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Te control of angular velocities in the fxed-axis rotation of rigid bodies is crucial for ensuring the safety and functionality of civil
structures and mechanical systems. In this research, a novel enhanced torsional eddy current damper (ETECD) is proposed to
efectively control the angular velocities of rigid bodies within confned installation spaces. At frst, an estimation approach is
developed to determine the damping coefcient of the eddy current damper (ECD) within limited installation space. Furthermore,
we utilize a gearbox to enhance the damping performance of the ECD in confned spaces. To establish the framework for the
design of the proposed ETECD, the motion equation and solution of the rotating body are derived. By analytically presenting the
approximate solution for the responses of a rotating body with a torsional viscous damper, the required range of the torsional
damping coefcient is derived.Tis range ensures compliance to velocity restrictions under linearly angle-related torques, guiding
the design of the ETECD. Te ETECD, comprising two cylindrical torsional eddy current dampers (ECDs) and a motion-
amplifed gearbox, is designed and tested for a rotating body. Numerical examples and experimental tests are carried out to
validate the performance of the proposed ETECD. Te calculated damping coefcients and predicted control performance in the
numerical examples agree well with the experimental results. Notably, under the minimum and maximum torques, the terminal
angular velocity (TAV) of the rotating body can be signifcantly reduced by 70.76% and 58.99%, respectively. Te proposed work
emphasizes the potential of the ETECD as an efective and economic method in reducing angular velocities for rotating bodies.

1. Introduction

Te rigid rotating body holds great signifcance as amechanical
component in civil structures and mechanical systems [1–4].
However, excessive angular velocities in these rotating bodies
can lead to signifcant impacts on supporting members,
resulting in structural damages or even failures [5–9]. Te
control of vibration and bufering in rotational motion is
mainly divided into two categories. One approach involves
control by reducing the load that generates vibrations, such as
optimizing machining strategies in mechanical processing [10],
and refning methods for crane motion switching [11]. Te
second category involves the use of vibration-reducing devices

to recover and dissipate energy. Common research includes
studies on rotational vibration control to harvest energy, such
as converting human body vibrations into rotational motion
for power generation and energy recovery [12] and trans-
forming car vibrations into rotational motion for energy re-
covery [13]. In civil engineering, there are also studies on
utilizing rotation to dissipate structural energy for vibration
control. For example, Huang et al. [14] investigated the ef-
fectiveness of rotational inerter dampers in structural vibration
control. Wang et al. [15] explored the efects of rotational
amplifcation brackets on the vibration control of frame
structures. Lin et al. [16] studied the combined efects of lateral
dampers and rotational dampers on cable vibration control.
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Te opening process of grille rudders or grid fns in
missiles and reusable rockets is a typical example, such as the
grid fns opening during the recovery phase of the Falcon
9 frst-stage rocket, as illustrated in Figure 1 [17]. If the
rotating velocity of the grid fns is excessively high, there is
a risk of damage during the fnal stage of the opening
process. Similar situations may occur on glass doors under
strong winds. A fracture accident of a rotating glass door
happens under a wind speed of 16m/s in 2021 [18], as shown
in Figure 2. It can be seen that the glass door pounds on the
fxed frame resulting in a fracture accident. Hence, efective
control of angular velocities in rigid rotating bodies is es-
sential to ensure the safety and functionality of fxed-axis
rotation systems.

To address the issue of angular velocity in rotating
bodies, additional dampers are commonly employed to
provide damping capability and ensure structural safety and
functionality [19–22]. Tese dampers are typically installed
in the torsional direction of the rotating shaft [23–25].
Displacement-dependent and velocity-dependent dampers
are two widely used types of damping devices [26–28].
However, the damping forces generated by displacement-
dependent dampers, such as friction dampers [29, 30] and
metal dampers [31–33], exhibit nearly constant values. Tis
characteristic leads the rotating bodies from opening or
closing as required under small loads [34, 35]. On the other
hand, velocity-dependent dampers ofer a solution to
overcome this limitation, as their damping forces are related
to the angular velocity [36–38]. Among velocity-dependent
dampers, fuid-based dampers are the most commonly used
due to their simplicity and cost-efectiveness [20, 39–41].
However, the way friction generates damping forces may
degrade their performance during use. Tis can also com-
plicate later-stage simulations [42–44].

Recently, eddy current dampers (ECDs) have been re-
ported as another efective velocity-dependent damper for
consuming kinetic energy in dynamical systems [45–48].
ECDs ofer competitive advantages, such as their noncontact
nature, minimal reliance on temperature, approximately
linear viscous damping across a broad range of velocities,
and long operational lifespan [42, 49, 50]. In its simplest
confguration, an ECD comprises a conductive sheet and
a permanent magnet (PM) [51–53]. As the conductive sheet
and the PM experience relative motion, eddy currents are
induced within the sheet. Te interplay between these eddy
currents and the magnetic felds generated by the PM yields
an eddy current damping force that is directly proportional
to the relative velocity [50, 54, 55]. Irazu and Elejabarrieta
[55] provide a new inverse method to numerically determine
the dynamic properties of the contactless eddy current
damper. Moreover, Lu et al. [56] have demonstrated the
efective reduction of displacement response and accelera-
tion response through the utilization of EC-TMD (eddy
current tuned mass damper).

