pole-slip. In this case, θe.mod is calculated and
corrected as (θe − 2π). Note that θe.mod was only used for
actual controller implementation because it is a particular case.
In this letter, θe was used for generality.

D. Impedance Control Algorithm

In order to validate the feasibility of the performance of the
actuation system under interaction with the environment, an
impedance controller was introduced based on the torque con-
trol algorithm to make the desired virtual dynamics between
the environment and the load side. Since the electrical de-
flection angle, θe, provides torque information, the impedance
controller can be easily implemented regarding the load side
angle, θl. The most outer loop of the controller (see Fig. 8)
illustrates the block diagram of the impedance controller. θl
is feedback and subtracted from the desired trajectory (i.e.,
θl ref ), and the desired impedance, L(s), is multiplied.

L(s) = Kd + Cds (21)

where Kd and Cd are the desired stiffness and the damping
coefficient. It produces torque references that is imposed to
the torque controller discussed in section IV-A. The following
section describes experimental and validation result.

V. EXPERIMENTS

The proposed actuation module and the controller were
validated through several experiments. Fig. 9 shows the ex-
periment setup where Fig. 9(a) describes the torque tracking
experiment setup and Fig. 9(b) describes the impedance and
overload protection setup. The experimental setup includes a
motor driver (ESCON module 50/8, Maxon) to operate the
disk-type direct drive BLDC motor used as the input source
in current control mode and a microcontroller (LAUNCHXL-
F28379D, Texas Instruments) for embedding control algo-
rithm. The extra encoder (AMT103-V, CUI) was embedded to

(a) (b)

loadcell

encoder

Actuation 

Module
Moment Arm

additional 

mass

Fig. 9: Experiment setup (a) in torque tracking performance under quasi-static
condition, (b) in impedance and overload protection under dynamic condition

measure θl, and the loadcell (BDCM-100, BONGSHIN) was
used to measure output torque. The experimental data were
obtained using Simulink (MATLAB R2022a, Mathworks) via
a data acquisition system (National Instrument, PCIe-6321).
Three experiments were conducted, and the results are de-
scribed in the following section.

A. Torque Control with DOB

In Experiment 1, a square waveform torque reference was
applied to two different controller configurations: 1) PID
controller only and 2) PD+DOB controller with feedforward
controller. Fig. 10(a)-(b) shows the tracking performance and
error of both controllers. Although both show zero steady-
state error, the proposed controller shows a much faster and
desirable transient response, similar to the simulation result.
Compared to the designed controller, the PID controller com-
pensates for steady-state error using the integral term, which
decreases margins. In Fig. 10(c), the measured torque and the
estimated torque from θe are represented, and it shows a very
accurate force reference tracking result.

To figure out the torque bandwidth of the both controllers,
the frequency response of the system was measured (see Fig.
11). The sinusoidal torque reference with various frequencies
(i.e., 0.01 to 30Hz) was applied, and the electrical deflection
angle, θe, was measured simultaneously. The bandwidths of
both controllers were approximately 1Hz (PID) and 8Hz
(PD+DOB with FF), which showed a significant improvement.

Note that this experiment assumed quasi-static dynamics
(i.e., the movement of the load side is small due to the
loadcell), and the desired torque reference was always above
zero because of the measurement setup.

B. Impedance Control

In Experiment 2, we measured the load side angle with
the given reference to figure out the effect of the impedance
controller. Fig. 12 represents the load side angle depending
on the various impedance conditions (i.e., Kd and Cd). On
the load side, additional 0.5kg mass was attached to the 32cm
moment arm, as shown in Fig. 9(b). When a square waveform
reference (i.e., equilibrium position) was applied to the load
side angle, various system responses were observed depending
on the different impedance conditions, as illustrated in Fig. 12.
During the experiment, the gravity of the moment arm and
additional mass were imposed on the system as a disturbance.
As the impedance gain increases, the system response was
closer to the reference. Understandably, high impedance gain
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(c)

(a)

(b)

Fig. 10: Result of torque control experiments: comparison of (a) reference
tracking measured response of electrical deflection angle between PID con-
troller and PD+DOB with FF controller and (b) error of both controllers. (c)
Measured and estimated output torque using PD+DOB with FF controller

Fig. 11: Frequency response of torque control loop: (a) PID controller (b)
PD+DOB with FF controller

(a)

(b)

Fig. 12: System response depending on various desired impedance: (a) load
side angle and (b) electrical deflection angle

leads to robust disturbance rejection. The results of this exper-
iment demonstrated the ability to achieve various impedance
conditions, thereby indicating the versatility of the proposed
system in adapting to different applications. The demonstration
video shows various impedance control achieved (see the
Video S1 and S2).

