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Abstract

Magnetic gears are becoming promising devices that can replace conventional mechanical
gears in several applications, where reduced maintenance, absence of lubrication and
intrinsic overload protection are especially relevant. This paper focuses on the experimental
analysis of a coaxial magnetic gear prototype recently developed at the Department of
Industrial Engineering of the University of Padova. It is found that its efficiency is high and
aligned with prototypes in the literature, its stationary response confirms the velocity ratio
of the corresponding mechanical planetary gear, the overload protection is aligned with
numerical prediction, while the dynamic response highlights that the intrinsic compliance
of the magnetic coupling prevents the use of such device in high-frequency transients.
It is concluded that the proposed architecture can be effectively employed for speed
reducers applications where low-frequency modulation is sufficient, which includes many
industrial applications. Nevertheless, high rotational speeds are allowed. The performance
characteristics, although specific for the prototype considered, experimentally highlights
the key features of coaxial magnetic gear devices. The experimental performance are also
compared with estimations from the literature, when available.

Keywords: magnetic gear; coaxial gear; speed reducer; experimental analysis; efficiency; FRF

1. Introduction
The first patents related to magnetic gears (MG) with permanent magnets (PM) date

back to the 1940s [1], with coaxial solutions proposed in the late 1960s [2]. Although
several topologies of MG with PM have been proposed in the following years, the practical
applications of the technology remained quite limited, mainly because of its low torque
density (when compared against the mechanical counterparts). In [3], a new topological
solution for the planetary magnetic gear has been proposed, which significantly improved
the torque density, thus making the technology appealing also for practical applications.
Nowadays, the most common mechanical topologies (external/internal spur gears, worm
gears, rack and pinion, etc.) have their magnetic counterparts [4,5]. The magnetic planetary
gear is one of the most promising topologies, and basically consists of an inner sun, a carrier
and an outer ring rotors, where the number of mechanical teeth is replaced by the number of
magnetic poles. There are several advantages in using MG, including reduced maintenance,
lack of lubrication, and automatic overload protection. Applications have been reported
for pumps used in the chemical/pharmaceutical and food industries [6,7], robotics and
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aerospace [8], wind turbines [9,10], marine propulsion [11], aircraft propulsion [12], and
automotive applications [13,14].

While MG have been widely studied using numerical methods and analytical models,
experimental investigations remain comparatively scarce. An experimental prototype
derived from the concepts introduced in [3] is analysed in [15]. The torque density is
73 kNm/m3 and the efficiency at large transmitted torques exceeds 97%. A concentric,
coaxial, field-modulated arrangement is employed which has become the benchmark for
the basic topology of high-performance MG. Another early experimental implementation
of a coaxial MG is reported in [16]. The three main tests carried out are related to velocity
ratio (to verify that there is no pole slippage), static torque (to assess the transmission
torque), and no-load run test (to assess the cogging torque). In [17], a coaxial MG prototype
is designed and tested. The focus of the modelling is on end-effects that reduce the torque
density experimentally observed when compared against the numerical predictions. The
experiments are limited to the measurement of stall torque, rotational losses in no-load
conditions and efficiency at a constant load. A recent surveys of MG technologies used in
mechanical power transmission, with particular attention to their industrial applicability,
can be found in [18,19]. The reviews include discussions of various prototypes, some of
which had been physically built and tested.

In this work, the performance of the coaxial MG speed-reducer prototype recently
developed at the Department of Industrial Engineering of the University of Padova is
experimentally assessed and compared both with predictions from physical models and
figures from the literature, when available. The fundamentals are discussed and similarities
with the mechanical counterparts highlighted. The prototype performance is assessed
both in stationary and dynamic conditions. In particular, in addition to the standard
analyses related to velocity ratio, power losses and efficiency, the frequency responses are
investigated under different operating conditions, including variable MG angular velocity
and transmitted torque. The overload protection is also analysed with different approaches
to confirm the robustness of the estimations.

This manuscript is organized as follows. In Section 2, the fundamentals of the MG
are given. In Section 3, the experimental set-up is described. In Section 4, the steady-state
and dynamic experimental analyses carried out are reported, with comparison against
numerical predictions.

2. Fundamentals
The layout of the planetary MG prototype is depicted in Figure 1a and consists of

three coaxial rotors. The sun rotor (inner) and ring rotor (outer) have magnets, which are
denoted in blue/red. The carrier rotor (middle) consists of a set of ferromagnetic iron
poles interspersed with polymer, shown in gray and green, respectively. The physical
components of the MG prototype used in this work are shown in Figure 1b.