Generally, the requirement for installation space in-
creases with the magnitude of the damping force provided
by ECDs [50]. However, due to space limitations and the
small damping force at low relative velocities between the
conductive sheet and PMs [48, 57], there is a need to develop

ECDs with motion amplifers to amplify relative velocities
between the conductive sheet and PMs, which can increase
damping efciency of ECDs. Motion amplifcation equip-
ment includes gear sets, gear racks, ball screws, etc.Te high-
speed rotation occurs in these devices, leading to the am-
plifcation of inertial mass, and this efect needs to be taken
into account. In 1973, Kawamata proposed a liquid mass
pump by using the rotational inertial mass of fuid to
generate the inertance [58]. Tis is an early application of
inerters in the feld of structural vibration control. Recently,
Smith elucidated the role of inerter from the perspective of
force-electricity contrast and systematically expounded the
concept of an inerter, making signifcant contributions in
felds of automation [59]. Following these above, gears and
similar speed-increasing mechanisms have found extensive
use in inerter control systems [60–62]. Wagg summarized
the nonlinear behavior of inerter systems in mechanical
systems, categorizing them and proposing future research
directions in oscillatory systems [61]. Subsequently, Wagg
et al. researched the application of inerter systems in
structural engineering such as building and cable vibration
control [63–65]. Meanwhile, Zhao and Zhang et al.
employed an energy-based approach to clarify the observed
advantages of inerter systems [60]. Furthermore, their
studies focused on the impact of tuned liquid inerter systems
[66] and tuned inerter mass systems [62, 67, 68] in vibration
control. Currently, some speed-increasing devices are being
applied in eddy current dampers. For instance, a full-scale
ECD incorporating a ball screw device was successfully
implemented to mitigate longitudinal vibrations in the
Zhangjiajie Suspension Bridge [50]. Following that, a mod-
ifed approach was utilized to conduct an investigation
aimed at determining the damping coefcients of ECDs
equipped with ball screw devices to efectively control
multimode high-order vibrations in the stay cables of the
Sutong Bridge [57, 69].

Te conventional ECDs discussed earlier were primarily
designed to reduce the translational motion and are not
suitable for controlling the rotational motion. Meanwhile, an
estimation method for the rapid calculation of the damping
performance of ECDs based on the limitation of installation
space is lacked. Additionally, existing rotational energy
dissipation devices [15–17] cannot provide high-efcient
damping efects in confned spaces. More importantly, the
damping force of most velocity-related dampers is generated
from friction, which may deteriorate its performance during
usage and make simulations more challenging. In this re-
search, a novel enhanced torsional eddy current damper
(ETECD) is introduced as a solution for efectively con-
trolling rotational motion. In the device, a gearbox is
employed to amplify the relative velocity between the
conductive sheet and PMs for damping enhancement of the
torsional ECD. Meanwhile, an estimation approach for
determining the damping coefcient of each cylindrical
torsional ECD under limited installation space is developed
based on the magnetic circuit law. By utilizing the motion
equation, an approximate solution is presented and nu-
merically validated for the responses of a rotating body
equipped with a torsional viscous damper. Tis analytical
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derivation enables the determination of the required range
for the torsional damping coefcient, ensuring compliance
with velocity restrictions under arbitrary angle-related
torques within the load range. Tis is of engineering sig-
nifcance for condition requiring velocity-type dampers in
rotational motion control where installation space is limited.
Moreover, the gearbox is economic and easy tomanufacture,
and the amplifed damper needs fewer permanent magnets
and conductors than the conventional ECD. Building upon
these fndings, two small-scale cylindrical torsional ECDs
and a gearbox are designed and manufactured as the
principal components of the proposed ETECD. Experi-
mental tests are conducted to examine the control perfor-
mance of the ETECD.

2. The Proposed Enhanced Torsional Eddy
Current Damper (ETECD)

As previously noted, the cylindrical torsional ECD, depicted
in Figure 3, acts as the main component of the proposed
enhanced torsional eddy current damper (ETECD). Figure 3

illustrates that the cylindrical torsional ECD consists of two
main parts: arc-shaped PMs evenly distributed around the
circumference with their corresponding back iron as the frst
part and the conductor tube with its corresponding back
iron as the second part.

During relative rotation between the conductor and the
PMs, the conductor tube generates eddy currents. Tese
eddy currents interact with the magnetic feld produced by
the PMs, resulting in an eddy current damping force that is
directly proportional to the relative velocity. Te torsional
damping torque of the ECD is obtained by multiplying this
damping force with the radius of the rotation surface. Here,
the radius of the rotation surface represents the distance
between the outer surface of the PMs and the center of the
torsional ECD. In this context, the parameter D represents
the diameter of the cylindrical torsional ECD, while L
corresponds to its length.

Typically, electromagnetic fnite element modeling
(FEM) accurately computes the damping torque from ECD.
However, FEM computation is time-consuming due to the
variation of the modeling parameters. In the initial design
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Figure 1: Opening process of the grid fns during Falcon 9 frst-stage rocket recovery [17].
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Figure 2: Destroying of a glass door under strong wind.
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stages, it is essential to develop a concise formula for a quick
estimation of the ECD’s damping coefcient, addressing
diverse spatial limitations in various installations. In this
section, a simplifed formula is derived considering an in-
stallation space of diameter D and length L for the ECD, as
shown in Figure 3.

2.1. Calculation of Eddy Current Damping Force at Low
Velocity. Te magnetic fux in a magnetic feld is mainly
determined by magnetomotive force and magnetic
resistance:

Φ �
T

R
, (1)

where V is the magnetic fux of the magnetic circuit, T is the
magnetomotive force, and R is the magnetic resistance.

For a PM with a thickness of tm and a residual magnetic
fux density of Bre, the magnetomotive force Tm can be
written as

Tm �
Bretm

μ0
, (2)

where μ0 is the permeability of the vacuum.
Te front view of the torsional ECD with PMs is shown

in Figure 4.Temagnetic circuit of the torsional ECD can be
roughly simplifed into several magnetic circuit units. Each
unit of the magnetic circuit is shown in Figure 5(a), and its
equivalent magnetic circuit model is illustrated in
Figure 5(b). Te distance between neighboring PMs is de-
fned as dm. Since both the back irons of the conductor and
PMs are made of steel materials with negligible magnetic
resistance. Terefore, the magnetic resistance Rt in the
magnetic circuit is mainly related to the thickness of the
conductor tube tc, the thickness of the permanent magnet
tm, and the air gap ta. It can be expressed as

Rt � 2
tm

μrmμ0A
+ 2

ta

μ0A
+ 2

tc

μ0A
, (3)

where tc � Rb − Rc, ta � Rc − Rm, tm � Rm − Rd, and μrm is
the relative permeability of the PM.Te equivalent magnetic
area A is equal to half of the average surface area Am, as
expressed by A� Am/2. Te average surface area is given by
Am � (Wmo +Wmi)·L/2, where Wmo and Wmi are the arc
length of the inner and outer cylindrical surface of the PMs,
respectively.

