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Abstract This study develops a method to suppress
the mechanical vibrations of a motor—gear transmis-
sion system (MGTS) due to speed and external load
variations. It also achieves soft starting of the drive
motor using a magnetorheological fluid coupling
(MRFC) with variable stiffness and damping instead
of the traditional rigid coupling. Therefore, a mechan-
ical-electromagnetic coupled dynamics model of an
MGTS is established, which includes a drive motor, a
gear transmission system, an MRFC, and a load. Based
on the developed dynamics model, the effects of the
MRFC on the dynamic response of the MGTS at
different coil currents in the startup and stable opera-
tion stages of the drive motor are investigated. The
results show that as the coil current increases, the coil
current overshoot increases, and the overshoot
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duration is 0.125 s. When the current is 2.0 A, the
coil current overshoot reaches a maximum, and the
overshoot rate is 8.84%. Concurrently, when the coil
current increases from 0.5 to 2.0 A, the magnetic field
intensity in the MRF working area increases from 0.38
to 0.74 T, the torque increases from 70 to 115 N-m,
and the response time of the MRFC reduces from
0.125 to 0.002 s. Moreover, the relative vibration
center offset rates (RVCORs) in the x, y, and 0
directions of nodes 4, 8, 10, and 15 gradually decrease
with increasing coil current. However, these RVCORs
reach maximum when the coil current is 2.0 A, with
those in the x direction being 0.586%, 0.447%,
0.446%, and — 0.263%, respectively, and in the
y direction being 0.586%, 0.451%, 0.497%, and —
0.264%, respectively. The RVCORs of the helical
gear meshing node of the MGTS in the 0 direction are
0.0722%. Furthermore, the maximum vibration ampli-
tude reduction rates (MVARRS) in the x, y, and 0
directions of nodes 4, 8, 10, and 15 gradually increase
with increasing coil current. The MVARRs of each
node reach the maximum when the coil current is 2.0
A; the MVARRSs of nodes 4, 8, 10, and 15 in the
x direction are 40.98%, 83.4%, 83.49%, and 2.17%,
respectively, and those in the y direction are 64.4%,
83.4%, 83.46%, and 2.16%, respectively. The
MVARRs of the helical gear meshing node in the 0
direction have an MVARRSs of 29.1%. Moreover, the
vibration amplitudes of the gear meshing node decay
the fastest in the 0 direction, and the decay time
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reduces from 2.8 to 0.3 s when the coil current
increases from 0.5 to 2.0 A.

Keywords Motor—gear transmission system -
Dynamic response - MRFC - Vibration amplitude
reduction rate

Abbreviations

Vv Coil voltage

I Coil current

L Coil inductance

R Coil resistance

Vo Constant voltage

t Time
Shear stress of MRF

n Zero-field viscosity of
MRF

T(H) Dynamic yield stress of
MRF

¥y Shear strain rate of MRF

B Magnetic flux density

H Magnetic field intensity

Lo Vacuum magnetic
permeability of MRF

Ur Relative magnetic
permeability of MRF

R, Radius of driven cylinder

R Radius of driving cylinder

Aw Speed difference between
input and output

l Working gap length of
MRF

lo Effective working gap
length of MRF

Enm Relative shear modulus of
MRF

E Storage modulus of MRF

E" Loss modulus of MRF

0 Volume fraction of MRF

B Magnetization intensity of
MRF

A Loss factor

kyy Torsional stiffness
coefficient of MRF

Cm Torsional damping
coefficient of MRF

Ju Rotational inertia of
MRFC
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Wn

<u
Km

Cm
Xm

Xjt+15 Yj+1, T+l

Qx, ) 0)',- ) 92

J

0

Xj+19

0

Xj+19

0

Xj+1

mj, Ii'
Mmjt1, L

E

Critical damping
coefficient of MRFC
Angular frequency
Damping ratio

Stiffness matrix of MRFC
Mass matrix of MRFC
Damping matrix of MRFC
Displacement matrix of
MRFC

Stiffness matrix of
shafting element

Mass matrix of shafting
element

Damping matrix of
shafting element
Displacement matrix of
shafting element
Transmission error
Translation displacement
of nodes j + 1
Rotational angular
displacement of nodes j
Rotational angular
displacement of nodes
Jj+1

Mass and moment of
inertia to nodes j

Mass and moment of
inertia to nodes j + 1
Elastic modulus of shaft
material

Moment of inertia of
section

Shear influence factor
Length of beam element
Shear elastic modulus of
shaft material
Cross-sectional area of
beam element

Polar moment of inertia
Section influence
coefficient

Mass scaling coefficients
Stiffness scaling
coefficients

Damping coefficient
Intrinsic frequency
Pressure angle
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Bo

Iy, 12
Kg
Ca
Xa
Mg

Xxis xyiv Xzi

071, 02

X2, Y2, 22

0

Xiy Yiy Zj

Ve

my, np

L, Iy, Ly, Lo, Ly, In

Js

kxx’ kyy

Angle (between the gear
meshing line and the y-
axis)

Helical angle

Base radiuses of driving
gear and driven gear
Stiffness matrix of gear
meshing element
Damping matrix of gear
meshing element
Displacement matrix of
gear meshing element
Mass matrix of gear
meshing element
Translational
displacement of the
driving gear

Rotational angular
displacement
Translational
displacement of the driven
gear

Relative total deformation
Translation displacement
of nodes j

Meshing matrix of helical
gear pair

Mass of the driving and
driven gear

Rotational inertia of the
driving and driven gear
Normal force of the helical
gear pair

Helical gear pair meshing
stiffness

Helical gear pair meshing
damping

External excitation force
column vector

Stiffness matrix of bearing
element

Damping matrix of
bearing element

Mass matrix of bearing
element

Displacement matrix of
bearing element

Radial stiffness

k.,
k@x@xa k@y@y
Gs
Kc
Cc

Mc

Ty
Xx
Xy

Xo

Yo

XM

m

Axial stiffness

Torsional stiffness
Gyroscopic matrix of shaft
element

Stiffness matrix of
connecting element
Damping matrix of
connecting element

Mass matrix of connecting
element

Displacement matrix of
connecting element
Input torque of drive
motor

Load torque

Mass matrix of MGTS
Stiffness matrix of MGTS
Damping matrix of MGTS
Whole displacement
vector of MGTS

System external load
column vector

MREF transmission torque
of MRFC

Load torque

Amplitude of x-direction
Amplitude of y-direction
Amplitude of §-direction
Vibration center of x-
direction

Vibration center of y-
direction

Vibration center of 0-
direction

Relative vibration center
offset rate

Maximum vibration
amplitude of x-direction
Maximum vibration
amplitude of y-direction
Maximum vibration
amplitude of 0-direction
Amplitude reduction rate
Density of shaft material
Gyroscopic matrix of
helical gear pair

Spin speed

Radius of gyration
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G Whole gyroscopic matrix
of MGTS

Qp, O Rotation angular speed

1 Introduction

A magnetorheological fluid (MRF) is a new type of
solid-liquid two-phase intelligent material, and it can
rapidly (20-300 ms) undergo a reversible transforma-
tion from a free-flowing to solid-like state, whose
working properties are constrained and controlled by
an applied magnetic field [1, 2]. The rheological
properties of an MRF, when described quantitatively
in terms of changes in viscosity, are explained as
follows. In the presence of a magnetic field, the
apparent viscosity (0.1-1.1 Pa-s) of an MRF is typi-
cally several orders of magnitude higher than in its
absence, causing its stiffness and damping coefficients
to also increase tens of thousands of times. Therefore,
the mechanical properties of an MRF such as elastic
modulus are appropriately controlled by a magnetic
field [3-5]. Owing to the excellent mechanical
behavior of MREF, their application to vibration
reduction has been investigated. Olivie et al. [6]
proposed a new hybrid annular radial magnetorheo-
logical damper to improve the smoothness of new
energy vehicles. Masaharu et al. [7] proposed a two-
degree of freedom dynamics model for an MRF shock
absorber and experimentally verified the feasibility
and accuracy of the model. Ashok et al. [8] conducted
experiments and observed that at high amplitude and
frequency, the damping force and stiffness of an MRF
increased significantly with an appropriate increase in
the current. Feng et al. [9] designed a magnetorheo-
logical damper based on the extended constant decel-
eration control method, and it achieved a large
controllable speed range and a large controllable
damping force. The above studies quantitatively
analyzed the relationship between the current and
the damping force, and the results showed that an MRF
suppresses mechanical system vibrations by control-
ling the damping force of the MRF damping device.
However, they ignored the coupled effect of MRF
damping devices with a motor—gear transmission
system (MGTS) on the dynamic response and vibra-
tion characteristics of the latter.