The sun has Ns pole pairs, the ring has Nr pole pairs, and the carrier has Q iron poles.
For the highest torque transmission capability, the following relationship between Ns, Nr, Q
must hold [5]

Q = Ns + Nr. (1)

A planetary MG can operate in different input/output configurations, similarly to
its mechanical counterparts. In the adopted configuration, the ring rotor is kept fixed, the
input is the sun rotor, and the output is the carrier rotor. Hence, the MG prototype works
as a planetary gear and the speed is reduced from the input to the output.
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Figure 1. (a) Typical planetary MG layout: magnets (blue/red), ferromagnetic iron (gray), polymer
(green), and shaft (black); θ̇s, θ̇c, θ̇r denote the absolute angular velocities of the sun, carrier, and ring
rotors, respectively. (b) Components of the MG prototype: (1) sun rotor, (2) ring rotor, (3) carrier rotor
(back), and (4) carrier rotor (front) [13].

Under the assumption that losses and cogging torque are negligible, the torque Tm

transmitted by the MG (measured at the carrier rotor) is [13]

Tm = TM sin θe, (2)

where TM is the limit torque of the MG at the carrier and θe is the load angle defined as

θe = Nsθs + Nrθr − Qθc, (3)

with θs, θr, θc the (absolute) angular positions of the sun, ring, and carrier rotors, respectively.
In normal operating conditions, the transmitted torque Tm remains smaller than the

limit torque TM, and |θe| < π
2 . If the transmitted torque exceeds the limit torque, the

magnets lose alignment, resulting in slip between the sun and carrier rotors. Consequently,
the carrier rotor starts rotating freely, depending on the load characteristics. In such
scenarios, overload protection occurs and the load becomes disconnected from the input,
resulting in a loss of control. The MG can resume its normal operating condition as long
as the transmitted torque returns lower than the limit torque [18,19]. Pole-slip detection
strategies that attempt to recover and re-engage the load were suggested in the literature,
e.g., in [20].

Differentiating twice (3) with respect to the time gives

θ̇e = Ns θ̇s + Nr θ̇r − Qθ̇c, (4)

θ̈e = Ns θ̈s + Nr θ̈r − Qθ̈c, (5)

where the over dot denotes the time derivative. In the adopted configuration it is θr = 0,
hence θr vanishes in (3)–(5).

The performance of MG is characterized in both stationary and dynamic conditions.
The former is fundamental for the analysis of the torque transmission capability under
stationary operation, while the latter—including assessment of the frequency response of
the MG—reveals the system’s response to time-varying excitations. These analyses are
essential for understanding the suitable operating scenarios of such devices, which may
include stationary or transient loads depending on the application.
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2.1. Stationary Conditions

In stationary conditions the load angle θe is constant, hence (4) gives

θ̇c =
Ns

Q
θ̇s. (6)

The velocity ratio τ is constant and given by

τ =
θ̇c

θ̇s
,

(6)
=

Ns

Q
,

(1)
=

Ns

Ns + Nr
. (7)

Using (7), the load angle θe from (3) can be rewritten

θe =

(
Ns

Q
θs − θc

)
Q = (τθs − θc)Q, (8)

where τθs − θc is the angular shift measured at the output, i.e., measured at the carrier rotor.
The output meshing stiffness is given by

km =
dTm

d(τθs − θc)
= QTM cos θe

= QTM

√
1 − sin2 θe

(2)
= QTM

√
1 −

(
Tm

TM

)2
, (9)

while the input meshing stiffness (i.e., measured at the sun) is τ2km. The maximum output
meshing stiffness is attained at θe = Tm = 0 and is expressed as

kM = QTM. (10)

As suggested by (10), the maximum meshing stiffness kM can be increased by acting
on either the limit torque TM or the number of iron poles Q. According to [21], the limit
transmitted torque TM is

TM ∝ DLBsBrhshr, (11)

where D, L are the diametral and axial dimensions of the MG, Bs, Br are the sun and ring
magnet remanences, and hs, hr are the corresponding thicknesses, respectively. Accordingly,
the maximum meshing stiffness kM becomes

kM ∝ QDLBsBrhshr, (12)

and can thus be increased by enlarging the MG dimensions (i.e., D, L), employing magnets
with higher remanences (i.e., Bs, Br) or thicknesses (i.e., hs, hr), or increasing the number
of iron poles (i.e., Q). In the latter case, the sun Ns and ring Nr pole pairs need to be
adjusted accordingly to match the desired velocity ratio τ defined in (7), while satisfying
the constraint given by (1) to ensure the maximum torque transmission capability.
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As a final remark, (7) is identical to the one used for mechanical planetary gears, as
the number of pole pairs of the sun Ns and ring Nr is replaced by the number of teeth of
the sun and ring.

