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For the single-rod double-cylinder and double-coil magnetorheological (MR) damper studied in this paper, the damping force
model of the damper is established by adopting multidisciplinary domain modeling method bond graph theory. Firstly, combined
with the structure of the MR damper, the bond graph model of the MR damper was established, the damping force model of the
damper was derived through the bond graph theory, and the influence factors, such as the displacement, velocity, and acceleration
of the damper were considered in the model. Based on the simulation of force-displacement and force-velocity characteristics of
the damping force carried out by the damper theoretical model under different currents and velocities as well as the comparison
with the damper bench test results, it was found that the force-displacement and force-velocity characteristic experiment curves of
the damper agreed well with the simulation results. Under different working conditions, the maximum error of damping force of
the MR damper was 7.2%. .e damping force model of the MR damper studied in this paper was compared with that of the
damper without considering the inertia force of MR fluid, and the influence of the inertia force of MR fluid on the damping force
of theMR damper was analyzed..e results show that when the frequency of the damper is large, the inertial force of MR fluid has
an important influence on the damping force; therefore, considering the inertial force of MR fluid in the model can greatly
improve the accuracy of the model. .e influence degree of key parameters on the damping force of the MR damper was studied
through the theoretical model; such key parameters ranging from large to small were the channel clearance, energizing current,
piston diameter, motion velocity, channel length, zero-field viscosity of MR fluid, and nitrogen pressure. .is provides a basis for
the adjustment of the damping force of the MR damper.

1. Introduction

.e main function of the automobile suspension system is to
baffle vibration from different pavements. A good suspension
system can effectively screen vibrations from different pave-
ments and improve the steering stability of automobile at the
same time [1, 2]. Automotive suspension has experienced the
development stages of passive suspensions, semiactive suspen-
sions, and fully active suspensions [3–5]. Among them, the
semiactive suspension is characterized by not changing the
stiffness of the suspension, only changing the damping of the
suspension damper, and consuming almost no vehicle-driving

power during operation, and its vibration damping performance
is between the passive suspension and the fully active suspen-
sion. .erefore, the semiactive suspension system has become
the main development trend of the suspension system [6].

.e semiactive suspension of the MR damper utilizes the
controllable characteristics of MR fluid viscosity to achieve
continuous adjustment of the damping force, to meet the
requirements of vibration reduction under different driving
conditions, and to effectively improve the steering stability
of automobile [7–11].

At present, various models of MR damper have been put
forward by scholars from different countries, mainly including
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parametric model, nonparametric model, and physical model.
Based on the viscoelastic-plastic properties of MR fluid, the
parametric model takes the MR damper as a combination of
elastic and damping elements according to different consti-
tutive models and directly speculates its physical model based
on the observed characteristics of things. Most of the pa-
rameters are of physical meaning, and still experimental tests
are needed to identify them, such as the Bingham viscoplastic
model, the biviscous-based parametric model, and Bouc–Wen
and its modified models. .e nonparametric model, of which
parameters are of no physical meaning, finds a mathematical
function with similar characteristics to establish the mathe-
matical model of the MR damper according to the charac-
teristics of the result curve of MR damper experimental tests;
test data are needed for parameter identification, such as
polynomial model, neural network model, and fuzzy neural
model..e physical model refers to the damper damping force
model derived completely from physical laws, and each pa-
rameter has a clear physical meaning, such as the structure
parameters of damper, the performance parameters of MR
fluid, the turns per coil, and the magnetic field intensity ap-
plied; test data are not necessary for parameter identification,
and there is relatively few research on this model at home and
abroad.

In 1987, Stanway et al. established a dynamic damping
force model of MR damper based on the MR fluid consti-
tutive relationship of the Bingham viscoplastic model [12].

In 2005, Hong et al. of Inha University, South Korea
[13, 14], proposed a dimensionless Bingham MR damper
model in the mixed mode, which was verified to be corrected
through experiments.