@ Springer

An MGTS is a typical nonlinear electromechanical
coupled transmission system and widely used in
electric vehicles, aerospace, ocean engineering, and
other mechanical equipment [10, 11]. With the devel-
opment of electromechanical coupled systems with
high integration and precision, the excessive mechan-
ical vibrations caused by the changes in speed and
external load are becoming increasingly prominent.
These are one of the main causes reducing the service
life of mechanical components and endangering the
stability of system operations [12, 13]. Until now, many
studies have been conducted on the nonlinear dynamic
response characteristics and vibration and noise sup-
pression of MGTS. Regarding the former, Jiang et al.
[14] established a nonlinear gear dynamic model of an
MGTS considering multifrequency excitations and
analyzed the influence of single- and multifrequency
excitations on its dynamic response. Zhu et al. [ 15] built
a lumped parameter dynamic model of an MGTS and
investigated the effects of the gear meshing stiffness,
transmission error, and gear backlash on its nonlinear
dynamic characteristics. Li et al. [16] proposed a multi-
degree of freedom gear nonlinear model and studied the
influence of the bearing support stiffness, gear back-
lash, and bearing clearance on the dynamic response
characteristics of a gear system. Wang et al. [17] used
the lumped mass method to establish a nonlinear
dynamics model of the spur gear system and analyzed
the influence of system parameters on its nonlinear
dynamics characteristics. Li et al. [18] proposed a
nonlinear dynamics model of planetary gear transmis-
sion considering nonlinear error excitations and seg-
mental backlash nonlinearity and analyzed its nonlinear
dynamics characteristics. Regarding vibration and
noise suppression, Geng et al. [19] proposed a new
rigid—flexible gear using a metal rubber and applied it to
a transmission system to reduce gear vibrations and
improve its stability. Lee et al. [20] used a new Fe—-Mn
damping alloy to manufacture mechanical components
toreduce the vibration of a mechanical system. Maet al.
[21] developed a finite element model of a gear system
and analyzed the effect of different gear tooth tip
modifications on the time-varying mesh stiffness,
dynamic transfer errors, and system vibration response.
Bonori et al. [22] proposed a distinct genetic algorithm
for optimizing the structural parameters of gear pairs to
reduce the vibrations and noise of a gear transmission
system. Xu et al. [23] developed a lightweight, low-
amplitude gear plate design method to reduce the
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Fig. 1 Three-dimensional
model of MGTS

MRFC Magnetic powder brake

(a) Transmission system with MRFC, (b) Transmission system with rigid coupling

vibrations of a gear transmission system. Xiao et al. [24]
established an energy dissipation model of a gear
transmission system under centrifugal load considering
the characteristics of powder materials. They analyzed
the influence of the size and damping of the powder
materials on its vibration characteristics under extre-
mely harsh operating conditions, and the results showed
that the powder materials had a certain but insignificant
vibration reduction effect. Ramadani et al. [25] reduced
the vibrations of a gear transmission system by adding a
polymer material to the gear bodies. Wang et al. [26]
established a nonlinear dynamics model of a gear
damping ring system and analyzed the influence of the
embedded damping ring on the vibration reduction in a
gear transmission system. However, most of the above
studies treated an MGTS as a combination of noncor-
related mechanical and electrical parts. Moreover, they
paid significant attention to the effects of system
parameters on its dynamic response characteristics and
only established a nonlinear dynamic model of a gear
system without considering the drive motor. In addi-
tion, most studies preferred to use damping materials
and performed gear modification and parameter opti-
mization to reduce the vibrations and noise of an
MGTS. Although the above methods have certain
vibration suppression and noise reduction effects, they
are nonideal because stiffness and damping cannot be
changed by varying the operation conditions. There-
fore, in this study, to obtain a more ideal vibration
reduction effect, the traditional rigid coupling is
replaced by magnetorheological fluid coupling
(MRFC) with variable stiffness and damping. The

MFRC connects the drive motor and gear transmission
system in an MGTS, as shown in Fig. 1.

The innovations of this study are the first use of an
MREF as a vibration-reduction material in an MGTS
and establishment of a new flexible MGTS including
MREFC. By controlling the coil current of the MRFC,
its magnetic field density and magnetic flux intensity
are controlled to adaptively vary the stiffness and
damping coefficients of the MRF. This suppresses the
vibrations caused by abrupt load changes and achieves
the motor soft start goal. Moreover, to more realisti-
cally reflect the vibration characteristics and dynamic
response of the MGTS, a mechanical-electromagnetic
coupled dynamics model is established, which
includes a drive motor, a gear transmission system,
MRFC, and a load. Based on the model, the research
focuses on the influence of the MRFC coil current
variation on the dynamic response characteristics and
vibration reduction in the system in the drive motor
startup and stable operation stages. The results show
that the vibration amplitude of the MGTS decreases
significantly with the increase in the coil current. The
remainder of this paper is organized as follows. In
Sect. 2 and 3, the established theoretical model of
MRFC and the developed mechanical-electromag-
netic coupled dynamics model are presented, respec-
tively. In Sect. 4, the effects of MRFC and traditional
rigid coupling on the dynamic response characteristics
of each mechanical part of an MGTS are compared
and the analysis results are discussed. In Sect. 5, the
conclusions of this study are summarized.

@ Springer



13786

2 Theoretical model of MRFC
2.1 Working principle of MRFC

A schematic of the structure of a cylindrical MRFC is
shown in Fig. 2. The device mainly consists of an MRF, an
input shaft, a coil, an output shaft, a brush slip ring, and
other components. The MRF is located between the
driving and driven cylinders, and the driving cylinder is
connected to the motor output load terminal, and the output
shaft is connected to the driving gear. MRFCs operate
mainly on the shear yield stress of the MRF to transmit a
torque. Varying the coil current controls the amount of
torque transmitted, enabling the magnetostatic shear
modulus, torsional stiffness, and damping coefficient of
the MRF to be controlled by the current. Thus, the
connection characteristics of the transmission system are
changed, and the transmission system vibration is reduced.

2.2 Response characteristics of coil current

The current response characteristics are the excitation
coil inside the MRFC detecting a change in the current
from the generation of magnetic field intensity to the
magnetic field for the MRF to produce stable magne-
torheological effect. The simplified circuit structure of
the MRFC is shown in Fig. 3.

Neglecting the effect of eddy currents inside the

MREFC, the voltage drop across the coil and the applied
current satisfies the following equation:
V(r) :L$+Rl(t) (1)
where L is the coil inductance, ¢ is the current loading
time, supplying constant voltage source to the coil,
Eq. (1) can be expressed as:

Oil filling plug pa——
Brush slip ring

Input shaft

P g e ) -

Wires
I
Left housing /Ij' i

MRF

(a) Two-dimensional structure diagram of MRFC

Fig. 2 Assembly of the MRFC
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Driven cylinder

Coil

Right housing

Driving cylinder
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R
40 L
1)
<
Fig. 3 Simplified circuit structure
Vv R
=L (1~ (2)

where V; is supply voltage, and combined with
Eq. (2), the current response curve versus time can
be derived as shown in Fig. 4.

Current overshoot can occur during current loading,
in the overshoot phase, in which the current becomes
higher than the initial current value and stabilizes. In
Fig. 4, the overshoots of the different currents start
from 0.165 s. Each current returns to a steady state
after 0.29 s, after an overshoot time of 0.125 s, and as
the current increases, and the maximum overshoot rate
of the current increases with the preset value. The
maximum overshoot rates at the different currents are
2.2%, 4.75%, 6.86%, and 8.84%, respectively.