2.2. Dynamic Model

The dynamical equations of the planetary MG are [22]

Js θ̈s = Ts − TM
Ns

Q
sin θe, (13)

Jc θ̈c = Tc + TM sin θe, (14)

Jr θ̈r = Tr − TM
Nr

Q
sin θe, (15)

where Ts, Js are the external torque and moment of inertia of the sun rotor (input side),
Tc, Jc are the external torque and moment of inertia of the carrier rotor (output side), and
Tr, Jr are the external torque and moment of inertia of the ring rotor. The torques Ts, Tc, Tr

are positive clockwise, i.e., same direction of the angular velocities θ̇s, θ̇c, θ̇r; see Figure 1a.
In the adopted configuration, it is θr = 0, hence θ̈r vanishes and (15) gives the reac-

tion torque Tr = TM
Nr
Q sin θe applied on the ring rotor. Solving (13), (14) for θ̈s, θ̈c and

introducing the solutions into (5) gives

θ̈e + ω2
0 sin θe = γe, (16)

where

ω2
0 =

TM(JsQ2 + JcN2
s )

QJs Jc

(10)
=

kM(JsQ2 + JcN2
s )

Q2 Js Jc
, (17)

γe =
Ns

Js
Ts −

Q
Jc

Tc, (18)

It is worth noting that (16) is a second-order ordinary differential equation in θe, and
corresponds to the dynamics of a non-linear pendulum with angular frequency ω0 in the
linear regime.

In stationary conditions (i.e., θ̈s = θ̈c = θ̈e = 0) it is

θe0 = arcsin
Tm

TM
, (19)

γe0 =

(
Ns

2

Js Q
+

Q
Jc

)
Tm, (20)

Tc0 = −Tm, (21)

Ts0 =
Ns

Q
Tm, (22)

where the subscript 0 denotes variables at the equilibrium and Tm is the stationary trans-
mitted torque, measured at the carrier rotor.

2.3. Frequency Response Function

Under the assumption of small oscillation around the equilibrium, one can linearize
(16) to give

δθ̈e +
(

ω2
0 cos θe0

)
δθe = δγe, (23)
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where δ denotes variations with respect to the equilibrium, while

cos θe0 =

√
1 − sin2 θe0

(19)
=

√
1 −

(
Tm

TM

)2
. (24)

The natural frequency associated with (23) is

fn =
ω0

2π

√
cos θe0

(24)
=

ω0

2π
4

√
1 −

(
Tm

TM

)2
, (25)

and its maximum value is attained at θe0 = Tm = 0 and is given by

f0 =
ω0

2π
. (26)

Using (17) and considering the velocity ratio τ as defined in (7), along with the constraint
between Q, Ns, Nr in (1), the (squared) maximum natural frequency f 2

0 can be expressed as

f 2
0 ∝

kM
J

(12)
∝

QBsBrhshr

D3 , (27)

where J ∝ D4L denotes the MG inertia. Therefore, the natural frequency of the MG can
be increased by employing magnets with higher remanences (i.e., Bs, Br) or thicknesses
(i.e., hs, hr), or increasing the number of iron poles (i.e., Q). Conversely, it reduces when
enlarging the diametral dimension (i.e., D) to increase the limit torque TM, due to the
increased machine inertia.

The frequency response function (FRF) is obtained from the forced response to a har-
monic excitation with angular frequency ω. The complex excitation δγe and corresponding
response δθe are

δγe = Γeiωt, δθe = Θeiωt, (28)

where i =
√
−1 is the imaginary unit and Γ, Θ are the (complex) amplitudes of the excitation

and response, respectively. Introducing (28) into (23) gives the FRF from the input δγe to
the angular rate δθ̇e

H(ω) =
iωΘ

Γ
=

1
ω0

·
i ω

ω0

cos θe0 − ( ω
ω0

)2 . (29)

In the case that damping is included in the system, the FRF from δγe to δθ̇e becomes

H(ω) =
1

ω0
·

i ω
ω0

cos θe0 − ( ω
ω0

)2 + 2ζi
√

cos θe0
ω
ω0

, (30)

where ζ is the damping ratio. It is worth noting that (30) is the typical FRF of a second-order
system when expressed using the natural angular frequency ωn = 2π fn = ω0

√
cosθe0.