In order to describe the preyield hysteresis properties of
MR fluid, Wereley et al. [15] proposed a damping force
model in 1998 based on biviscous MR constitutive rela-
tionship, which well described the velocity hysteresis
properties of the MR damper.

Research studies found that shear thickening and
thinning occur in the MR fluid. In 1999, Wang and Gor-
daninejad [16] and Lee et al. [17] adopted the Her-
schel–Bulkley model, which could describe the shear
thickening and thinning of the MR fluid, to describe the
mechanical model of MR device.

In 1997, Spencer et al. [18] described the preyield elastic
properties and the postyield plastic properties of MR fluid
through the combination of springs and damping elements
in series and parallel and derived the viscoelastic-plastic
Bouc–Wen model that could describe the hysteresis prop-
erties of the MR damper.

In 2001, Choi [19] of Inha University, South Korea,
analyzed the property of dependency on magnetic field in
the Bingham, Bouc–Wen, and biviscous models, proposed
the polynomial model of the MR damper used in medium-
sized passenger vehicles to improve the control perfor-
mance, and designed and manufactured the samples of the
MR damper; the model was verified to be corrected by the
characteristic tests of damper.

In 2002, Yao et al. [20] of Nanyang Technological
University, Singapore, designed a single-rod single-cylinder
MR damper; the performance of the MR fluid damper was

predicted by using the Bouc–Wen model; the force-dis-
placement curve was obtained, and the equivalent damping
coefficient of the damper was obtained through the MAT-
LAB optimization method and experimental results.

In 2011, Komatsu et al. [21] of Kanazawa University,
Japan, studied two types of single-rod single-cylinder MR
dampers with different damping forces, established the
Bouc–Wen damping force model of the damper, and studied
the effect of controlling its pitch and roll motion on a small
racing car through MATLAB.

In 2005, Du et al. of Imperial College London, England,
and Sze and Lam of the University of Hong Kong [22]
established a polynomial model to describe the relationship
between damping force and current and velocity, and this
model could well describe the external properties of damper.

In 2008, Dominguez et al. [23] of Mexico, based on
Bouc–Wenmodel, established a new nonlinear model of MR
damper containing the amplitude values of frequency,
current, and excitation, and this model could well describe
the hysteresis properties of damper.

In 2008, Bajkowski [24] of Warsaw University of
Technology, Poland, studied the theoretical model of MR
damper containing the temperature effects.

In 2011, Boada et al. [25] of Spain studied a method
based on the network structural recursion to calculate the
damping force of the MR damper.

In 2009, Yao of Nanjing Forestry University, China [26],
conducted the characteristic tests on the MR damper and
proposed a composite polynomial model containing the
parameters of frequency and amplitude.

In 2011, Guan et al. [27] of Harbin Institute of Tech-
nology, China, studied the modeling and hysteresis prop-
erties of the MR damper.

In 2011, Guo [28] ofHarbin Institute of Technology, China,
studied MR damper from the following five aspects: fluid
constitutive model, quasistatic mechanical model, transient
response of damper, multiobjective optimization and design,
and hysteresis properties of damper and dynamic design.

Other nonparametric models studied by scholars at
home and abroad mainly include neural network model
[29–31] and fuzzy neural model [32–34], and these models
generally have the characteristics of strong robustness and
high accuracy.

Lee and Choi [35] adopted the bond graph theory to
establish a physical model of MR damper containing the
piston motion displacement, the piston velocity, and yield
stress of MR fluid while neglecting the inertial force of MR
fluid, as shown in the following formula:

Fe � kexp + ce _xp + PMRsgn _xp , (1)

where ke � (A2
r/Cg), ce � (A p − Ar)

2(12ηL/2πrh3), and
PMR � 4(Ap − Ar)(2Lm/hm)αHβ.