C. Overload Protection and Pole-slip Recovery

In Experiment 3, we validated the overload protection
property that is the prominent feature of the magnetic gear and
the behavior of the actuator after pole-slip occurred (i.e., pole-
slip recovery). A large impact was exerted while the actuation

(b)

(c)

(d)

(a)
A B C D E

A

B

C

Collision

ED

Fig. 13: System behavior when the overload applied: (a) experiment setup,
(b) reference tracking response of the desired load-side angle, (c) electrical
deflection angle and (d) unmodified electrical deflection angle

module followed the desired reference with an impedance
control gain (i.e., Kd=10, Cd = 1), as shown in Fig. 13.
When the overload was enforced (i.e., unexpected collision
with an object), the magnetic coupling instantaneously broke
apart (i.e., pole-slip), keeping the hardware safe (see point
D in Fig. 13). In Fig. 13(c), the pole-slip caused the spike
since we modified its angle from −180◦ to 180◦ range. As
shown in Fig. 13(d), the unmodified electrical deflection angle
represents the operation region shifting obviously (see the
blue region in Fig. 13(d)). After occurring the pole slip,
the controller automatically re-engaged magnetic coupling
since our proposed controller directly controls the electrical
deflection angle of the actuator. Thanks to the pole slip, there
was no noticeable damage to the system (see the Video S3)

VI. DISCUSSION

We presented the coaxial magnetic gear-based compact ac-
tuation module for small-to-mid-sized mechanical and robotic
systems. Since the amplified torque by the gear ratio is
remotely transmitted through magnetic coupling, the actua-
tor provides backdrivability, hardware safety, and increased
transparency compared to the traditional contact-based me-
chanical gear transmission. We also implemented a sensorless
torque control algorithm using magnetic coupling property
(i.e., magnetic spring) similar to that of the SEA. These fea-
tures originate from the interesting mechanism of the coaxial
magnetic gear combined with the transmission ratio amplifier
(i.e., gearbox) and the magnetic spring in a single structure.
Considering these features, the proposed actuation module
lies between the quasi-direct drive and SEA, which has both
characteristics.

While there are still several issues need to be addressed, we
believe that the proposed non-contact transmission/actuation
module may have many advantages in specific applications
requiring overload projection, sealing, high-maintenance and
remote power transfer. For instance, tool changers using the
proposed actuator and controller would enable easy attach-
ment/detachment of various tools with robust torque control.
Also, robotic applications operating in harsh environments
such as underwater, desert, and space can be applicable area.
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The torque control bandwidth of the proposed actuation
module is approximately 8Hz (see Fig. 11), which is relatively
low in comparison to conventional contact-based actuators, but
it can be attributed to its spring-like characteristic. This could
be resolved by increasing the pole pair of the inner rotor at
the design phase, which raises the stiffness in the aspect of
mechanical angle.

The maximum transmittable torque was measured at 5.6
Nm, which follows the torque density of about 4.3Nm/kg.
The maximum transmittable torque was 43% of the FEMM
simulation result. We believe the discrepancy between reality
and simulation stems from the end-effects [29]. In general,
2D FEMM overestimates the performance because it does
not reflect the magnetic leakage and fringing represented by
the end-effects [29]. To increase the toque density, applying
Halbach array [30] to the inner and outer magnets is one of
the solutions, which concentrates the magnetic field on one
side.

VII. CONCLUSION

In this letter, we proposed a coaxial magnetic gear-based
actuation module, its optimization and design procedure guide-
line, and a composite DOB-based torque control algorithm.
The two mass spring dynamic model was derived and specified
its characteristic. The DOB-based torque control algorithm
was proposed utilizing the feature of the magnetic coupling
(i.e., magnetic spring), which is the magnetic gear’s spring-
like characteristic. By directly manipulating the electrical
deflection angle of the magnetic gear, we can facilitate
the straightforward detection and compensation of pole-slip,
thereby enabling robust torque control following pole-slip
events. The prototype with a dimension of ϕ 90mm×15mm
was made for the disc-type BLDC motor as a transmission
ratio amplifier. Several experiments were conducted to validate
the proposed design and controller. The controller showed
a reasonable performance for the torque reference tracking
without any extra torque/force sensor. Based on the torque
controller, various impedance could be realized. The overload
protection experiment demonstrated the robustness of the pro-
posed controller under overload conditions without damaging
the hardware and effective recovery capabilities following
pole-slip occurrences.
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