Figure 2a shows the natural frequency given by (25) as a function of the ratio Tm/TM.
The maximum value is attained at Tm/TM = 0 and is given by (26). The natural frequency
remains almost constant (difference < 1%) up to Tm/TM = 0.2—see the vertical line with
label A in Figure 2a. As the ratio Tm/TM increases, the natural frequency reduces. As
an example, such reduction is 10% at Tm/TM ≈ 0.6—see the vertical line with label B in
Figure 2a.
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(a) (b)

Figure 2. (a) Natural frequency normalized by f0 as a function of the ratio Tm/TM; A and B denote
1% and 10% reductions. (b) Magnitude (top) and phase (bottom) of the FRFs from δγe to δθ̇e obtained
with ζ = 0.02 (thick lines) and ζ = 0 (thin lines); the vertical dash-dot lines denote the resonances.

Figure 2b shows the magnitude (top) and phase (bottom) of the FRFs obtained
from (30) with ζ = 0.02 (thick lines) and with no damping (i.e., ζ = 0, thin lines). Three
values of Tm/TM are considered, namely Tm/TM = 0 (solid blue), Tm/TM = 0.2 (dashed
red), and Tm/TM = 0.6 (dotted yellow). In all scenarios, at ω/ω0 = 0 the magnitude is
zero and the phase is +π

2 rad. This corresponds to stationary conditions. As the frequency
increases, the magnitude increases as well while the phase reduces. At the resonance (i.e.,
ω/ω0 =

√
cos θe0) the magnitude is near the peak and the phase is zero—see the vertical

dash-dot lines. In the case of no damping, the magnitude tends to infinity at the resonance.
Finally, for ω/ω0 >> 1 the magnitude tends to zero and the phase to −π

2 rad. The case
with Tm/TM = 0 (solid blue) has the highest resonance frequency. When Tm/TM = 0.2
(dashed red) the FRF remains quite similar to the one obtained for Tm/TM = 0, namely the
resonance frequency decreases by 1% and the peak magnitude increases by 1%. As Tm/TM

increases, the resonance shifts to lower frequencies and the peak magnitude increases.

3. Experimental Set-Up
The experimental set-up is shown in Figure 3. The traction electric motor (label 1 in

Figure 3) applies an angular velocity and injects energy into the mechanical system (i.e.,
traction torque). On the opposite side, the load electric motor (label 5 in Figure 3) applies
a output braking torque and draws energy from the system. The coaxial MG prototype
(label 3 in Figure 3) is located between the two motors. The input torque (left side) is
measured by a Kistler 4520A010 torque sensor (label 2 in Figure 3). The output torque (right
side) is measured by a Kistler 4520A020 torque sensor (label 4 in Figure 3). The measured
torques include the bearing friction, i.e., three bearings on the input side (one in the Kistler
4520A010 torque sensor and two that support the MG input shaft), and three bearings on
the output side (one in the Kistler 4520A020 torque sensor and two that support the MG
output shaft). The elements of the transmission are interconnected using four BK2/15 elastic
joints. The main characteristics of the experimental set-up are reported in Table 1.

A NI cRIO-9065 running at 1 kHz is employed for data acquisition and system control.
The controller is equipped with a NI-9205 analog-to-digital converter that acquires four
analog signals, specifically the input and output torques from the torque sensors, and
the input and output angular velocities from the traction and load motors. A NI-9263
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digital-to-analog converter is employed to generate the reference signals for the traction
motor (reference input angular velocity) and load motor (reference output torque).

Figure 3. Experimental set-up: (1) traction electric motor, (2) input torque sensor, (3) magnetic
planetary gearbox, (4) output torque sensor, (5) load electric motor.

Table 1. Characteristics of the experimental set-up.

Description Value

Traction motor Load motor

Maximum speed 3000 rpm 1500 rpm
Nominal torque 5.2 Nm 9.2 Nm
Nominal voltage 400 V 400 V
Torque constant 1.5 Nm/A 3.3 Nm/A
Inertia 2.88 kg cm2 4.2 kg cm2

Input torque sensor Output torque sensor

Maximum torque 10 Nm 20 Nm
Analog signal range ±10 V ±10 V
Sensitivity 0.9996 Nm/V 1.999 Nm/V
Torsional stiffness 855 Nm/rad 8690 Nm/rad
Inertia 0.03 kg cm2 0.9 kg cm2

Input elastic joint Output elastic joint

Torsional stiffness 20,000 Nm/rad 20,000 Nm/rad
Inertia 0.6 kg cm2 0.6 kg cm2

The main parameters of the employed MG prototype are in Table 2 [13]. The device
has 5 sun pole pairs, 13 ring pole pairs, and 18 iron poles, for a nominal velocity ratio of

1
3.6 ≈ 0.278, which is given by (7). The nominal limit torque at the carrier is 13.1 Nm, which
is calculated with a 3D FEM analysis of the machine [13].