In the above equation, variables are defined as follows:
ke, equivalent stiffness coefficient; ce, equivalent damping
coefficient; PMR, yield stress of MR fluid; xp, piston dis-
placement; _xp, piston velocity; Ap, piston area; Ar, piston
rod area; Cg, gas compliance in the gas chamber; η, viscosity
of MR fluid; L, length of the inner cylinder; r, outer radius of
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the inner cylinder; h, gap between the inner and outer
cylinders; Lm, length of magnetic pole; hm, gap between the
magnetic poles; and H, magnetic field.

In this paper, firstly, a single-rod double-cylinder and
double-coil MR damper is designed. .en, the physical
model of MR damper is established based on the multi-
domain modeling theory, i.e., the bond graph modeling
theory. Finally, the correctness of the model is proved by the
bench test. .e theoretical model is used to study the in-
fluence of key parameters on the damping force of the MR
damper.

.is paper makes an innovation by concluding not only
the piston motion displacement, velocity, and shear stress of
MR fluid but also the acceleration term, which represents the
inertial force of MR fluid flow and analyzes the influence of
MR fluid inertial force on the damping force of the MR
damper under different working conditions.

2. Structural Design of MR Damper

2.1. Structure and Principle of MR Damper. .e MR damper
is classified into the single-rod single-cylinder and single-
coil type, single-rod double-cylinder and single-coil type,
and other types. In order to increase the damping force of
the damper, the damping channel and energizing coil were
separately arranged at the upper and lower ends of the
damper. In this paper, a single-rod double-cylinder and
double-coil MR damper was studied and the structure is
shown in Figure 1.

When the MR damper was in the stretching stroke, the
piston (30) and piston rod (35) drove the MR fluid in the
recovery chamber (31) at the upper part of the piston (30) to
flow upward, and the MR fluid was squeezed into the upper
end annular damping channel (6) under the action of the
pressure, entered the compensation chamber (17) between
the inner and outer cylinders, and then flowed into the
compression chamber (28) below the piston (30) through
the lower end annular damping channel (21). If the MR
damper was in the compression stroke, the fluid flowed in
the opposite direction.

In the stretching stroke, when the piston rod was pulled
out, part of the recovery chamber (31) of the damper would
become empty and the high pressure nitrogen gas in the high
pressure nitrogen chamber (13) would push the cylinder
piston (15) downward to fill the empty space so that the MR
fluid at the lower end of the cylinder piston would enter the
compression chamber (28) through the compensation
chamber (17) and the lower end annular damping channel
(21); in the compression stroke, theMR fluid occupied by the
piston rod entered the compensation chamber (17) through
the lower end annular damping channel (21) and then
pushed the cylinder piston (15) upward to press the nitrogen
chamber (13).

In the stretching stroke and compression stroke, when
theMR fluid flowed through the upper end annular damping
channel (6) and lower end annular damping channel (21),
the pressure dropped so that there would be a pressure
difference between the recovery chamber and the com-
pression chamber at the upper and lower ends of the piston

(30), and it reflected the value of the damping force of the
MR damper.

Field coils (33 and 20) were, respectively, arranged on
both sides of the upper and lower end annular damping
channels (6 and 21), and the magnetic field generated by
the coils was perpendicular to the flow direction of MR
fluid in the damping channel, which further hindered the
flow of MR fluid. As the coil current increased, the
magnetic field generated by the coil also gradually in-
creased, causing the viscosity of MR fluid to gradually
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Figure 1: Structural design drawing of an MR damper. 1-ring
bushing assembly; 2-upper ring; 3-upper magnetic isolation plate;
4-upper end cover; 5-magnetic isolation ring; 6-upper damping
channel; 7-outer cylinder; 8-coil stop; 9-upper stop of piston; 10-
inner cylinder; 11-upper end cover of cylinder; 12-charging con-
nector; 13-nitrogen chamber; 14-cylinder block; 15-cylinder piston;
16-lower end cover of cylinder; 17-compensation chamber; 18-
conduit; 19-tightening screw; 20-lower coil; 21-lower damping
channel; 22-lower end cover; 23-bolt cover; 24-positioning bolt; 25-
lower magnetic isolation plate; 26-lower stop of piston; 27-O-type
sealing ring; 28-compression chamber; 29-piston seal; 30-piston;
31-recovery chamber; 32-piston rod seal; 33-upper coil; 34-posi-
tioning screw; 35-piston rod.
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increase so that the flow resistance of MR fluid gradually
increased, eventually making the damping force of the
MR damper gradually increase. .rough controlling the
intensity of the field coil current, the intensity of
damping force of the MR damper can be controlled.