2.3 Output characteristics of MRFC element

A theoretical model of a cylindrical MRFC element is
shown in Fig. 5, where the driven cylinder radius is R
and the driving cylinder radius is R,. When the speed
difference between the input and output is Aw, a
torque produced is produced by the shear yielding
stress of the MRF.

(b) Three-dimensional model of MRFC
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Fig. 4 Current response curve

In the magnetic field, the MRF transforms from a
Newtonian fluid to a Bingham fluid with a high
viscosity and a low fluidity. Its intrinsic structure
model is expressed as [27]:

T= T+ Ny (3)

where 1) is the dynamic yield stress of the MRF, 7 is
the zero-field viscosity of the MRF, and 7y is the shear
strain rate of the MRF. In a magnetic field, the MRF
solidifies and the internal magnetic particles form a
chain-like structure. The torsional stiffness and damp-
ing factor produced by the MRFC are related to the
degree of curing of the MRF at different currents. At
the different currents, the magnetic flux density of the
MREF is related to the magnetic field intensity as
follows:

B= luoﬂrH (4)

where 1, is the vacuum magnetic permeability of the
MREF and u, is the relative magnetic permeability of
the MRF, and it is related to the volume fraction of the
MRF. The MRF is assumed to have a working gap in

Driving cylinder

Driven cylinder

Fig. 5 Theoretical model of MRFC

the entire yield shear flow in the magnetic field.
Considering the MRF working gap length is I, the
torque transmitted by the MRF is expressed as [28]:

4nRR3 R,
M = R% — R% <‘C(H)lln (R—l> + ﬂleACl)) (5)

where the MRF effective working gap length is /.
2.4 Dynamic characteristics of MRFC element

In different currents, the MRF gap with different
magnetic field intensities and the stiffness of the MRF
vary with the degree of solidification as it changes
from a Newtonian to a non-Newtonian fluid. The
degree of curing of the MRF at a current is mainly
related to the relative shear modulus, E\;, at this
current. Thus, the relationship between the MRF
relative shear modulus, Ep;, and the current is
expressed as [29]:

Ew=E(+i)=E +1E" (6)
where E’ is the storage modulus and E” is the loss

modulus, / is the loss factor. E’ is expressed as a cubic
function of the magnetic field intensity as follows:

ouoH? (H<7.95kA/m)

£~ ) 30uBH  (T.95KA/m<H<4774KkA/m)
24+/5
%BSQMO (H > 477.4kA/m)

(7)

where ¢ is the volume fraction of the MRF, By is the
magnetization intensity of the MRF at saturation
magnetic. It is generally calculated using an empirical
formula expressed as follows:

s 0.22 +21.3H* — 948H*(0< H < H)) ()
"~ 1034 +0.53H — 1.77H*(H, <H < H,)

where H; = 119.3kA/m, H, =238.7kA/m. The
Loss modulus, E”, can be expressed as:

E' = E 9)

when the initial shear modulus is Ey = 3.5kPa (with-
out a magnetic field), Eqs. (7) and (8), combined to
yield the variation laws of relative shear modulus Ey;
versus current / and magnetic field intensity H. The
results are shown in Fig. 6.
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At a given magnetic field intensity, the torsional
stiffness coefficient, ky, of the MRF is a complex
number and calculated as [30]:

 AnIRIR3Ey

= 10

The torsional damping coefficient, ¢y, is calculated
as

CM:éMCCZZéMwnJM (11)

where J, is the rotational inertia of the MRFC, C. is
the critical damping coefficient of the MRF, w,, is the
angular frequency, and ¢, is the damping ratio, which
is calculated as

A
== 12
=5 (12)
The dynamic mode of the MRFC element is
MyXyr + CyXpr + KXy =0 (13)

where Cjy; and K), are the damping and stiffness
matrices of the MRFC element, respectively. The
damping matrix, Cyy, has the same form as the stiffness
matrix, Ky. My, and X, are the mass and displace-
ment matrices, respectively. Corresponding to the
MREFC element, they are expressed as

00 0 0 0
00 0 0 0

Ky=10 0 ky, 0 —k,
00 0 0 0 (14)
0 0 —kn O ky

Xy=[0 0 0 0 x,]"

My = diag[0 0 0 0 my, |

100

-=— Magnetic field intensity
80 ==~ Current /

a-ngly

[ 6
60 |-

EERRERRY

Tll..r,...:..l-r-l~F_.

S
Current 7/ (A)

40 |

; (‘.--""‘"‘“ -
0 1 1 1 1 O

0 80 160 240 320 400

Relative shear modulus E),

Magnetic field intensity H / (kA/m)

Fig. 6 Relative shear modulus versus current and magnetic
field intensity
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3 Mechanical-electromagnetic coupled dynamics
model

An MGTS, as shown in Fig. 1, consists of a drive
motor, coupling, gear transmission system, and load-
ing device. According to its structural features, the
MGTS is divided into drive motor, shafting, gear
meshing, bearing, connecting, and MRFC elements. In
this study, an induction motor with a rate power of
15 kW is used as the drive motor, and its key
parameters are listed in Table 1. The model of the
drive motor is established in the d—q coordinate
system, and its detailed description is available in
Reference [31].

3.1 Dynamic model of shafting element

The shafting element is described by a two-node
(nodes j and j 4+ 1) Timoshenko beam, as shown in
Fig. 7, where each node has six degrees of freedom.
These are translational and rotational displacements
along and around the x, y, and z axes, respectively.

The displacement of the two-node shafting element
in the x—y—z spatial coordinate system is expressed as
[32]

T
XS = (x_hij Zjy 0)7]7 Bij ezjvijrl 7)’_,41 s Zjt1y 0)94. ) Hyj“ ) 6Zj+1>
(15)

where x;,y;,z; and xji1,;41,2+1 are the translation
displacements of nodes j and j 4+ 1 in the three
directions of the x—y—z rectangular coordinate system,
respectively. 0y, 0,0, and 0y, 0y 0, are the
rotational angular displacements of nodes j and j + 1
in the three directions of the x—y—z rectangular
coordinate system, respectively. The dynamic model
of the shafting element is expressed as

Zj+1

Table 1 Key parameters of drive motor

Stator Rotor
Resistance R 0.28820 Q 0.14191 Q
Rated speed w - 1460 rpm
Voltage V 380 V -
Current / 30.1 A 30.1 A
Leakage inductance H 0.00342 H 0.00342 H
Rotational inertia J - 0.0918 kg-m?
Magnetizing inductance H 0.05773 H 0.05773 H
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Yi Vi1
A A
k4 Hyj ~ Gyjﬂ
’
/
]
Zj+1 “%._\jurl
92j+1 \
\
Ox; X, 0x;41 .,

Timoshenko beam

Fig. 7 Dynamic model of shafting element

MSXs-‘r (QG5+CS)X5+K5XS =Fy (16)

where M is the mass matrix, K is the stiffness matrix,
Q is the spin speed, Gy is the gyroscopic matrix, Cg is
the damping matrix of Timoshenko beam element,
respectively. And F's is the excitation force acting on
nodesjandj + 1 of the shafting element, respectively.
Gyroscopic matrix Gg, continuous mass matrix Mg
and stiffness matrix Kg can be expressed as

_ mgyp Mg
Mg = pAa [m }

53 Mg

8s1 852
Gs = 2pAa 17
s p I:gs3 gs4:| ( )

_ ksl ksZ
KS N |:ks3 ks4 :|

where p is the density of the shaft material, A is the
cross-sectional area of the beam element (m2), a is the
length of the beam element (m). my;, my,mg3, and mgy
can be expressed as [33]

a 0 0 0 as 0 ]
0 a 0 —az O 0
0 0 1/3 0 0 0
mg =
0 —as 0 as 0 0
as 0 0 0 as 0
0 0 0 0 0 j/(34)]
[ a 0 0 0 ay 0 7
0 ay 0 —dady4 0 0
0 0o 1/6 O 0 0
mg =
0 ay 0 de 0 0
—day4 0 0 0 de 0
L O 0 0 0 0 j/(6A)]
mg3 = My Mgy = My
(18)