The device was designed using the automatic optimization procedure proposed in [21].
Specifically, the MG geometry was selected as a trade-off between torque density and
efficiency, while meeting the specified velocity ratio and satisfying the constraint given
by (1). Multiphysics constraints including thermal aspects, mechanical strength, and PM
demagnetization were also taken into account in the optimization process, with the latter
being the most critical.

It is worth noting that the torsional stiffness of the input and output transmissions
(torque sensor plus two elastic joints) is much larger than the maximum meshing stiffness
of the MG prototype (>10 times), which is 236 Nm/rad at the carrier. Consequently, the
angular velocities of the traction and load motors are considered identical to the input and
output angular velocities of the MG prototype, respectively.
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Table 2. Parameters of the coaxial MG prototype.

Description Value

Number of sun pole pairs Ns 5
Number of ring pole pairs Nr 13
Number of carrier iron poles Q 18
Nominal limit torque at the carrier TM (from 3D FEM) 13.1 Nm
Nominal velocity ratio τ (output/input) 0.278
Moment of inertia of the sun 11.3 kg cm2

Moment of inertia of the carrier 12.5 kg cm2

Moment of inertia of the ring 313.3 kg cm2

Maximum meshing stiffness at the carrier kM 236 Nm/rad
Maximum meshing stiffness at the sun τ2kM 18.2 Nm/rad

The MG prototype employs NdFeB magnets of grade 40SH, with a density of 7.5 g/cm3.
The permanent magnets have radial thicknesses of 6.75 mm and 5 mm for the sun and
ring rotors, respectively. The thickness of the iron poles is 8.25 mm. The air gap between
the rotors is 2 mm in both the sun-to-carrier and carrier-to-ring interfaces. Each magnet
segment spans an angle of 12 deg and 6.92 deg for the sun and ring, for a total of three and
two radial segments for each magnetic pole, respectively.

The axial length of the rotors is 20 mm, comprising two axial segments. The outer
diameter of the sun is 73.5 mm. The inner diameter of the ring is 98 mm. The yoke
thicknesses of the rotors are 8 mm for both the sun and ring. The overall diametrical
dimension is 124 mm (inner ring diameter plus thickness of magnets plus yoke thickness),
with a total mass of roughly 1.3 kg and a volume of π

4 12.42 · 2 = 242 cm3 (including magnets,
iron, and rotor yokes). The nominal torque density of the MG prototype is 54 kNm/m3 and
10 Nm/kg.

With the employed parameters, the maximum natural frequency f0 given by (26) is
approximately 68 Hz. The natural frequency remains almost the same (i.e., difference < 1%)
up to Tm ≈ 2.5 Nm, while it reduces by 10% at Tm ≈ 7.5 Nm.

4. Experimental Test and Discussion
4.1. Velocity Ratio

The velocity ratio τ of the MG prototype is experimentally determined under different
stationary operating conditions. Each test consists of the MG running at constant input
angular velocity and transmitted torque. After applying the specified speed–torque combi-
nation, a period of 2 s is waited before acquisition, to ensure steady-state conditions are
reached. The operating condition is maintained for ten revolutions of the input (i.e., sun)
rotor. For each test, the velocity ratio is computed as

τ =
θ̇c

θ̇s
, (31)

where the over bar denotes the time average value and θ̇s, θ̇c are the measured input and
output angular velocities, respectively.

The input angular velocity is varied from 200 to 1000 rpm by steps of 100 rpm; both
rotating directions (i.e., clockwise and counter-clockwise) are considered. The transmitted
torque is varied from 0 to 10.5 Nm by steps of 3.5 Nm, measured at the output side. Three
repetitions are performed for each speed–torque combination, for a total of 9 · 2 · 4 · 3 =

216 tests.
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The velocity ratio, computed as the average of all tests, is τ = 0.277 ± 0.001 at a
confidence level of 95%. The value is consistent with the one computed from (7) and
reported in Table 2.

4.2. Power Losses

The experimental procedure used to assess the MG power losses Pl and efficiency η is
the same as that employed for the velocity ratio, i.e., MG prototype running under different
(stationary) operating conditions. Also, the speed–torque combinations are the same. For
each test, the power losses Pl and efficiency η are computed as

Pl = Ps − Pc, (32)

η =
Pc

Ps
, (33)

where Ps, Pc are the input (i.e., sun) and output (i.e., carrier) powers. These are given by

Ps = |Ts · θ̇s|, (34)

Pc = |Tc · θ̇c|, (35)

where Ts, Tc are the measured input and output torques, respectively.
Figure 4a shows the MG power losses as a function of the input angular velocity at

different levels of transmitted torque. Each point is obtained as the average of six tests
(three with clockwise and three with counter-clockwise directions). It is observed that the
losses significantly depend on the angular velocity, with the highest values at high speeds.
On the contrary, the dependency on the transmitted torque, and thus on the load angle, is
weaker. The trend is similar to the one reported in [13], which highlighted a superlinear
dependency with the speed in accordance with standard electrical machines.