Based on the law of the magnetic circuit, the magnetic
fux density B can be calculated by

B �
Φ
A

� 2
T

RtA
�

Bretm

tm/μrm + ta + tc

. (4)

Terefore, the expression of the damping force of tor-
sional ECD can be obtained from

Fτ � 􏽚 J × BdV � 􏽚 σvB
2
dV � cτvτ � 2pAmtcσvτ

Bretm

tm/μrm( 􏼁 + ta + tc

􏼠 􏼡

2

, (5)

where p is the number of magnetic poles, σ is the con-
ductivity of the conductor tube, cτ is the damping coefcient
in the tangential direction, and vτ is the relative velocity of
the rotation surface in the tangential direction.

2.2. Approximate Calculation of Damping Coefcient of
Torsional ECD. Considering the small size of the air gap, we
assume that the radius Rm of PMs is approximately equal to
Rc. Terefore, we have vτ � ω · Rm. Based on the simplifed
calculation of damping force at low velocity, the damping
coefcient c of torsional ECD can be calculated by

c � 2pAmtcσ
Bretm

tm/μrm( 􏼁 + ta + tc

􏼠 􏼡

2

× R
2
m. (6)

To ensure all the magnetic induction wire passes through
the conductor tube, the distance between PMs (dm) is as-
sumed to be equal to two times the sum of the thickness
conductor tc and air gap ta, i.e., dm � 2(tc + ta). In this
confguration, a larger damping coefcient can be obtained.

Based on the assumption mentioned above, Am can be
rewritten as

Am �
Wmo + Wmi

2
× L � π Rm + Rd( 􏼁 − 4p tc + ta( 􏼁􏼂 􏼃 × L.

(7)

Substituting (7) into (6), the damping coefcient c of
torsional ECD under the size limitation determined by D
and L can be obtained from

PM

Back iron of conductor

Back iron of PM

Conductor

D

L

Figure 3: Tree-dimensional graph of a cylindrical torsional ECD.
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c � σtcR
2
m ×

Bretm

tm/μrm( 􏼁 + ta + tc

􏼠 􏼡

2

× π Rm + Rd( 􏼁 − 4p tc + ta( 􏼁􏼂 􏼃 × L, (8)

where σ is the conductivity of the conductor tube,
Rm � (D − 2(ta + tc + tbc))/2, tbc � Ro − Rb, the units of D
and L are m, respectively.

According to (8), an analysis is conducted to study the
infuence of diferent parametric combinations on the
damping coefcient of torsional ECD. Here, Bre is set to
1.4 T, μrm is set to 1.04, 2p is set to 10, and tbc is set to 5mm to
satisfy the strength requirements. Initially, a copper con-
ductor tube with a thickness tc of 2mm is adopted. Te
thickness of the PMs tm is set as 10mm, and the air gap ta is
set to 1mm for the convenience of installation.Te variation
of the damping coefcient (c) with the space limitations (D
and L) is shown in Figure 6(a). Furthermore, with D and L
set, respectively, to 100mm and 200mm, the damping
coefcient c varied with tm, ta, and tc which are also dis-
played in Figure 6.

In Figure 6(a), the damping coefcient (c) of the tor-
sional ECD reaches up to 100N·m·s/rad when the diameter
D is set at 150mm and the length L at 400mm.Moving on to
Figure 6(b), the damping coefcient rapidly decreases with
the increase of air gap (ta). Meanwhile, the damping co-
efcient increases with the thickness of the permanent
magnets (PMs); however, the rate of increase gradually slows
down. When the thickness of the permanent magnet reaches
15mm, the damping coefcient remains essentially constant.

Figure 6(c) provides insights into an optimal value for the
conductor tube thickness tc that maximizes the damping
coefcient c. Finally, Figure 6(d) illustrates that, when an
optimal value of tc is selected, c maintains a higher mag-
nitude within the range of 5 to 20mm for the thickness of the
PMs tm.

2.3. Motion-Amplifed Device. Te design of the damper for
rotating bodies typically involves occupied space while
meeting functional requirements. Although the damping
coefcient can reach up to 100N·m·s/rad with D� 150mm
and L� 400mm, it is relatively low for most smaller sizes of
the ECD. Relying solely on the cylindrical torsional ECD
may not provide sufcient damping capacity for structures
with demanding damping requirements. In such cases, it
becomes necessary to combine ECDs with motion-
amplifying devices, which amplify the relative motion be-
tween the conductor and PMs, as well as the damping co-
efcient of the ECDs. In this research, a gearbox is employed
as the motion-amplifying device due to its structural sim-
plicity and cost-efectiveness. Tis combination allows for
enhancing the damping coefcient of the cylindrical ECD.
Ten, the damping coefcient of the cylindrical ECD can be
enhanced by
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Figure 4: Front view and geometric parameters of the ECD.
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Figure 5: Single equivalent magnetic circuit model of torsional ECD. (a)Magnetic circuit andmagnetic fux direction. (b) Equivalent model.
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ca � k
2

× c, (9)

where k is the amplifcation factor of the gearbox. A
structural confguration of gears in a typical two-stage
motion-amplifed gearbox is shown in Figure 7. Te input
torque and angular velocity are T1 and ω1, respectively. Te
output torque and angular velocity are T4 and ω4, re-
spectively. Te amplifcation factor k of the two-stage
gearbox can be obtained by

k �
Z1

Z2
×

Z3

Z4
, (10)

where Z1, Z2, Z3, and Z4 are the number of teeth of four
gears, respectively. Te relationship between T1 and T4 and
ω1 and ω4 can be calculated by

T1 � k × T4,

ω4 � k × ω1.
􏼨 (11)

To enhance the damping capacity of the cylindrical
torsional ECD, it is essential to determine an appropriate
amplifcation factor k. However, before delving into the
design of the proposed ETECD, it is crucial to derive the

motion equation and subsequently determine a solution for
the rotating body.