13 7 1, 6/
QHEJ”E”? +5(a)
9 3 “Tg)zﬁ 2
2212 O
a2_70+10 5 S(a) (ﬂ: 1ZEP>
(1+ g)z ’ G,Ana?
(1 10 1, (1 1\ ry?
210 T120° T 24° *(m‘?) () }
azy=-— 2 ;
i (1+¢)
53 1 (1L (19)
20" 20° 24 “\10 2°)\a/) ¢
ag=—— 3
(1+9)
(11 1, (2 1 1\,
105 760" " 120° +<15+6*+3‘ )(a> “
as=—= 5 =
i (1+3) .
L1, (T 1\,
120 60° " 120° +<30+6E 65>(a) a
ag=—= 5 =
(1+¢)

where ¢ is the shear influence factor, E is the elastic
modulus of the shaft material (Pa), P is the moment of
inertia of a section (m*), n is the section influence
coefficient, G,, is the shear elastic modulus of the shaft
material (Pa) and r; is radius of gyration. g, &, &>
and g4 can be expressed as

0 b 0 b 0 0
by 0 0 0 b O
o o 0o 0o o0 o0
171 p, 0 0 0 b O
0 —by, 0 by 0 0
0O 0 0 0 0 0
[0 —b; O b, 0 0
by 0 0 0 b 0
0O 0 0 0 0 0
2= 1p, 0 0 0 by O
0 b 0 —by 0 0
0 0 0 0 0 0
[0 b 0 —b, 0 0
by 0 0 0 —b 0
o o 0o 0o o0 o
37 p, 0 0 O by O
0 —by, 0 by 0 0
0 0 0 0 0 0
[0 b O b, O O
by 0 0 0 —b O
0 00 0 0 0
841 b, 0 0 0 b O
0 b 0 —b3 0 0
0 00 0 0 O©
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612 (5¢—1)r2 3.2 Dynamic model of gear meshing element
bj=—3— by=—"12_ 75
" s2(1+0 7 10a(1 + o) , , ,
(102 + 5¢ + 4)r (56 — 50— 1) The dynamic model of the gear meshing element is
3= 3001+ )2 *,by = 3001 > shown in Fig. 8, and the key parameters of the gear
(1+2¢) (1+¢) pair are listed in Table 2. In Fig. 8, o is the pressure
(21) angle, y is the angle between the helical gear end
where kq1, keks3, and ke can be expressed as meshing line and the y axis positive direction, all.nd Py is
the helical angle. r; and r, are the base radii of the
[¢; O 0 0 ¢ 0 - 0 0 0 ¢ 0 ]
0 (6 0 —C4 0 0 0 —C 0 —C4 0 0
k 0 0 (AE)/a 0 O 0 k 0 0 —(AE)/fa 0 0 0
TT10 -5 0 s 0 0 [TPTL 0 e 0 ¢ 0 0
cs O 0 0 c¢¢ 0 —C4 0 0 0 g 0
100 0 0 0 (Gj)/a 0 0 0 0 0 —(Gj)/a]
[ —C1 0 0 0 —C3 0 C1 0 0 0 —C3 0 ]
0 —C2 0 Cy4 0 0 0 C2 0 C4 0 0
k 0 0 —(AE)/a 0 O 0 k 0 0 (AE)/a 0 O 0
ST 00— 0 ¢ 0 0 * N 0
C3 0 0 0 Ccg 0 —C4 0 0 0 Co 0
| 0 0 0 0 0 —(Gj)/a 0 0 0 0 0 (Gj)/a]
(22)
driving and driven gears (positive value for dextroro-
cp=c = ;zi’ cy=cy= 26EP tation and negative value for levorotation), respec-
a>(1+¢) a*(1+¢) tively. Kg and Cg are the meshing stiffness and
cs = g = M 7 =cy = M damping, respectively.
a(l+¢) a(l +¢)
(23)

The damping matrix Cg of the Timoshenko beam
element is calculated using the Rayleigh damping, Cj,
as follows:

Cs = pMs + qKs (24)

where p and g are the mass and stiffness scaling
coefficients in Rayleigh damping, respectively, and
are expressed as

pZZ(;ZZ(Z‘]) q:2(€2(})2—510)1)
(L_L) 7 (03 — ol)
0} w?
where {; and {, are damping coefficients and

w1 and w, are the first two orders of the intrinsic
frequency of the system.

(25)
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Fig. 8 Dynamic model of gear meshing element
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Table 2 Key parameters of helical gears

Driving gear Driven gear
Module 2 mm 2 mm
Tooth number 29 180
Width 50 mm 45 mm
Pressure angle 20° 20°
Helix angle 15° 15°
Mass 1.03 kg 24.06 kg
Moment of inertia ~ 4.31 x 107 kg/m®> 0.41 kg/m?
Supporting stiffness 6.81 x 10’N-m~"  7.87 x 10’N-m™"
Revolving direction  Dextrorotation Levorotation

In the generalized coordinate system, x—y-z, the
displacement column vector of the gear meshing
element is expressed as [34]

T
XG = [X] y V1,215 Oxl ) Oyl ) 011,x27y2,Z2, 0x27 0y2a 012]
(26)

where x,;,y,;, 2 denote the translational displace-
ments of the driving gear along the x, y, and z axes,
respectively. 0;(i = xy, y;, z; and xp, o, 75) is the
rotational angular displacement around the z axis.
X2,¥5,22 denote the translational displacements of the
driven gear along the x, y, and z axes, respectively.
The relative total deformation, J, is obtained by
projecting the displacement of each gear along the
direction of the meshing line, and it is expressed as

0= V(;(XG — e) (27)

where e is the transmission error and Vg is the
meshing matrix of the gear pair, which is expressed as

Ve = [cosfsing, Lcospcosf,,, sinf,, Frisinf,sing,
— ricos@sinf,, £ricosfy,

— cosfi,sing, Fcospcosp,, —sinf,, Frosinfi,sing,
—rycos@sinfi,, £racosf]
(28)

where “ 4 ” indicates counter-clockwise rotation of
the driving gear and angle ¢ = o — 7. “-” indicates
clockwise rotation of the driving gear and angle
¢ = o+ 7.The dynamic equations for the helical gear
meshing unit are expressed as [35]

mx, + (cm5 + km5> cosPysing = —f cosfsing
myy; £ (c,,,5 + kmé) cospycosp = Ffcospcosp
mlzul + (Cmé + km5> Sinﬁh _fsSinﬁb
leéxl +1z1Q1(?y1 =0
110y — 1,€,0,, =0
Izl ézl + (cm5 + kmé> 7'1COSﬁb = ?fsrlcosﬂh

myx, — (cm5 + kmé) cosPysing = f cosf,sing
myy, F (cmé + kmé) cosfycosp = Lf ,cosfcosp

myZy — (cm5 + km5> sinfy, = fsinf,
Lol 4+ 1,20, =0

Lalo — 1,200 =0
1205+ (Cm5 + km5> racosf, = Ff sracosp,

(29)

where m; and m, are the masses of the driving and
driven gears, respectively, Iy, Iy, I and I, I)o I
are the rotational inertia of the driving and driven
gears around the x—y-z axis, respectively, Q; and €, is
rotation angular speed of the driving and driven gears,
respectively, f is the normal force of the helical gear
pair, k,, is the helical gear pair meshing stiffness, c,, is
the helical gear pair meshing damping, K¢ is the
stiffness matrix of helical gear meshing element, C is
the damping matrix of the helical gear meshing
element, G is the gyroscopic matrix of helical gear
meshing element, and M is the mass matrix of helical
gear meshing element. These matrices are expressed
as

ka k
KG:ka(T;VG:km[gl ”’2]

ks ke

Mg = diag{m\,my,mi, L, 1y, 11,ma,my,my, Lo, 1o, 10}

ko1 Kk
Ce=cn |: ¢! 82:|
ke ke
GG _ ggl ggZ
ggS gg4

(30)

where ki, kg, kg3, and kg4 are obtained based on
Reference [36]. 8,1, 8¢2.8,3- and g,4 can be expressed
as
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0 0 0 0 0 0 Fig. 10 Dynamic model of connecting element
gg4 - 0 0 O 0 —12292 0 kxx kxy kxz kx(?x kxf)y
00 0 —I,Q 0 0 kye  ky o kye o kv kyoy
000 O 0 0 Ky= | K ko ke ke ey (35)

Combining Egs. (27)—(31), the dynamic model of
the gear meshing element is expressed as

MGX'G + (CG + Gg) (XG — 6) + K(;(XG — e) =Fg
(32)
where F is the external excitation force column

vector, which is expressed as, respectively.