2.2. Characteristics of MR Fluid. MR fluids could be con-
sidered as the Newtonian fluid if there was no external
magnetic field [36]. Newton fluid characteristics are shown
in Figure 2.

.e Newton fluid constitutive relationship is shown in
the following formula:

τ � η _c, (2)

where τ represents the shear stress of MR fluid (Pa), η
represents the viscosity (Pa·s), and _c represents the shear rate
(1/s).

In themagnetic field, theMR fluid obtains the shear yield
stress and can be considered as the Bingham viscoplastic
fluid [37]. .e characteristics of the Bingham viscoplastic
fluid are shown in Figure 3.

.e Bingham viscoplastic model assumed that the
MR fluid did not flow before yielding and was approx-
imately considered as a rigid body until the shear stress
reached the yield stress of MR fluid, and as the magnetic
field intensity increased, the shear yield stress of the MR
fluid also gradually increased; after yielding, the MR fluid
behaved as the Newton fluid with the shear stress and the
shear rate exhibiting a linear relationship. .erefore,
under the action of the magnetic field, the MR fluid could
be considered to be the Newton fluid with nonzero yield
stress, and the constitutive relationship of Bingham
viscoplastic fluid is shown in the following formula:

τ � τBsgn( _c) + η _c, |τ|≥ τB,

_c � 0, |τ|< τB,
 (3)

where τ represents the shear stress of the MR fluid (Pa), τB

represents the shear yield stress of the MR fluid (Pa),
which is controlled by the magnetic field intensity, sgn
represents the sign function, η represents the viscosity of
the MR fluid (Pa·s), and _c represents the shear rate of the
MR fluid (1/s).

.e MR fluid used in this paper was developed by a
Chinese company. Its zero-field viscosity was 0.29 Pa·s, and
its density was 2.80 g/cm3. .e shear yield stress-magnetic
field intensity curve of the MR fluid obtained through ex-
periments is shown in Figure 4. MATLAB fitting toolbox was
used to fit the relationship between the shear yield stress
curve and the magnetic field intensity. .e fitting result is
shown in the following formula:

τB � − 1.567 × 10− 11
H

3
+ 5.515 × 10− 6

H
2

− 0.1206H + 1301,

(4)

where τB represents the shear yield stress of MR fluid (Pa)
and H represents the magnetic field intensity (A/m).

3. Establishment of Damper BondGraphModel

With the development of science and technology, various
engineering systems are becoming more and more complex,
and they are no longer a single mechanical, electrical, or
hydraulic system..ere are always engineering systems with
multiple energy forms, including electromechanical inte-
gration, mechanical fluid integration, or electromechanical
fluid integration. It is very difficult to study the dynamic
characteristics of such complex system only by using the
existing calculation methods involving only one energy field.
.erefore, it is necessary to study a unified calculation
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and magnetic field intensity.

4 Mathematical Problems in Engineering



method covering multiple energy fields. .e bond graph
theory method is clear and intuitive in solving the engi-
neering problems existing in machine, electricity, and fluid
at the same time.