The MG efficiency is reported in Figure 4b, again as a function of the input angular
velocity at different levels of transmitted torque. Tests at 0 Nm output torque are excluded,
as no power is transferred to the output. Again, each point is obtained as the average of
six tests. In the considered operating conditions, the efficiency ranges within 0.87 and 0.97,
with larger values at low speeds and high transmitted torques. The range is comparable
to that reported in [15]. Also, the trend aligns with the one observed for the prototype
in [17], although higher. The result suggests that MGs are effective in applications involving
medium-to-high levels of transmitted torque combined with moderate rotational speeds,
while a significant reduction in the efficiency is observed at higher speeds. In contrast,
mechanical planetary gears typically exhibit efficiencies up to 0.97, which are maintained
even at high speeds [23,24].

As a final remark, the power losses in Figure 4a can be fitted assuming a superlinear
model in the speed, such as

Pl = αθ̇
β
s , (36)

where θ̇s is the input angular velocity expressed in rad/s, Pl are the power losses expressed
in W, and α, β are the fitting coefficients to be determined. The least-squares method is
employed. The fitted curve is depicted as a solid black line in Figure 4a, along with the
corresponding parameter estimates and the coefficient of determination R2. At a confidence
level of 95%, the fitting gives α = 0.011 ± 0.004 and β = 1.56 ± 0.08, confirming the
superlinear trend of power losses on speed. The corresponding coefficient of determination
is R2 = 0.988.
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(a) (b)

Figure 4. (a) Power losses and (b) efficiency of the MG at varying input angular velocity with different
levels of transmitted torque. The vertical error bars denote the confidence level of 95%.

4.3. Overload Protection

The torque transmission capability of the MG prototype is determined based on the
principle that when the transmitted torque exceeds the limit torque TM, the magnets lose
alignment, resulting in slip between the input and output shafts. After stepping-out, the
load may be re-engaged through slip-detection strategies, as demonstrated experimentally
in [20].

The experimental test consists in applying a ramp output torque while maintaining a
constant input angular velocity. Specifically, the input is kept fixed, i.e., zero input angular
velocity is enforced, and the output torque is increased linearly from 0 to 12 Nm in 30 s.
Hence, the test is carried out under static operating conditions. Time-domain data are
filtered using a moving average over a 0.1 s window. During such window, the variation of
the output torque is <0.1 Nm. The test is repeated ten times.

Figure 5 shows the output torque (top) and output angular velocity (bottom) acquired
during three repetitions (among the ten performed). At the beginning, the measured torque
(blue solid line in top plots) follows the reference signal (dashed red line in top plots). In
this region, the output angular velocity is almost zero (solid blue line in bottom plots),
as the input reference velocity is zero, i.e., the system does not move. When the applied
output torque exceeds the limit torque, the output shaft starts rotating freely. In such a
condition, the load motor enters into emergency mode and stops. This instant is denoted
with the vertical dotted line in Figure 5.

Figure 5. Filtered output torque (top) and angular velocity (bottom) acquired during three ramp-
torque tests. The vertical dotted lines denote the instants when the load motor enters into emergency
mode and stops.
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The limit torque is the maximum measured output torque. It is found that the limit
torque (measured at the carrier) is TM = 11.3 ± 0.4 Nm, at a confidence level of 95%. The
value differs by −14% from the estimation reported in Table 2, which is obtained in [13]
from a 3D FE model of the MG prototype. This discrepancy is similar to the estimation
reported in [13].

4.4. Frequency Response

The frequency response of the MG prototype is experimentally investigated by impos-
ing a variable-frequency output torque while applying a constant input angular velocity.
Specifically, a 60 s sweep signal starting at 0 Hz and ending at 80 Hz is adopted. This signal
bandwidth covers frequencies larger than the estimated system resonance, which is at ap-
proximately 65 Hz with the obtained (experimental) limit torque. The average value of the
sweep is non-zero and corresponds to the stationary transmitted torque, again measured at
the output side. The sweep amplitude is 1 Nm, which is enough to inject sufficient power
into the system, while maintaining small angular oscillations.