3. Motion Equation and Approximate Solution

3.1. Motion Equation. For operational purposes, rigid ro-
tating bodies, such as grille rudders or grid fns in missiles
and reusable rockets, need to achieve rotational motion
ranging from 0° to 90°. To ensure smooth operation, a ve-
locity-dependent damper is usually installed between the
rotating body and the fxed rotating shaft. Figure 8 illustrates
the schematic representation of the mechanical model,
which shows a rotating body equipped with a velocity-
dependent damper. Te motion equation governing the
behavior of the rotating body can be expressed as follows:

I€θ + c _θ � ML � hθ, (12)

where c is the torsional damping coefcient; θ is the rota-
tional angle; h is the proportional loading coefcient related
to the angular displacement; ML is linearly angle-related
torque; I represents the total rotational inertial mass of the
entire system, including the rotating body and the amplifed
parts of the ETECD. Te amplifed parts of the ETECD
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Figure 6: Damping coefcient c varies with diferent parameters of the ECD. (a) Combinations of length L and outer diameter D.
(b) Combinations of the thickness of PMs tm and air gap ta (tc � 2mm). (c) Combinations of the thickness of conductor tc and air gap ta

(tm �10mm). (d) Combinations of the thicknesses of PMs tm and conductor tc (ta �1mm).
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include four parts: the rotational inertial mass of Gear2,
Gear3, and their shaft (Ig23), the rotational inertial mass of
Gear4 and its shaft (Ig4), the rotational inertial mass of PMs’
back iron (Ibm), and the rotational inertial mass of the PMs
(Im). Te total system’s rotational inertial mass is given by

I � I0 +
Z1

Z2
􏼠 􏼡Ig23 +

Z1

Z2
×

Z3

Z4
􏼠 􏼡 Ig4 + Ibm + Im􏼐 􏼑, (13)

where I0 represents the rotational inertial mass of the
rotating body.

In this study, the initial conditions are assumed as
follows:

θ(0) � 0,

_θ(0) � ω0,
􏼨 (14)

where ω0 is the initial angular velocity.
In designing the torsional damping coefcient, two

extreme cases are considered. Case 1 involves
ML � MLmin � hmin · θ, where MLmin represents the mini-
mum external torque determined by operational re-
quirements. Similarly, in Case 2, ML � MLmax � hmax · θ,
where MLmax represents the maximum external torque.

It is crucial to establish a reasonable value for the tor-
sional damping coefcient. Setting the damping coefcient
too high, while considering friction, makes the rotation
process of the rigid body during normal operations chal-
lenging. Conversely, if the damping coefcient is too low, the
rotating system may sustain damage due to excessive ter-
minal angular velocity (TAV). Here, the TAV is defned as
the angular velocity of the rigid body after a 90° rotation.
Terefore, within the limitation imposed by the TAV [ω ′min,
ω ′max], a satisfactory range for the torsional damping co-
efcient can be determined. Te symbols ω ′min and ω ′max
represent the preset minimum and maximum TAV values,
respectively, depending on the operational requirements.

Te TAV can be obtained by solving equation (25) using
the 4th-order Runge–Kutta method. As the damping co-
efcient (c) varies, the TAV changes accordingly. To de-
termine a suitable range for the damping coefcient
[cmin, cmax], MLmin and MLmax are substituted into equation
(25) while considering the constraints of [ω ′min, ω ′max].
However, it is worth noting that employing the 4th-order
Runge–Kutta method can be time-consuming, and it re-
quires human intervention to select the desired damping
coefcient range. Consequently, in this research, an ap-
proximate analytical solution for the TAV is derived to
mitigate these challenges.

3.2. Approximate Solution of TAV. Te eigenvalue equation
of (12) can be written as

λ2 +
c

I
λ −

h

I
� 0. (15)

Te solution of (15) can be given as

λ1,2 �
−c/I ±

�����������

(c/I)
2

+ 4h/I
􏽱

2
. (16)

As h is larger than 0, there are two unequal real roots.
Ten, (12) has the following general solution form:

θ � A1e
λ1t

+ A2e
λ2t

. (17)

Meanwhile, the angular velocity can be obtained from
the following equation:

_θ � A1λ1e
λ1t

+ A2λ2e
λ2t

. (18)

By substituting (14) into (17) and (18), one can obtain

Input
T1, ω1

Output
T4, ω4

Gear 1, Z1

Gear 2, Z2

Gear 3, Z3

Gear 4, Z4

Figure 7: Confguration of gears in a typical two-stage gearbox.
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A1 �
ω0�����������

(c/I)
2

+ 4h/I
􏽱 ,

A2 � −
ω0�����������

(c/I)
2

+ 4h/I
􏽱 .

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(19)

Ten, based on (16) and (17), the analytical solutions of
the angular displacement, velocity, and acceleration can be
calculated as

θ �
ω0�����������

(c/I)
2

+ 4h/I
􏽱 e

λ1t
− e

λ2t
􏼐 􏼑,

(20)

_θ �
ω0�����������

(c/I)
2

+ 4h/I
􏽱 λ1e

λ1t
− λ2e

λ2t
􏼐 􏼑,

(21)

€θ �
ω0�����������

(c/I)
2

+ 4h/I
􏽱 λ21e

λ1t
− λ22e

λ2t
􏼐 􏼑.