Fg =1[0,0,0,~Ti,0,0,0, —Tioua]” (33)

3.3 Dynamic model of bearing element

The dynamic model of the bearing element is shown in
Fig. 9, where K and Cp are the stiffness and damping
matrices of the bearing support node, n, respectively.
The damping matrix, Cg, has the same structural form
as the stiffness matrix, K. Therefore, the dynamic
model of the bearing element is described as

MpXp + CpXp + KpXp = 0 (34)

where Mp and Xjp are the mass matrix and displace-
ment column vector of node n, respectively. Kg is be
express as:

@ Springer

k Oxx k Oxy k Oxz k 0x0x k Ox0y
koye  koyy koy  koyor  Keyoy
0 0 0 0 0

(=Mool NoNo)

where k,, and k,, are the radial stiffness, k_; is the axial
stiffness, kg9, and kgyg, are the torsional stiffness of
around the x and y axes, respectively.

3.4 Dynamic model of connecting element

The connecting element connects different mechani-
cal components, such as shafting element 1 and
shafting element 2, as shown in Fig. 10. The dynamic
model of the connecting element is written as

McXc+ CeXe+KeXe =0 (36)

where M is the mass matrix and X¢ is the displace-
ment column vector of connecting nodes z and z + 1,
Cc and K¢ are the connecting stiffness and connecting
damping matrices, respectively, and their specific
forms are expressed as follows:
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Fig. 11 Mechanical-electromagnetic coupled dynamic model
and node distribution diagram
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where m, and m,; are the mass matrices of the
connecting elements corresponding to node z and node
z + 1, respectively. m, and m,; are expressed as

{ my = diag[m; m; m; I Iy I]
Moy = diag[mepr Mg mep Loyt Lyt T ]

39

3.5 Dynamic model of electromechanical coupled
dynamic model

The mechanical-electromagnetic coupled dynamic
model and the node distribution diagram of the MGTS
are shown in Fig. 11. Assembling the dynamics
models of the different mechanical parts of the MGTS
using the coupling method, the mechanical-electro-
magnetic coupled nonlinear dynamics model of the
MGTS is obtained, as expressed in Eq. (39). More-
over, the driving torque (7;,) of the drive motor is
applied to node 4, and the load torque (7},.q) is applied
to node 22.

MX(t) + (QG + C)X(t) + KX (t) = F(1) (39)

where M is the whole mass matrix of the MGTS, K is
the whole stiffness matrix of the MGTS, C is the whole
damping matrix of the MGTS, G is the whole
gyroscopic matrix of the MGTS,X(r) is the whole

D Shafting element
@ MRFC element
. Bearing-foundation elememt

. General rigid coupling

> @ Gear mesh elememt

(1]

Input Shaft 1]

3
\/

Fig. 12 Structure of an entire assembled stiffness matrix of MGTS

[

Note: All submatrices in the
coupled matrix are 6x6.
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Fig. 13 FEM model of MRFC

Table 3 Structural dimensional parameters of MRFC (mm)

R, R, le

73 65 80

displacement vector of the MGTS, and F(r) is the
system external load column vector.

Figure 12 shows the assembly arrangement of the
MGTS global stiffness matrix. It involves establishing
the dynamics equations of the different mechanical
parts hierarchically using the finite unit method.
Subsequently, assembling the stiffness matrix, the
nonlinear dynamics problem of the continuous mass
distribution system (MGTS) is transformed into a
finite-degree of freedom system dynamics problem.
The process of assembling the overall stiffness matrix
of the transmission system is identical to that of
assembling the finite element overall stiffness matrix
in a conventional structural mechanics analysis. In the
latter, the sub-matrices corresponding to each degree
of freedom of the unit matrix are superimposed on the
corresponding position of the overall matrix according
to the correspondence between the local numbering of
each unit node and the overall numbering of the
system nodes in turn. The rotational angular displace-
ments of each component of the MGTS in the x (6,)
and y directions (0,) hardly change, and they are not
considered in the study.

\EEEH Copper |

4 Result and discussion
4.1 Dynamic response of MRFC element

To more accurately analyze the rheological charac-
teristics of the MRF under different currents, a two-
dimensional axisymmetric finite element analysis
model is established using the simplified model of
the cylindrical MRFC element, which is shown in
Fig. 2. As shown in Fig. 13, the magnetic field
analysis of the MRFC element is conducted using
the finite element method. The materials used for each
part of the MRFC are shown in different colors in
Fig. 13. Among them, the structural dimensional
parameters of the cylindrical MRFC element are listed
in Table 3.

To more accurately analyze the magnetic field
characteristics of the MRFC, the nonlinear magnetic
permeability of the different materials is considered in
the magnetic field finite element analysis. Among
them, the MRF is MRF-JOIT provided by the
Chongqing Institute of Materials and the base fluid is
silicone oil. The material parameters of MRF-JO1T are
summarized in Table 4.

The magnetization and magnetic flux density
versus shear yield stress curves of MRF-JOIT are
shown in Fig. 14(a). The relationship between the
shear yield stress and the magnetic field intensity of
MRF-JOIT is approximated by fitting as follows:

©(H) = —0.001H* + 0.45H +2.45 (40)
Table 4 Material parameters of MRF-JO1 T
Working temperature C Viscosity o Density p Volume fraction ¢ Particle size d
— 40 °C ~ 150 °C 0.38 Pa-s 2.65 g/lem® 25% 0.1 ~ 10 pm
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Fig. 15 Cloud map of magnetic field distribution with different currents

The magnetization curve of Steel-1008 is shown in
Fig. 14(b), and aluminum is a nonpermeable material
with a relative magnetic permeability of approxi-
mately one.

In this study, an axisymmetric steady-state mag-
netic field is considered in the magnetic field analysis,
and the materials of each part are set up as shown in
Fig. 13. The number of turns of the excitation coil, N,
is 400, and the area around the magnetic field analysis
model is air with a relative magnetic permeability of
one. The magnetic flux density and magnetic field line
distribution clouds are calculated at different currents,
and the results are shown at the same scale in
Fig. 15(a)—(d). At any current, the magnetic lines are
geometrically centered on the excitation coil and

gradually spread outward and form a closed circuit.
The magnetic lines pass through the driving cylinder,
driven cylinder, and MRF area vertically, in turn. The
MREF produces the maximum shear yield stress after
forming a chain along the magnetic line direction,
indicating that the structure and material design of the
MREFC are reasonable. With the increase in the coil
current, the MRF shows magnetic saturation, and the
magnetic flux density growth rate gradually decreases.
When I = 0.5A, the average magnetic flux density of
the MRF working gap is 0.24 T, and when the current
gradually increases to 1.0 A, 1.5 A, and 2.0 A, the
average magnetic flux density of the MRF working
gap becomes 0.44 T, 0.62 T, and 0.7 T, respectively.
Compared with the magnetic flux density at 0.5 A, the
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Fig. 16 Axial magnetic flux density distribution versus different currents of MRF

magnetic flux density growth rates at the remaining
currents are 83.3%, 158.3%, and 191.7%,
respectively.

Meanwhile, when the coil is subjected to different
currents, a magnetic field is generated and stabilized
quickly. The variation laws of the magnetic flux
density versus the current loading time for different
distances of the MRF gap are shown in Fig. 16.