3.1. Establishment of MR Damper Bond Graph Model

3.1.1. Derivation of the Damping Channel Pressure Drop
Formula in FlowMode. .rough comparing the complexity,
computational difficulty, and engineering application of the
MR fluid constitutive model, the derivation of the damping
force of the MR damper based on the Bingham viscoplastic
constitutive model is a simple, reliable, and effective MR
fluid constitutive model that meets the engineering appli-
cation precision [38]..eMR damper designed in this paper
(as shown in Figure 1) was used under the flow mode. To
establish the mathematical model of the damping force of
the MR damper, firstly derive the pressure drop of the MR
fluid between the two plates in the flow mode based on the
Bingham viscoplastic constitutive model. For the conve-
nience of theoretical derivation, the fluid flow in the con-
trollable channel was simplified as the flow between parallel
plates, as shown in Figure 5, the fluid in the channel was set
to be in the laminar condition, and the side wall effect of the
channel was ignored.

τB represents the shear yield stress of theMR fluid, which
was controlled by the magnetic field intensity(Pa); _c rep-
resents the shear strain rate of the MR fluid (1/s); the x
direction represents the flow direction of the MR fluid; u

represents the flow velocity of the MR fluid (m/s); y1 and y2
represent the dimensions of the plunger shape that the MR
fluid presented under the magnetic field (m); h represents
the channel gap (m); w represents the channel width (m); L

represents the channel length (m); and H represents the
magnetic field intensity (kA/m).

After applying a magnetic field perpendicular to the
flow direction of the fluid, the MR fluid formed a large
number of particle chains with a certain length, diameter,
and quantity along the direction of the magnetic field, and
as the field intensity increased, the particle chain became
longer, its diameter became larger, its number became
larger, and the resistance hindering the flow of the MR fluid
became larger. Under normal circumstances, the MR fluid
between the plates demonstrated a plunger flow pattern
and was divided into three regions, one preyield area and
two postyield areas near the boundary of the plate. In the
preyield area, there was no relative motion between the
fluid layers, and the shear stress in this area was zero; in the
postyield area, there was relative motion between the fluid
layers, and the shear stress between the fluids was related to
the intensity of applied field, fluid viscosity, and fluid flow
rate.

.e N-S equation was used to analyze the force on the
fluid. As the channel length was small, the pressure was
considered to decrease at a constant velocity in the length
direction of the controllable channel, and because of the
incompressibility of the fluid, the N-S equation
fx − (1/ρ)(zP/zx) + μ∇2vx � (dvx/dt) was simplified as

ΔPm

L
� η

d2u
dy2,

(5)

where ΔPm represents the pressure drop (Pa) of the con-
trollable channel, L represents the length of the controllable
channel (m), η represents the viscosity of the fluid (Pa·s), u
represents the velocity in the x direction (m/s), and y rep-
resents the coordinate (m) in the direction of the magnetic
field.

.e shear stress τ of the MR fluid after the magnetic field
is added which can be expressed as

τ � τBsgn
du

dy
  + η

du

dy
, (6)

where τB represents the shear yield stress (Pa), sgn represents
the sign function, du/dy represents the shear strain rate of
the MR fluid (1/s), and η represents the viscosity of the MR
fluid (Pa·s).

.e distribution function of the shear stress obtained is

τ �

τB + η
du1

dy
, y ∈ 0, y1 ,

τB, y ∈ y1,y2 ,

− τB + η
du3

dy
, y ∈ y2, h ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

where u1 and u3, respectively, represent the velocity (m/s) of
the MR fluid in the domains [0, y1], [y2, h].

Under the action of the magnetic field, the MR fluid is
considered to be the Bingham viscoplastic fluid, and the
viscosity of the MR fluid is

η �
η0 + τB

du/dy
, (8)

where η0 represents the zero-field viscosity of the MR fluid,
and the boundary condition is

u1(0) � u3(h) � 0; u2 � constant,

du1

dy

 y�y1

�
du3

dy

 y�y2

� 0;
du2

dy
� 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(9)
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Figure 5: Distribution of velocity of the MR fluid when it flows
through a flat plate in the flow mode.
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Substituting formulae (7) and (8) into formula (5),
combined with the boundary condition (9), the functional
relationship of the velocity distribution in the controllable
channel under the action of the magnetic field can be
obtained:

u(y) �

−
ΔPm

η0L
1
2
y
2

− y1y , y ∈ 0, y1 ,

ΔPm

2η0L
y
2
1, y ∈ y1,y2 ,

−
ΔPm

η0L
1
2

y
2

− h
2

  − y2(y − h) , y ∈ y2, h .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

Because of the symmetry of the fluid flow in the channel,

y1 + y2 � h. (11)