(22)

According to (20) and (21), the relationship between
angular displacement and velocity is given as

_θ
θ

�
λ1e

λ1t
− λ2e

λ2t

e
λ1t

− e
λ2t

. (23)

Moreover, it can be seen from (16) that the two char-
acteristic roots are constant and only related to the moment
of inerter I, torsional damping coefcient c, and load pro-
portional coefcient h. Considering that λ2 is less than zero,
it is known that with the increase of time t, eλ2t tends to be
close to zero. Tus, (23) could be simplifed as

_θ
θ
≈ λ1. (24)

Assuming that the angular displacement reaches 90° at
time te, with the combination of (24), the TAV can be
approximately determined by the following formula:

_θ te( 􏼁 ≈ λ1
π
2

�
π
2

× −
c

I
+

��������

c

I
􏼒 􏼓

2
+
4h

I

􏽳

⎛⎝ ⎞⎠. (25)

From equation (25), it is apparent that the TAV remains
unafected by the initial angular velocity ω0. Additionally, as
the torsional damping coefcient increases, the TAV ex-
periences a reduction. Te primary objective of calculating
the TAV is to determine the necessary range of the damping
coefcient in the subsequent section.

4. Design of the Enhanced Torsional Eddy
Current Damper (ETECD)

4.1. Derivation of the Required Range of Torsional Damping
Coefcient. Asmentioned before, the TAV can be calculated
according to equation (25). Ten, based on the preset values
of ω ′min and ω

′
max, the following condition should be satisfed:

ω ′min ≤
π
2

× −
c

I
+

����������

c

I
􏼒 􏼓

2
+
4hmin

I

􏽳

⎛⎝ ⎞⎠,

ω ′max ≥
π
2

× −
c

I
+

�����������

c

I
􏼒 􏼓

2
+
4hmax

I

􏽳

⎛⎝ ⎞⎠,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(26)

where hmin � MLmin/θ, hmax � MLmax/θ. MLmin and MLmax
are the minimum and maximum external torque mentioned
before, respectively.

Based on (26), the torsional damping coefcient c should
meet the following requirement:

0.5hmaxπ
2

− 2I ω ′max􏼒 􏼓
2

πω ′max

� cmin ≤ c≤ cmax �
0.5hminπ

2
− 2I ω ′min􏼒 􏼓

2

πω ′min

. (27)

Equation (27) provides a convenient means of designing
the desired range of the damping coefcient for the torsional
damper under various loading conditions and velocity re-
strictions.Te precise values ofω ′min, ω

′
max, hmin, and hmax are

determined based on specifc practical application cases.

4.2. Numerical Validation and Detailed Design Procedures of
an ETECD. In this section, a numerical example is provided
to validate the accuracy of (25) and the design formula
equation (27). Te following assumptions are made: the
moment of inerter (I) is 5 kg·m2, the initial angular velocity

ML

I c

ω0 θ

Figure 8: Dynamic model of a rotating body.
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(ω0) is 1 rad/s, and the minimum and maximum external
torque (MLmin and MLmax) are 100θ and 500θ, respectively.
Te minimum and maximum TAV (ω ′min and ω ′max) are set
as 2 rad/s and 10 rad/s, respectively. Additionally, the re-
quired damping coefcient is computed using the 4th-order
Runge–Kutta method with a time interval of 1× 10−4 s, and
the increment of the damping coefcient during compu-
tation is set at 0.1N·m·s/rad.

Figure 9 illustrates the relationship between the damping
coefcient of the torsional damper and the TAV obtained
through the 4th-order Runge–Kutta method. Additionally,
the results of TAV calculated using (25) are displayed in
Figure 9. A high level of agreement is observed between the
two. Besides, it can be noted that the TAV decreases with an
increase in the torsional damping coefcient. From Figure 9,
the required range of the damping coefcient determined
through simulations is found to be from cmin � 46.80N·m·s/
rad to cmax � 72.10N·m·s/rad. Similarly, the required range
of the damping coefcient can be determined using (27) as
46.71N·m·s/rad≤ c≤ 72.17N·m·s/rad. Te damping co-
efcient obtained from Figure 9 closely aligns with the range
determined by (27).

To validate the efectiveness of the proposed design
method in controlling the rotation of the rotating body
under arbitrary torques within the load range of
[MLmin, MLmax], a random torque MLrand is employed
according to the following equation:

ML � MLrand � hmin + hmax − hmin( 􏼁 · rand()􏼂 􏼃 · θ, (28)

where rand() represents a random value within the range of
0 to 1. Figure 10(a) illustrates several arbitrary load cases
derived from (28). By averaging the lower and upper
boundaries of the specifed range, a torsional damping co-
efcient of c� 59.44N·m·s/rad is selected. Te TAV under
a random load case can be calculated using (25). Figure 10(b)
displays the TAV for ffty diferent random torsional torques
MLrand.

Te observation from Figure 10(b) leads to the con-
clusion that, with the selected damping coefcient, the TAV
conforms to the velocity restriction (ω ′min � 2 rad/s,
ω ′max � 10 rad/s). Considering on the details outlined in
Section 2, Section 3, and the aforementioned results,
a comprehensive design procedure for the ETECD, com-
prising ECDs and a gearbox, is shown in Figure 11.

5. Design and Experimental Validation of
an ETECD

To validate the efectiveness of the proposed design method
and assess the control performance of the novel enhanced
torsional eddy current damper (ETECD), a rigid rotating
body was manufactured and installed in the Vibration and
Shock Technology Research Center at Hunan University.
Te experimental setup is depicted in Figure 12, and the
parameters of the rotating body are detailed in Table 1.
Notably, it is assumed that the loading range and the re-
striction on the terminal angular velocity (TAV) have been

assumed to be (MLmin �165.5·θ, MLmax � 636.5·θ) and
(ω ′min � 3 rad/s, ω ′max � 13 rad/s), respectively.