Figure 16 shows that under different currents, the
trends of the magnetic induction intensity at different
axial distances are consistent with those at different
current loading times. The MRF working gap is
divided into four parts along the axial direction
according to the variation in the MRF magnetic flux
density. In Part I, when axial distance d = 0-30 mm,
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Fig. 17 Current-torque response curve

the magnetic flux density increases rapidly along the
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working gap and reaches the maximum value. In Part
II, when axial distance d = 30-45 mm, because the
excitation coil is formed of a nonpermeable material,
the magnetic flux density in the MRF gap gradually
decreases along the working gap and reaches a
minimum value. In Part III, when axial distance
d = 45-60 mm, the magnetic field density gradually
increases again along the working gap and increases to
a maximum value. In Part IV, when axial distance
d = 60-90 mm, the magnetic induction intensity
decreases rapidly again along the working gap. The
overshoot phenomenon during current loading causes
the magnetic flux density at different distances of the
MREF gap to first gradually increase and exceed the
rated value and subsequently decrease to the rated
value and stabilize. The magnetic flux density over-
shoot rate is linearly related to the current overshoot
rate under the different currents.

At any current, the magnetic flux density of the
MREF gap is symmetrically distributed, and the max-
imum magnetic flux densities are observed at the axial
distances of d = 40 mm and 60 mm, whereas the
minimum one is noted at d =45 mm. When the
current is 0.5 A, the maximum and minimum magnetic
flux densities are 0.38 T and 0.06 T, respectively.
When the currents are 1.0 A, 1.5 A, and 2.0 A, the
maximum magnetic flux densities are 0.62 T, 0.68 T,
and 0.74 T, respectively, and the minimum values are
0.08 T, 0.1 T, and 0.11 T, respectively. When the
current loading time is increased to 0.15s, the
magnetic flux of each part tends to stabilize. The

- L -1
108 K/(N-m-rad™)
1.6 —1.50
o 1.35
4= 1.20
3 2
=12F 1.05
g 0.90
Z 0.75
Z08F 0.60
[\ 0.45
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2 015
1)
2]
= = (.00
n

(a) Stiffness curve of MRF

Fig. 18 Dynamic parameters of MRFC

relationship between the torque transferred by the
MREC element and the current is shown in Fig. 17.

The maximum torque that can be transmitted by the
MREFC as a function of the current is shown in Fig. 17,
and the transferred torque increases with increasing
current. However, when the current loading time
increases to a certain value, the torque tends to
stabilize. The overshoot phenomenon during current
loading causes the torque transferred by the MRF to
also overshoot, and the maximum overshoot rates at
the different currents are 20.5%, 15.7%, 12.4%, and
9.85%, respectively. When the current loading time is
shorter than 0.29 s, the magnetic flux density of the
MREF increases with increasing current, and the torque
transferred by the MRFC element is also increased.
When the current loading time exceeds 0.29 s, the
MRF becomes magnetically saturated, the magnetic
flux density ceases to increase, the torque stabilizes,
and the maximum torque transferred by the MRFC
element also tends to a constant value. To satisfy the
needs of the MGTS to transfer torque, an appropriate
current can be selected considering energy consump-
tion, transmission efficiency, and shock strength.
Three-dimensional surfaces of the torsional stiffness
and damping coefficient of MRF with the current
loading time for different currents are shown in
Fig. 18(a) and (b), respectively.

The degree of curing of the MRF varies under the
different currents, and the torsional stiffness and
damping coefficient of the MRF increase nonlinearly
with increasing current. Figure 18(a) and (b) shows

C/(N-m-s-rad™)
x10° T — 4.24
I1]3.82
3.39
2.97
2.54
2.12
1.70
127
0.85
0.42
0.00

0

(b) Damping curve f MRF
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’g current is 2.0 A, the magnetic field intensity and

z 150 magnetically induced shear modulus of the MRF are

~, 100 No Load the highest and the degree of curing of the MRF is the

t 50k o ~oa Rated Load greatest. Both the torsional stiffness and damping

% 0 factor reach their maximum values of 1.51 x 10°

2 -50F (N-m-rad™") and 4.2 x 10° (N-m-s rad™'). When the

%-10% 5 0I6 1'2 1I8 2'4 3'0 3I6 20 current loading time exceeds 0.29 s, the torsional
— ' ' " Time ¢/ (s) ' ' ' stiffness and damping factor of the MRF gap gradually

decrease to stable values without any change. The

Fig. 19 Impact load MREF is in a non-Newtonian fluid state in the absence
of a magnetic field, and it has a certain damping factor.

that the torsional stiffness and damping factor of the Moreover, the MRFC can affect the stability of the

MREF increase with increasing current, and as the
current loading time increases, these properties first
rapidly increase and subsequently stabilize. The
current loading process generates an overshoot, and
when the current loading time is 0-0.29 s, the

transmission system when there is no current.
4.2 Time-domain dynamic response of MGTS

The MGTS uses a single motor to apply shock loads,

torsional stiffness and damping coefficient of the and the variation in the load versus the motor runtime
MREF gap first increase rapidly from a stable value to is shown in Fig. 19. The completely applied load stage
reach the maximum in a very short period. When the can be divided into two parts. Part I is from 0 sto 2.0 s,
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Fig. 20 Displacement amplitude of four nodes in x-direction at different currents
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Fig. 21 Displacement amplitude of four nodes in y-direction at different currents

which is the system no-load start-up phase, and in Part y directions vary. Within 0-0.8 s, the motor starts and
II, after 2.0 s, the load changes abruptly to 100 N-m, gradually completes the soft start process. In this
the load duration is 3.0 s, and the motor input speed is stage, when the MGTS is connected to a traditional
1410 r/min. rigid coupling, the amplitude ranges of the four nodes

To investigate the dynamic response variation of in the x direction are — 0.09-0.04 pm, — 0.08-0.05
the MRF under different excitations, numerical sim- pm, — 0.08-0.035 pm, and — 0.05-0.09 pm, respec-
ulations of the MGTS with MRFC and rigid coupling tively. Those in the y direction are — 0.04-0.03
are conducted. Using the control variable method, the pm, — 0.03-0.03 pm, — 0.02-0.03 pm, and —
amplitude variation patterns of the different nodes of 0.02-0.04 pm, respectively. As the coil current
the MGTS under different currents and the vibration increases, the amplitude ranges of the four nodes
reduction effects of the MRFC and the traditional rigid decrease, with the greatest decrease occurring at a
coupling on the same node are compared. Figure 20 current of 0.5 A. At this current, the amplitude ranges
and 21 show the variations in the amplitudes of four of the four nodes in the x direction are — 0.08-0.03
nodes in the x and y directions when the MGTS is pm, — 0.075-0.04 pm, — 0.07-0.02 pum, and —
connected to different couplings under different 0.02-0.06 pm, respectively. Those in the y direction
currents, respectively. are — 0.02-0.025 pm, — 0.02-0.025 um, —