The procedure consists in measuring the MG response (i.e., input and output torques
and angular velocities) with different combinations of stationary transmitted torque and
input angular velocity, hence obtaining the experimental FRF in a number of operating
conditions. The input angular velocity ranges from 200 to 1000 rpm by steps of 200 rpm.
Different levels of stationary transmitted torque are used, namely 1.5, 3.5, and 7.0 Nm. The
former corresponds to the case of almost zero transmitted torque, as Tm

TM
= 1.5

11.3 ≈ 0.13 < 0.2
and thus fn ≈ f0—tests at exactly 0 Nm cannot be performed due to mechanical backlash.
The related stationary load angles, calculated using (19), are approximately 8, 18, and
38 deg, which correspond to an angular shift measured at the output of 0.4, 1.0, and 2.3 deg,
respectively. Six repetitions are performed for each speed–torque combination, for a total
of 5 · 3 · 6 = 90 tests.

For a given speed–torque combination, the data processing is the following. First,
time-domain data are filtered using a zero-phase digital low-pass filter with passband
frequency 100 Hz, stopband frequency 200 Hz, and passband ripple < 0.1 dB. Secondly,
the angular rate θ̇e is computed from (4) with θ̇r = 0, while γe is calculated from (18) with
Js, Jc estimated from the MG parameters. Specifically, Js includes the input torsiometer, one
elastic joint, and the MG sun rotor, and is 11.93 kg cm2; Jc includes the output torsiometer,
one elastic joint, and the MG carrier rotor, and is 14.00 kg cm2. The stationary transmitted
torque Tm is calculated as the average of the measured output torque, while γe0 is given
by (20). Finally, the experimental FRF from δγe = γe − γe0 to δθ̇e = θ̇e is calculated using
a H2 estimator, as the noise is predominantly observed in the input signal (i.e., δγe). The
Welch’s averaged periodogram method [25] is employed to compute the FRF, with each
acquisition split into 15 hamming windows with 50% overlap, to give a frequency sampling
of roughly 0.1 Hz.

Figure 6 shows the magnitude (top) and the phase (bottom) of the experimental FRF at
different speed–torque combinations, obtained as the average of the six repetitions. For the
sake of clarity, only three angular velocities are shown (among the 5 tested), namely 200 rpm
(solid blue), 600 rpm (dashed red), and 1000 rpm (dotted yellow), while the stationary
transmitted torque is 1.5 Nm (Figure 6a), 3.5 Nm (Figure 6b), and 7.0 Nm (Figure 6c). The
investigated frequency band is 10 ÷ 70 Hz. For frequencies lower than 10 Hz, the response
δθ̇e becomes small and the noise-to-signal ratio increases. For frequencies higher than 70 Hz,
the injected power proved insufficient to excite the system significantly.
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(a) (b) (c)

Figure 6. Magnitude (top) and phase (bottom) with magnified views around the resonances of the
experimental FRF from δγe to δθ̇e at 200 rpm, 600 rpm, and 1000 rpm and (a) 1.5 Nm, (b) 3.5 Nm, and
(c) 7.0 Nm. The vertical dash-dot lines denote the frequencies at which the phase is almost zero.

The system resonance is clearly evident in all scenarios, with a peak in the magnitude
and a 180 deg phase variation—see the vertical dash-dot lines denoting the frequencies at
which the phase is almost zero. It is observed that the experimental FRFs depend on the
stationary transmitted torque, but are in practice independent from the angular velocity
of the MG—indeed, the system dynamics remain the same. As the stationary transmitted
torque increases, the resonance shifts to lower frequency and the peak magnitude increases.
The same pattern is predicted by (30).

To characterize the frequency response of the system in terms of the natural frequency
fn and damping ratio ζ, the FRFs are fitted using such quantities as the fitting parameters.
The procedure is the following. First, each experimental FRF is fitted using (30) with fn

from (25). A total of 90 fittings are performed, and as many pairs of fn, ζ are obtained. A
least-squares method is employed, i.e., the following optimization problem is solved

min
fn ,ζ

∑
j
|Hj − H(ωj, fn, ζ)|2, (37)

with H(·) given by (30) while ωj, Hj are the angular frequency and the value of the j-th
point of the experimental FRF, respectively. Secondly, for each torque, fn, ζ are computed
as the average of 6 · 5 = 30 values, i.e., between tests with the same stationary transmitted
torque (yet different angular velocities). Finally, the fitting is assessed by inspecting the
coefficient of determination R2, which for each torque is calculated as

R2 = 1 −
∑j |Hj − H(ωj, fn, ζ)|2

∑j |Hj − H|2
(38)

where Hj is the FRF obtained as the average of the experimental FRFs at the same torque,
while H is its mean value.