5.1. Detailed Design of the ETECD. Due to the constrained
installation space of 220mm× 90mm× 90mm, the torsional
ECD is confgured with an outer diameter (D) of 80mm and
a length (L) of 220mm. Te design includes 10 permanent
magnets (PMs) with parameters: a thickness (tm) of 10mm,
a residual magnetic feld strength (Bre) of 1.4 T, and a relative
permeability (μrm) of 1.04.Te conductor tube, composed of
copper, possesses a thickness (tc) of 2mm and a conductivity
of 5.8×107 s/m. Te magnetic tube thickness (tb) is set at
5mm, and the air gap measures 1mm. According to
equation (8), a single cylindrical ECD can provide a maxi-
mum damping coefcient of 2.37N·m·s/rad. By substituting
this damping coefcient into equation (25), the terminal
angular velocity (TAV) under the maximum torsional
torque MLmax � 636.5·θ is calculated to be 54.21 rad/s,
overtaking the maximum velocity restriction of 13 rad/s.
Consequently, the ETECD becomes necessary.

According to the spatial relationship between the in-
stallation positions of the rotating body and the damper, the
damper is confgured as two cylindrical torsional ECDs,
symmetrically positioned on both sides of the gearbox, as
illustrated in Figure 13(a). Te ETECD comprises two cy-
lindrical torsional ECDs, each with a length (L) of 60mm.
Te length of the gearbox and other parts totals 100mm, as
shown in Figure 13(b). Each ECD is equipped with 8 PMs,
with a distance (dm) between each PM as 9.42mm. Te
dimensional parameters of the cylindrical ECD are outlined
in Table 2. With the specifed parameters, the total damping
coefcient of these two torsional ECDs amounts to
0.997N·m·s/rad.

20

15

10

5

0

TA
V

 (r
ad

/s
)

0 20 40 60 80 100
Torsional damping coefficient (N·m·s/rad)

ω’max

ω’min

Required range
[46.8,72.1]

Simulations under MLmin

Eq. (25) under MLmin

Simulations under MLmax

Eq. (25) under MLmax

Figure 9: Variation of the TAV with damping coefcient c under
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For precise determination of the amplifcation factor k,
a three-dimensional fnite element model (3D FEM) of the
cylindrical ECD is constructed to compute its damping
coefcient. Te 3D FEM accounts for axial, radial, and

circumferential magnetic feld distributions. Hexahedral
elements are utilized for modeling the permanent magnet
(PM), air gap, conductor, back iron of PM, and back iron of
conductor in the model. Tis ensures accurate computation
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Figure 10: Response of rotating body under diferent external torsional torques. (a) Torsional torque-rotation angle. (b) TAV under random
torque.
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of damping torque with varying rotation velocities, which
was validated by Zhang et al. [50]. Considering that adjacent
PMs within one revolution have identical dimensions and
opposite magnetization, the damper can be simplifed for
computation using a 1/2p three-dimensional fnite element
model through antisymmetric periodic conditions. Te
periodic conditions and meshing of the model in this re-
search are illustrated in Figure 14.

Figure 15(a) depicts the eddy current density distribu-
tion in the three-dimensional model, while Figure 15(b)
illustrates the relationship between the damping torque and
the angular velocity. It is evident from Figure 15(b) that the
damping torque demonstrates a linear relationship with the
angular velocity within the range of 0 to 110 rad/s. Fur-
thermore, the average damping coefcient within this ve-
locity range is calculated as c� 1.007N·m·s/rad, which
closely aligns with the estimated value of 0.997N·m·s/rad.

Utilizing (27), the required range of the damping co-
efcient is determined to be between 60.36N·m·s/rad and
82.84N·m·s/rad. For the design target, the damping co-
efcient is set as c� (60.36 + 82.84)/2� 71.60N·m·s/rad.
Referring to (8) and considering the aforementioned
damping coefcient of the cylindrical ECD, the required
amplifcation factor for the gearbox is determined as
k� 8.43. Consequently, the gearbox is designed with four
gears, as depicted in Figure 7. Te number of teeth for these
gears is specifed as Z1� 41, Z2�16, Z3� 65, and Z4� 20,
respectively. According to (10), the amplifcation factor of
the gearbox is calculated to be 8.33, which is close to the
required value.

Te damping coefcient obtained from equation (9) and
3D FEM of the damper are 69.18N·m·s/rad and 69.87N·m·s/
rad, respectively, meeting the control requirements.

Considering that the amplifcation factor k� 8.33 and the
damping coefcient of the ECD without amplifcation gears
is 0.997N·m·s/rad, the enhanced damping coefcient of the
proposed ETECD is ca � k2 × c� 69.18N·m·s/rad.

Te mass and equivalent rotational inertial masses of the
amplifed parts of the ETECD (PMs, gears, their shaft, and
back iron of PMs) are provided in Table 3. As shown in
Table 3, the equivalent inertial mass of the amplifed parts of
the ETECD is relatively small, and the total equivalent ro-
tational inertial mass of them is 0.029 kg·m2. Meanwhile, the
rotational inertial mass of the rotating body is 2 kg·m2, and
the amplifed parts of the ETECD may exert limited infu-
ence on the results.

5.2. Experimental Measurement of the Damping Coefcient of
ETECD. Following the aforementioned design procedure,
an ETECD has been manufactured, comprising two tor-
sional cylindrical ECDs and a gearbox, as depicted in
Figure 16. For experimental purposes, the corresponding
setup is illustrated in Figure 17. Te rotational compo-
nent, coupled with the ETECD, is fastened and connected
to the base. To apply variable angular velocities, a rotary
drive mechanism is attached to the rotational shaft of the
rigid body.

For quantifying the damping torque and angular dis-
placement of the ETECD, a torque sensor and an angular
displacement sensor have been positioned on the shaft. Both
sensors operate at a sampling frequency of 2 kHz. Te an-
gular velocity can be derived from the time derivative of the
angular displacement history.