.us, the force balance in the plunger domain is
analyzed:

ΔPm y2 − y1(  � 2τBL. (12)

Formulae (11) and (12) are combined to obtain the
expressions of y1 and y2:

y1 �
1
2

h −
LτB

ΔPm

,

y2 �
1
2

h +
LτB

ΔPm

.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)

Fluid flow Qm(m3/s) through the controllable channel is
calculated using the following formula:

Qm �  wu(y)dy � 
3

i�1
 wui(y)dy. (14)

Substitute formulae (10) and (13) into formula (14) to
obtain the fluid flow rate of the controllable channel Qm:

Qm �
ΔPm

12η0l
wh

3
−

τB

4η0
wh

2
. (15)

.e pressure drop of the controllable channel ΔPm is
obtained using the following formula:

ΔPm �
12η0l
wh3 Qm +

3l

h
τB. (16)

3.1.2. Derivation of Fluid Resistance and Fluid Inductance in
Damping Channel. According to the theory of bond graph
modeling, analyze the structure of the MR damper designed
in this paper in detail and find out 0 node, 1 node, potential
source, and flow source. .e damping force of the damper
was mainly generated by the fluid resistance in the upper-
and lower-end damping channels. .erefore, the influence
of the fluid resistance and the fluid inductance in the upper-
and lower-end damping channels on the damping force of

the damper was mainly studied. In addition, the volume
compliance of the nitrogen gas in the nitrogen chamber was
fully considered. Figure 6 shows the hydraulic model of the
MR damper designed in this paper.

According to the knowledge of the bond graph theory,
the fluid resistance Rm1 of the MR fluid in the damping
channel at the upper end of the damper can be expressed
as

Rm1 �
ΔP1

Q1
, (17)

where ΔP1 represents the upper-end damping channel
pressure drop (Pa) and Q1 represents the upper-end
damping channel flow (m3/s).

Based on formula (16) for the pressure drop in the
damping channel where the MR fluid flows through,
combined with the structural size of the MR damper (as
shown in Figure 6), the pressure drop ΔP1 in the upper-end
damping channel is

ΔP1 �
24η0l
πDh3Q1 +

6l

h
τB, (18)

where η0 represents the zero-field viscosity (Pa·s) of the MR
fluid, the meaning of l, D, and h is as shown in Figure 6, and
τB represents the shear yield stress (Pa) of the MR fluid.

.e flow rate Q1 flowing through the upper-end
damping channel is

Q1 � Ap − Ar v, (19)

where Ap represents the piston area (m2), Ar represents the
piston rod area (m2), and v represents the piston motion
velocity (m/s2).

.e fluid resistance Rm1 in the upper-end damping
channel obtained by substituting formulae (18) and (19) into
(17) is

Rm1 �
24η0l
πDh3 +

6l

Ap − Ar vh
· τB. (20)

Because of different magnetic field intensities on both
sides of the inner cylinder of the damper in upper-end
damping channel, the shear stress of the fluid is also dif-
ferent. .e fluid resistance Rm1 in the upper-end damping
channel obtained by substituting the shear yield stress of the
MR fluid on both sides in formula (20) is

Rm1 �
24η0l
πDh

+
3l

Ap − Ar vh
τAB + τCD( , (21)

where τAB represents the shear yield stress of theAB segment
MR fluid (Pa) and τCD represents the shear yield stress of the
CD segment MR fluid (Pa).