Figure 7 shows the magnitude (top) and phase (bottom) of the averaged FRF (solid
blue) at the different levels of stationary transmitted torque. The fitting using the above
procedure is shown in dashed red, together with the corresponding fitting parameters fn, ζ

and coefficient of determination R2. In general, the coefficient of determination is R2 ≳ 0.99,
with values near unity at smaller torques. The comparison between the experimental and
theoretical FRFs suggests that only a single harmonic behavior is observed, in accordance
with (2) that assumes negligible cogging torque. The same trend is also confirmed by the
results of the 2D and 3D FEM analysis reported in [13]. Other torque pulsations—e.g., due
to cogging—proved negligible.
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(a) (b) (c)

Figure 7. Magnitude (top) and phase (bottom) of the averaged FRF from δγe to δθ̇e and corresponding
fitting at (a) 1.5 Nm, (b) 3.5 Nm, and (c) 7.0 Nm. The fitting parameters (natural frequency fn and
damping ratio ζ) and corresponding coefficient of determination R2 are reported in each plot at a
confidence level of 95%. The vertical dash-dot lines denote the natural frequencies.

At Tm = 1.5 Nm, the natural frequency is fn = 64.8 ± 0.1 Hz at a confidence level
of 95%; see Figure 7a. This value is also roughly the maximum natural frequency f0, as
Tm
TM

≈ 0.13 < 0.2. At Tm = 3.5 Nm and Tm = 7.0 Nm the natural frequencies reduce
to fn = 63.6 ± 0.2 Hz and fn = 57.6 ± 0.4 Hz, again at a confidence level of 95%; see
Figure 7b and Figure 7c, respectively. The reductions are 1.9% and 11.1%, and are similar
to those predicted by (25), which are 2.5% and 11.4% for Tm = 3.5 Nm (Tm/TM ≈ 0.3) and
Tm = 7.0 Nm (Tm/TM ≈ 0.6), respectively.

Interestingly enough, the damping ratio remains nearly constant to ζ = 0.020 ± 0.003,
at a confidence level of 95%; see Figure 8a, which shows the damping ratio as a function of
the stationary transmitted torque (blue error bars) along with its average value (dashed red).
Mechanical planetary gears typically exhibit modal damping in the range 0.01 ÷ 0.03 [26].

As a final remark, the limit torque TM and maximum natural frequency f0 can be
obtained from the fitting of the natural frequency fn as a function of the stationary trans-
mitted torque Tm using (25); see Figure 8b, which shows the natural frequency as a function
of the stationary transmitted torque (blue error bars) along with the fitted curve (dashed
red). The maximum natural frequency and the limit torque at a confidence level of 95% are
f0 = 65.2 ± 0.1 Hz and TM = 11.2 ± 0.3 Nm, respectively. The limit torque fitted from the
sweep tests is thus consistent with the one obtained from the ramp-torque tests.

(a) (b)

Figure 8. (a) Damping ratio and (b) natural frequency as a function of the transmitted torque along
with the corresponding fitting. The error bars denote the confidence level of 95%.
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5. Conclusions
This study presents an extensive experimental analysis of a coaxial magnetic gear

(MG) prototype developed at the Department of Industrial Engineering of the University
of Padova. The results confirm that the prototype offers several of the expected benefits of
magnetic gearing technology, including high efficiency and inherent overload protection.
Under stationary operating conditions, the MG exhibits a velocity ratio of 0.277 ± 0.001,
closely matching analytical predictions. The efficiency, ranging between 87% and 97%,
increases with torque and is competitive with mechanical gear counterparts. Power losses
demonstrate a superlinear relationship with speed, consistent with trends reported for
electric machines in the literature. Overload protection tests validate the self-limiting torque
capability of the gear, with experimental results yielding a limit torque of 11.3 ± 0.4 Nm,
again close to the numerically predicted value. The frequency response reveals that while
the natural frequency decreases with torque (up to 11% under the tested conditions), it is
largely independent of speed, confirming the numerical prediction of the physical model.
The damping ratio remains nearly constant to 0.020 ± 0.003. In conclusion, the proposed
coaxial MG prototype proves effective as a speed reducer in applications involving mod-
erate dynamic loads combined with medium-to-high levels of transmitted torque and
moderate rotational speeds, and where the advantages of non-contact transmission—such
as reduced maintenance and inherent overload protection—are important. Its intrinsic com-
pliance may limit use in scenarios requiring high-frequency dynamic response. However,
this is a limitation common to all MG devices. The proposed analysis and insights offer a
benchmark for further refinement and application of other MG devices.
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