Te damping torque measured by the ETECD under
various angular velocities is shown in Figure 18. Addi-
tionally, the estimated values from (9) and results obtained
from the 3D FEM analysis are plotted in Figure 18 for
comparison. Te average torsional damping coefcient from
experimental results is calculated as c� 70.04N·m·s/rad,
which is very close to the required torsional damping co-
efcient of 71.60N·m·s/rad and the designed torsional
damping coefcient (3D FEM) of 69.87N·m·s/rad.

Furthermore, the experimentally measured damping
coefcient is larger than both the FEM (69.87N·m·s/rad) and
estimated results (69.18N·m·s/rad). Tis diference may be
attributed to minor manufacturing errors and incomplete
uniform magnetization of the permanent magnets. Never-
theless, this diference does not impact the fnal control
performance. Terefore, the manufactured ETECD can be
directly utilized for the control of the rotating body.

5.3. Comparison with Axial ECD. For the purpose of
comparing the enhanced torsional eddy current damper
(ETECD) presented in this research with the axial eddy
current damper (ECD), a rack is installed next to Gear 1 in
this section. It is assumed that the length of the rack is equal
to the circumference of Gear 1, and the rack has the same
module and tooth size as Gear 1. As shown in Figure 7, the
diameter of Gear 1 is 75.25mm and the circumference is
236.29mm. Assuming that the axial movement velocity of
the rack is 236.29mm/s (corresponding to a rotation

Rotating shaft

Rotating rigid body

Installation space

700 mm

220 mm

90
 m

m

16
0 

m
m

24
0 

m
m

90 mm

Figure 12: Dimensions and detailed parameters of the
rotating body.

Table 1: Parameters of the rotating body.

Parameter Symbol Value Unit
Initial velocity ω0 0 rad/s
Mass m0 30 kg
Rotation angle θ From 0 to 90 °

Moment of inerter I 2 kg·m2

External torsional torque ML 165.5·θ≤ML ≤ 636.5·θ N·m
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velocities of 6.28 rad/s for Gear 1), the relative velocity
between the permanent magnets and the conductor in the
axial eddy current damper without motion-amplifed de-
vice is 236.29mm/s. However, after the installation of
motion-amplifed device, the relative rotational velocity
between the permanent magnets (PMs) and the conductor
is 53.31 rad/s (6.28 × 8.33 = 53.31 rad/s), and the corre-
sponding relative velocity between them is 1702.72mm/s.
At this point, the relative velocity has increased by ap-
proximately 7.21 times. As the damping force is approxi-
mately linearly related to speed at low speeds, this implies

that the damping coefcient has increased by about 51.93
times. For a sinusoidal displacement loading motion with
a displacement of 100mm and a frequency of 1Hz, the
force-displacement curves of the two dampers with the
same specifcations and dimensions are shown in Figure 19,
and the damping coefcients of the two dampers are
0.22 N·s/mm and 11.55 N·s/mm, respectively. It can be
calculated from Figure 19 that the energy consumption
from the proposed ETECD under a sinusoidal displace-
ment loading is 2278 J, which is almost 52.50 times to the
axial ECD.

Torsional ECDs

Rotating shaft

Gearbox

(a)

Torsional ECD

Rotating shaft

Gear box Torsional ECD

D=80 mm

100 mm L=60 mmL=60 mm

(b)

Figure 13: Te enhanced torsional eddy current damper (ETECD). (a) 3D layout diagram. (b) Detailed confguration.

Table 2: Parameters of the cylindrical ECD (unit: mm).

Parameters Symbol Value
Te outer radius of the damper Ro 40
Te outer radius of the conductor Rb 35
Te internal radius of the conductor Rc 33
Te outer radius of PMs Rm 32
Te internal radius of PMs Rd 22

Antisymmetric surface

Antisymmetric surface

(a)

Back iron of conductor

Conductor

PM

Air gap

Back iron of PM

(b)

Figure 14: 1/2p three-dimensional fnite element model. (a) Model with antisymmetric periodic conditions. (b) Meshing.
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5.4. Validation of Control Performance. In this section, the
control performance of the manufactured ETECD is verifed
by subjecting the rotating body to both maximum and
minimum external torsional torques.

5.4.1. Measured Results under Minimum External Torsional
Torque MLmin. For the minimum loading case, dropping
a heavy mass is used to drive the rotating body to produce
the rotational motion.Te experimental confguration of the
weight-loading system is depicted in Figure 20. In this setup,
the rotating body is linked to the mass m1 via a steel cable
passing through a fxed pulley, while the rotating shaft is
fxed to the ground. A bufering block is installed to mitigate
shock efects from high TAV. An electromagnet on the

ground secures the rotating body when activated. An an-
gular displacement sensor is positioned on the rotating shaft
for measuring angular displacement, and a load sensor on
the cable measures the tension force Fs in the connection
cable. Both the load sensor and angular displacement sensor
operate at a sampling frequency of 2 kH.

Utilizing the weight-loading system, the performance of
the ETECD under the minimum loading case is investigated.
In Figure 21(a), the “Targeted value” represents theoretical
values of the external torque (MLmin) changed with the
angular displacement, and the “Measured value” corre-
sponds to the external torque applied to the rotating body.
Figure 21(a) illustrates the measured torque on the rotating
body compared with the targeted value. Te relation be-
tween angular displacement and velocity of the rotating
body, with and without control, is also compared in
Figure 21(b). In Figure 21(b), “Uncontrolled (Num.)” rep-
resents numerical simulations for the uncontrolled state.
“Controlled (Num. ES)” corresponds to numerical simula-
tions for the controlled state, considering the total rotational
inertial mass of the entire system. “Controlled (Num. RB)”
corresponds to numerical simulations for the controlled
state, considering the rotational inertial mass of the rotating
body only. “Controlled (Exp.)” represents the controlled
state with experimental measurements. All these depict the
variation of velocity with angle. It can be found from
Figure 21(a) that the experimentally applied torque is slightly
higher than the targeted value due to neglecting the weight of
the load sensor and other connected parts. Tis causes that
the angular velocity in the experiment is larger than the
simulation results during the loading process. Moreover,
fuctuations in the measured loading curve caused by the
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Figure 15: Finite element model of the torsional ECD. (a) Eddy current density distribution. (b) Damping torque-angular velocity.