According to the relationship between the shear yield
stress of the MR fluid and the magnetic field intensity, as
shown in Figure 4, its shear yield stress is as follows:

τB � − 1.567×10− 11
H

3
+5.515×10− 6

H
2

− 0.1206H +1301,

(22)

where H represents the magnetic field intensity (A/m).
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.e number of turns of the coils of the damper at the
upper- and lower-end damping channel is designed to be
200. According to test data of the magnetic field intensity at
the upper and lower damping channels, the magnetic field
intensity, HAB and HCD, of the AB segment and CD segment
of the damping channel are, respectively,

HAB �
NI

2h + 0.002823
, (23)

HCD �
NI

2.012h + 0.005078
, (24)

where N represents the number of turns of the coil, I rep-
resents the current (A), and h represents the channel
clearance (m). Substitute formulae (23) and (24) into (22) to
obtain the shear yield stress of the AB segment and CD
segment of the damping channel.

.e fluid inertia (Im1) of the upper-end damping channel
MR fluid is

Im1 � ρ
L

A
� ρ

2l

πDh
, (25)

where ρ represents the MR fluid density (kg/m3), L repre-
sents the channel length (m), and A represents the channel
area (m2).

Similarly, the fluid resistance Rm2 of the MR fluid in the
damping channel at the lower end of the damper is

Rm2 �
24η0l
πDh3 +

3l

Apvh
τAB + τCD( , (26)

where the numerical value and meaning of τAB and τCD are
the same as in formula (7).

.e lower-end damping channel fluid inertia Im2 is

Im2 � ρ
L

A
� ρ

2l

πDh
. (27)

.e nitrogen chamber volume compliance (Cg) can be
expressed as

Cg �
V0

P0n
, (28)

where V0 represents the volume (m3) of the nitrogen
chamber when the piston rod is in the intermediate stroke,
P0 represents the nitrogen pressure (Pa) when the piston rod
is at the intermediate stroke, and n represents the heat
transfer ratio.

3.1.3. Establishment of MR Damper Bond Graph Model.
According to the theoretical modeling method of bond
graph, through the structure of the MR damper designed in
this paper (as shown in Figure 1), the bond graph model is
established as shown in Figure 7. Given an initial velocity _xp

current source and internal friction Fr potential source of the
damper at the damper piston and according to the modeling
method of mechanical hydraulic system in bond graph
theory, the pressure at the upper and lower ends of the piston
was different during the operation of damper; thus, two 0
nodes were established, and it was assumed that the pressure

at the upper and lower ends of the piston was uniformly
distributed; 0 node was established under the nitrogen
chamber piston and in the fluid zone between the inner and

0

1

0

1

1

0

I : Im1

I : Im2

R : Rm2

R : Rm1

TF : Ap – Ar

TF : Ap

Se : Fr

Sf : x·p

C : Cg

1
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4
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Figure 7: Bond graph model of the MR damper.
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F

F

D

C A

Rm1

Cg

Im1

Im2

AC

D B
Rm2

h

h

l

D

B

Figure 6: Hydraulic model of the MR damper. D represents the
piston diameter (m), l represents the length (m) of one side of the
damping channel, h represents the clearance (m) of the damping
channel, Rm1 and Rm2, respectively, represent the fluid resistance
(N·s/m5) in the upper and lower damping channels, Im1 and Im2,
respectively, represent the fluid inductance (N·s2/m5) in upper and
lower damping channels, Cg represents volume compliance of the
nitrogen gas chamber (m5/N), and F represents damping force of
the damper (N).
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outer cylinders, assuming that the pressure distribution was
uniform in this zone. .e nitrogen chamber volume flexi-
bility was connected to 0 node; in the damping channel at the
upper and lower ends, the flow rate of the MR fluid changed
significantly, so 1 node was established, and the fluid re-
sistance and fluid sensation of damping channel fluid were,
respectively, connected to 1 node; the fluid pressure and
force were converted by using a TF converter in the me-
chanical part and hydraulic part.