Figures 20 and 21(a)-(d) show that when the 0.015-0.02 pm, and — 0.01-0.02 pm, respectively.
MREFC (the coil is connected with different currents) Above 0.8 s, the MGTS is in a rated load operation
and the traditional rigid coupling are connected to the stage. When the MGTS is connected to the traditional
MGTS, the time domain variation patterns of the rigid coupling, the amplitude ranges of the four nodes
motor output shaft (node 4), bearing (node 8), driving in the x direction are — 3.298-0.3 um, —
gear (node 10), and driven gear (node 15) in the x and 3.305-0.213 pm, — 3.215-0.195 um, and —
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0.15-2.955 um, respectively. The amplitude ranges
of the four nodes in the y direction are — 1.127-0.09
pm, — 1.336-0.085 pm, — 1.04-0.065 pm, and —
0.086—0.95 um, respectively. When the MGTS is
connected to the MRFC and the coil current is 0.5 A,
the amplitude ranges of the four nodes in the x direction
are — 3.198-0.285 pm, — 3.205-0.185 pm, —
3.105-0.125 pm, and — 0.09-2.585 pm, respec-
tively. The amplitude ranges of the four nodes in the
y  direction are — 1.155-0.07 pm, — 1.03-0.06
pm, — 0.95-0.045 pm, and — 0.07-0.75 pm, respec-
tively. When the coil current is 1.0 A, the amplitude
ranges of the four nodes in the x direction are —
2.877-0.225 um, — 2.65-0.153 pm, — 2.75-0.095
pm, and — 0.07-2.055 pm, respectively. The ampli-
tude ranges of the four nodes in the y direction
are — 0.855-0.05 pm, — 0.84-0.049 um, —
0.65-0.0348 pum, and — 0.05-0.55 pm, respectively.
When the coil current is 1.5 A, the amplitude range of
the four nodes in the x direction are — 2.26-0.188
pm, — 2.16-0.104 pm, — 2.37-0.07 pm, and —
0.04-1.89 pm, respectively. The amplitude ranges
of the four nodes in the y direction are — 0.63-0.035
pm, — 0.53-0.033 pm, — 0.38-0.021 pm, and —
0.035-0.45 pm, respectively. When the coil current
is 2.0 A, the amplitude ranges of the four nodes in the
x direction are — 1.65-0.116 um, — 1.53-0.084
pm, — 1.55-0.04 pm, and — 0.05-1.57 pm, respec-
tively. The amplitude ranges of the four nodes in the
y direction are — 0.42-0.016 pm, — 0.28 — 0.018
pm, — 0.22-0.017 pm, and — 0.02-0.3 pm, respec-
tively. The amplitude, amplitude range, and amplitude
decay time of each node of the MGTS are reduced
when the MRFC is connected to the MGTS at any
current and at any time. This suggests that the MRFC
has a suppression effect on the vibrations in the x and
y directions of each node. The MRFC significantly
reduces the amplitude fluctuations at each node and
reduces the shock to the transmission system. Fur-
thermore, as the coil current increases, the MRF
apparent viscosity and shear modulus increase, the
MREF stiffness and damping increase nonlinearly, the
MREF shear stress increases, and the torque generated
by the MRF increases. Therefore, the MRFC can be
used in various workplaces and suppress vibrations.
Figure 20 and 21 show that when the drive system is
connected to the MRFC, node 15 has the best vibration
suppression in the x and y directions, the fastest
amplitude attenuation, and the most remarkable
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vibration reduction effect. Compared with the tradi-
tional rigid coupling, the MRFC can effectively
suppress the vibrations of the helical gear system.
Fig. 22 (a), (b), (c) and (d) shows that when MRFC
(The coil is connected with different currents) and
traditional rigid coupling are connected to MGTS,
respectively, the time domain variation pattern of the
helical gear meshing node in the 6-direction. In
Fig. 22, when the MGTS is connected to a traditional
rigid coupling, the amplitude range of the helical gear
meshing node in the 0-direction are: — 0.036 ~
11.25 pm, when the MGTS is connected to the
MREFC and the coil current is 0.5A, the amplitude
range of the helical gear meshing node in the 6-
direction is: — 0.034 ~ 11.08 um, the coil currents
are, respectively: 1.0A, 1.5A, 2.0A, the amplitude
range of the helical gear meshing node in the 6-
direction is, respec-
tively: — 0.022 ~ 10.32 um, — 0.014 ~ 9.27
pm, — 0.007 ~ 8.04 pm. The MRFC compared with
the traditional rigid coupling, the amplitude range
decreases by 1.5%, 8.27%, 17.6%, 28.5%, respec-
tively, at different coil currents, the MRFC can
significantly reduce the amplitude range at the helical
gear pairs meshing node. Furthermore, in different coil
currents, the amplitude decay times of 2.8 s, 1.4 s,
0.9 s and 0.3 s, respectively, and as the coil current
increases, the amplitude decay time at the helical gear
mesh node decreases, the MGTS is in stable operation
faster, and the stable operation time is longer, this
indicates that the MRFC has superior vibration
reduction and transmission performance. (a), (b),
(c) and (d) in Fig. 23 and Fig. 24 show that when
MREFC and traditional rigid coupling are connected to
MGTS, respectively, the vibration center and the

(a) 1=0.5A (b) 7=1.0A
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|
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Fig. 22 Displacement amplitude of helical gear meshing node
in f-direction at different currents
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RVCORs versus coil current pattern of the motor
output shaft (node 4), the bearing (node 8), the driving
gear (node 10) and the driven gear (node 15) in the x-
direction and y-direction.

This study aims to more reasonably illustrate the
vibration reduction effect of the MRFC on the MGTS
and the extraordinary transmission performance of the
MRFC and to avoid the influence of singularities
generated by numerical simulations on the results
discussed. Therefore, the data from the numerical
simulations and presented in this paper are normal-
ized. As described in Sect. 4.2, the numerical simu-
lation data after 2.2 s (MGTS reaches the rated load
time) are used for discussion and research. Figure 23
shows that when the MGTS is connected to the
traditional rigid coupling, the vibration centers of the

four nodes in the x direction are — 107.517 um, —
107.417 ym, — 108.411 pm, and 111.646 pm,
respectively. When the MGTS is connected to the
MREFC and the coil current is 2.0 A, the RVCORSSs of
the four nodes in the x direction reach maximum

=) B MRFC [] Rigid coupling =m= Offset rate

5520 - (]
g Meshing node %
j; 510 ) £
B 0%
5500 &
g @)
'£490 1%
& 0.50 0.75 1.00 1.25 1.50 1.75 2.00

S Current [/ (A)

Fig. 25 Vibration center of gear meshing node in 0 direction by
different couplings
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values of 0.586%, 0.447%, 0.446%, and — 0.263%,
respectively. These correspond to the vibration centers
reaching the extreme values of -108.147 pm, —
107.897 pm, — 108.895 um, and  111.342 pm,
respectively. Figure 24 shows that when the MGTS
is connected to the traditional rigid coupling, the
vibration centers of the four nodes in the y direction
are — 39.132 pm, — 39.094 pum, — 39.438 um, and
40.635 um, respectively. When the MGTS is con-
nected to the MRFC and the coil current is 2.0 A, the
RVCORs of the four nodes in the y direction reach
maximum values of 0.586%, 0.451%, 0.497%, and —
0.264%, respectively. These correspond to the vibra-
tion centers reaching extreme values of —
39.362 pm, — 39.094 um, — 39.6343 pum, and
40.5286 um,  respectively.  Figure 23(d) and
24(d) show the vibration centers and the RVCORs
versus coil current patterns of the driven gear node in
the x and y directions when the MRFC and the
traditional rigid coupling are connected to the MGTS.
Noticeably, the torsional stiffness and torsional damp-
ing coefficient of the MRF increase significantly with
increasing coil current. Therefore, the MRFC has the
most significant effect on the RVCORs at this node.
When the coil current increases from 0.5 to 2.0 A, for
the offset of the driven gear node, the RVCORSs drops
rapidly from 0.0329% to — 0.264%. This suggests
that when the MRFC reaches steady-state operation,
the RVCORs of each node in the MGTS in the x and
y directions have a nonlinear decreasing relationship
with the coil current. Moreover, the MRFC has
minimal influence on the vibration center of the driven
gear node. As the coil current increases, the deflection

rates of the four nodes gradually decrease and
approach constant (0). The MRFC hardly affects the
vibration center of each mechanical part, and com-
pared with the traditional rigid coupling, the MRFC
does not change the vibration center and has superior
vibration reduction and transmission performance.

Figure 25 shows the vibration centers and the
RVCORs versus coil current patterns of the helical
gear meshing node in the 6 direction when the MRFC
and the traditional rigid coupling are connected to the
MGTS. When the MGTS is connected to the tradi-
tional rigid coupling, the vibration center of the helical
gear meshing node in the 0 direction is 513.329 pm.
When the MGTS is connected to the MRFC and the
coil current is 0.5 A, the RVCORs of the helical gear
meshing node in the 6 direction reach a maximum
value of 0.0722%. In contrast, when the coil current is
2.0 A, it reaches a minimum value of 0.0194%. These
correspond to the vibration center reaching the
extreme values of 513.70 pm and 513.429 pm,
respectively. The variation trends of the RVCORs of
the helical gear mesh node in the 0 direction and coil
current are consistent with those of the driven gear in
the x and y directions; however, the MRFC has the
least impact on the vibration center of the helical gear
mesh node. This suggests that when the MRFC
reaches a stable operation state, it does not affect the
vibration center of helical gear meshing part and
cannot change its RVCORs.