Table 3: Mass and equivalent inertial mass of gear, PMs, and back iron of PMs.

Components Mass (kg) Rotational inertial mass
(kg·mm2) Motion amplifcation factor Equivalent rotational inertial

mass (kg·m2)
Gear 2 and 3 and their shaft (Ig23) 0.43 176.69 2.56 0.0012
Gear 4 and its shaft (Ig4) 0.20 6.63 8.33 0.0005
Back iron of PMs (Ibm) 1.01 139.43 8.33 0.0097
PMs (Im) 0.33 255.70 8.33 0.0177

Figure 16: Photo of the rotating body with ETECD.
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Figure 17: Measurement of the torsional damping coefcient. (a) Schematic diagram. (b) Setup of measurement.
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vibration of the connection cable during the rotation process
can be observed. In Figure 21(b), the experimental results of
angular velocity show a nearly linearly proportional to the
displacement, verifying the reliability of the analytical re-
lation as expressed by (24). Additionally, with and without
the equivalent rotational inertial mass of the amplifed parts
of the ETECD, the angular velocities obtained from nu-
merical simulation agree well with each other. Te infuence
of the equivalent inertial mass of the amplifed parts of the
ETECD in the loading case of MLmin can be negligible.
Moreover, with the installation of the proposed ETECD, the
TAV reduces from 14.33 to 4.19 rad/s, signifying the ca-
pability of the proposed ETECD to efectively control the
rotating body in the loading case of MLmin.

5.4.2. Measured Results under Maximum External Torsional
Torque MLmax. In this case, a hydraulic loading system is
employed instead of a weight-loading system to generate
the maximum loading case. Te experimental setup is
depicted in Figure 22. Te rotating body is linked to the
actuator of the hydraulic loading actuator via a steel rod,
while the rotating shaft is fxed to the ground. A bufering
block is utilized to prevent the shocking failure arising
from high terminal angular velocity (TAV). An angular
displacement sensor is positioned on the rotating shaft
for measuring the angular displacement, and a load
sensor is placed on the steel rod to measure the tension
force Fs in the steel rod. Te sampling frequency is set to
2 kHz.
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Figure 20: Schematic diagram and experimental of the weight-loading system. (a) Schematic diagram. (b) Experimental setup.
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Te legend in Figure 23 has the same meaning as in
Figure 21. Te output loading curve generated by the ac-
tuator is plotted in Figure 23(a). Te corresponding targeted
value is also presented in Figure 23(a) for comparison. Te
generated external torque at the beginning of loading
process is lightly larger than the target value, and the
generated external torque decreases signifcantly at the end
of the loading process. Tis is because that the hydraulic
pump will be cut of in advance to ensure the safety of the
actuator device. However, for accurately simulating the
maximum loading case, the input energy applied to the

rotating body by the actuator during the loading process will
be set to identical to the maximum loading case.

Based on the area enveloped by the torque and angular
displacement curve in Figure 23(a), the input energy applied to
the rotating body by the actuator is calculated as 790.05 J, which
aligns well with the target curve’s energy of 785.50 J. Moreover,
Figure 23(b) displays the experimental curve of angular velocity
and displacement. Te TAV is reduced from 28.04 rad/s to
11.50 rad/s after installing the proposed ETECD. Additionally,
considering and not considering the equivalent rotational
inertial mass of the amplifed parts of the ETECD, the angular
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Figure 22: Schematic diagram and experiment of hydraulic loading system. (a) Schematic diagram. (b) Experimental setup.
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Figure 23: Comparison of uncontrolled and controlled values under MLmax. (a) Torque-angular displacement. (b) Angular velocity-
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velocities agree well with each other, which means that the
infuence of the equivalent rotational inertial mass of the
amplifed parts of the ETECD in this work can be negligible.
However, it is essential to note that careful consideration is
needed when the equivalent inertial mass of the damper is
relatively large compared to that of the rotating body. As seen
in Figure 23(b), the measured angular velocity is slightly larger
than the numerical simulation results during the loading
process. Tis is mainly because the torque applied on the
rotating body from the actuator is larger than the targeted value
at the beginning stage. However, the error in testing energy
input does not afect the generality of the conclusions. It can be
inferred that for both minimum and maximum loading cases,
the ETECD can efectively control the rotational motion.

6. Conclusions

Tis study introduces an enhanced torsional eddy current
damper (ETECD), consisting of cylindrical ECDs and gear-
boxes, which could be used for controlling a rotating body.Te
damping estimation method is proposed for estimating the
damping coefcient of cylindrical ECD. Before detailing the
design of the proposed ETECD, this study presents the motion
equation and solution of the rotating body with a torsional
damper. For a rotating body requiring angular velocity control
within a specifed limit, while considering a particular load
range during rotational motion, the required range of the
torsional damping coefcient is derived.

Te control efects of the ETECD are assessed both
numerically and experimentally under maximum external
torsional torque (MLmax) and minimum external torsional
torque (MLmin). Te results obtained from the approximate
solution closely align with those obtained analytically.

By selecting a damping coefcient within the proposed
range, the terminal angular velocity (TAV) meets with the
angular velocity constraints even under the application of
linear and random torques. Te estimated value and mea-
sured value of the damping coefcient for the ETECD are
69.18N·m·s/rad and 70.04N·m·s/rad, respectively, validating
the efcacy of the proposed damping coefcient estimation
method. Experimental results indicate a substantial re-
duction in TAV, amounting to 70.76% and 58.99% for the
MLmin and MLmax cases, respectively.
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