Figure 26 shows the maximum amplitudes and
maximum vibration amplitude reduction rates
(MVARRS) of the four nodes in the x direction versus
the coil current when the MRFC and the traditional
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nodes in x direction by 15 (@) Node — 16092 .8 (5) Node 8 = 000 g
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rigid coupling are connected to the MGTS. Notice-
ably, the maximum vibration amplitude of each node
decreases and the MVARRSs increases approximately
linearly with the increase in the current when the
MREFC is connected to the system. Node 4 is the motor
output node, and owing to the unique rheological
characteristics of the MRF, at a low current, the MRFC
can achieve no-load starting of the motor, reducing the
shock load. Therefore, when the current is 0.5 A, the
maximum vibration amplitude of node 4 is smaller
than when the traditional rigid coupling is connected
during startup. Moreover, at a low, the maximum
vibration amplitudes of the remaining nodes are
slightly larger than those when the rigid coupling is
connected. These amplitudes at 0.5 A are 13.188 pm,
7.694 pm, 7.762 pm, and 249.597 pum, respectively.
As the current increases and the MRFC is connected,
the maximum vibration amplitude of each node
gradually decreases, reaching minimum values of
4766 pm, 1.316 pm, 1.325 pm, and 244.466 pm,
respectively, when the current is 2.0 A. Concurrently,
and the MV ARRs of the nodes reach maximum values
of 40.98%, 83.4%, 83.49%, and 2.17%, respectively.
These results suggest that the MRFC significantly
reduces the maximum vibration amplitude of each
node compared with the traditional rigid coupling,
suppresses the vibrations of the transmission system,
and decreases the impact of the shock load during
motor startup.

Figure 27 shows the maximum amplitude and
MVARRSs of the four nodes in the y direction versus
the coil current when the MRFC and the traditional
rigid coupling are connected to the MGTS. The

variation patterns of the MV ARRs of the four nodes in
the y direction versus the current are the same as those
in the x direction. At a current of 0.5 A, because the
MRFC can soft start the motor, the maximum
vibration amplitude of node 4 is significantly smaller
than that of the traditional rigid coupling at startup.
When the current is below 0.75 A, the maximum
vibration amplitudes of the remaining nodes with the
MREFC are slightly greater than those with the
traditional rigid coupling. At 0.5 A, the maximum
vibration amplitudes of the four nodes reach maxi-
mum values of 4.8 pm, 2.8 pm, 2.825 pm, and
90.846 um, respectively. As the current increases
and the MRFC is connected, the maximum vibration
amplitude of each node gradually decreases. When the
current is 2.0 A, the maximum vibration amplitudes of
the four nodes reach values of 2.88 pum, 0.478 pm,
0.482 pm, and 88.988 um, respectively. Concur-
rently, the MVARRSs of the nodes reach maximum
values of 64.4%, 83.4%, 83.46%, and 2.16%, respec-
tively. This suggests that the MRFC can significantly
reduce the maximum vibration amplitude of each node
compared with the traditional rigid coupling and also
suppress the vibrations of the transmission system.
The maximum vibration amplitude suppression effect
of the MRFC on nodes 4, 8, and 10 in the x and
y directions is significant. The torsional stiffness and
damping of the MRFC increase as the current
increases, and concurrently, the vibration reduction
in the MGTS becomes more significant (Fig. 28).

As an important component of the MGTS, the
helical gear pair carries the role of the transmission
system, Therefore, for a stabler output load, the helical
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Fig. 28 Maximum vibration amplitudes of gear meshing node
in 0 direction by different couplings

gear pair vibration should be as small as possible.
Figure 26 shows the maximum amplitudes and
MVARRs of the helical gear pair meshing node in
the 0 direction versus the coil current when the MRFC
and the traditional rigid coupling are connected to the
MGTS. As the current increases, the torsional vibra-
tion of the helical gear node gradually decreases, and
the MVARRSs in the 6 direction increase gradually.
When the coil current is 2.0 A, the MVARRSs reaches a
maximum value of 29.1%. Comparing Figs. 26(a)—
(c) and 27(a)—(c), the MVARRS of each node in the
x and y directions are significantly greater than those in
the 0 direction.

5 Conclusion

In this study, a mechanical-electromagnetic coupled
dynamics model of an MGTS is established; the
dynamics model includes a drive motor, a gear
transmission system, an MRFC, and a load. Based
on the model, the influence of the MRFC coil current
variation on the dynamic response characteristics and
vibration reduction in the system is investigated
during the startup and stable operation stages of the
drive motor. The research results showed the
following:

(1) The coil current exhibits a temporary overshoot
phenomenon for a duration 120 ms, following
which it tends to stabilize. Concurrently, the coil
current overshoot rate gradually increases with
increasing coil current from 0.5 A to 2.0 A, and
these rates at different currents are 2.2%, 4.75%,
6.86%, and 8.84%, respectively. Similarly, the
magnetic flux density and magnetic field inten-
sity of the MRFC working gap also increase
with increasing coil current. Moreover, their
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2)

3)

“4)

distributions are axisymmetric, resulting in the
torque transmitted by the MRFC to increase
from 70 N-m to 115 N-m. However, the dynamic
response time of the torque reduces from
0.125 s t0 0.002 s.

As the coil current increases, the RVCORs of
each component gradually decrease, and it is
slightly lower in the y direction than that in the
x direction. When the coil current is 2.0 A, the
RVCORs of nodes 4, 8, 10, and 15 in the x and
y directions are maximum; their values are
0.586%, 0.447%, 0.446%, and — 0.263%,
respectively, and 0.586%, 0.451%, 0.497%,
and — 0.264%, respectively. Concurrently, the
RVCORs of the helical gear meshing node in the
0 direction also reach a maximum with a value
of 0.0194%.

In the drive motor startup stage, at different coil
currents, the vibration amplitude fluctuation
ranges produced by the MRFC are smaller than
those by the traditional rigid coupling. More-
over, compared with the traditional rigid cou-
pling, with the MRFC, the vibration amplitude
fluctuation ranges of nodes 4, 8, 10, and 15 in the
x and y directions present significant reduction.
In the x direction, the ranges reduce from —
0.09-0.04 pm to — 0.08-0.03 pum, from —
0.08-0.05 pm to — 0.075-0.04 pm, from —
0.08- 0.035 pm to — 0.07-0.02 pm, and
from — 0.05-0.09 pm to — 0.02-0.06 pm,
respectively. In the y direction, the ranges
decrease from — 0.04-0.03 pm to —
0.02-0.025 pm, from — 0.03-0.03 pm to
0.02-0.025 pm, from — 0.02-0.03 pm to —
0.015-0.02 pm, and from — 0.02-0.04 um
to — 0.01-0.02 pm, respectively.

In drive motor stable operation stage, the
vibration amplitude fluctuation ranges produced
by the MRFC are smaller than those by the
traditional rigid coupling, and the maximum
vibration amplitude of each component
decreases with increasing coil current. Con-
versely, the MVARRSs increases with increasing
coil current. When the coil current is 2.0 A, the
MVARRSs of each node reach maximum. For
example, the MVARRSs of nodes 4, 8, 10, and 15
in the x and y directions are 40.98%, 83.4%,
83.49%, and 2.17%, respectively, and 64.4%,
83.4%, 83.46%, and 2.16%, respectively. The
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MVARRs of the helical gear meshing node in
the 0 direction are 29.1%. Moreover, when the
coil current changes from 0.5 A to 2.0 A, the
amplitude decay time of the helical gear mesh-
ing node in the 6 direction becomes increasingly
shorter, from 2.8 s to 0.3 s.

The research results provide a theoretical basis for
using an MRFC in an MGTS to suppress vibrations
and provide stable and reliable output torque. More-
over, it offers a design reference for the application of
MRF damping devices for vibration and noise reduc-
tion in transmission systems. Concurrently, the
dynamic performance of an MRF is influenced by
temperature; therefore, in future studies, we will pay
more attention to this effect on the dynamic charac-
teristics and vibration reduction in an MRFC.
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