Composition rules of inertial element:

f7 �
p7

I7
�

Pm1

Im1
, (29)

f11 �
p11

I11
�

Pm2

Im2
, (30)

where Pm1 and Pm2, respectively, represent the pressure
momentum (Pa·s) of the MR fluid for the damping channel
at the upper and lower ends.

Composition rules of capacitive element:

e9 �
q9
c9

�
Vg

Cg

, (31)

where Vg represents the nitrogen chamber volume (m3) and
Cg represents the nitrogen chamber volume flexibility (m5/
N).

Composition rules of resistive element:

e6 � R6 · f6 � Rm1 · f6, (32)

e12 � R12 · f12 � Rm2 · f12. (33)

Composition rules of 0 node:
e4 � e5,

f4 � f5,
 (34)

e14 � e13,

f14 � f13,
 (35)

e8 � e9 � e10,

f10 � f8 + f9.
 (36)

Composition rules of 1 node:

f1 + f2 � f3 + f15,

e1 + e15 � e2 + e3,
 (37)

f5 + f6 � f7 + f8,

e5 + e6 � e7 + e8,
 (38)

f10 + f11 � f12 + f13,

e10 + e11 � e12 + e13.
 (39)

Composition rules of the converter:

e3 � Ap − Ar  · e4,

f4 � Ap − Ar  · f3,

⎧⎪⎨

⎪⎩
(40)

e15 � Ap · e14,

f14 � Ap · f15.
 (41)

In the aforementioned formula, e and f represent the
potential variables and flow variables of the system, re-
spectively. .e potential variables and flow variables
of the mechanical system are force and velocity, re-
spectively, while the potential variables and flow vari-
ables of the hydraulic system are pressure and flow,
respectively.

.e damping force of the damper is related to the
pressure difference between the upper and lower ends of the
piston. .e damping force F of the damper is obtained by
sorting out formula (29)∼(41) as

F � Fr · sgn _xp  −
A2

r

Cg

· xp + Rm1 Ap − Ar  + Rm2A
2
p  · _xp

+ Im1 Ap − Ar  + Im2A
2
p  · €xp,

(42)

where Fr represents the internal friction (N) of the MR
damper.

Substitute formulas (21), (25), (26), and (27) into
(42) to obtain the formula of damping force for the MR
damper:

F � Fr · sgn _xp  −
A2

r

Cg

· xp +
24η0l
πDh3 Ap − Ar 

2
+ A

2
p  · _xp

+ ρ
2l

πDh
Ap − Ar  + A

2
p  · €xp

+
3l Ap − Ar 

h
+
3lAp

h
⎡⎣ ⎤⎦ · τAB + τCD(  · sgn _xp .

(43)

Formula (43)of damping force shows that the damping
force of the MR damper was related to factors such as the
damper displacement, velocity, acceleration, current, zero-
field viscosity of fluid, nitrogen chamber volume flexibility
(related to nitrogen pressure), piston diameter, channel
clearance, channel length, piston diameter, piston rod di-
ameter, fluid density, and frictional force, wherein the ac-
celeration item represents the inertial force of MR fluid flow.

Different from the parametric model and nonparametric
model, the damping force model of the MR damper in this
paper was a physical model directly based on the constitutive
relation of Bingham viscoplastic MR fluid, the fluid me-
chanics laws, and bond graph theory.
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3.2. Simulation of the Damping Force of MR Damper. .e
structure parameters of the MR damper in this paper were
designed in accordance with the damping force value, the
mounting dimensions, and the working stroke required by a
military vehicle in China. Among them, piston diameter,
piston rod diameter, volume of the nitrogen chamber, ni-
trogen pressure, length of the damping channel, and turns
per coil were determined according to the damping force
required by the actual vehicle model, the magnetic field
simulation, and the calculation formula of the damping force
(43); the length of the cylinder was determined according to
the working stroke of the damper of the actual vehicle
model; to avoid the MR fluid being blocked in the channel,
the size of the channel gap was determined to be 1.5mm by
referring to the domestic and foreign literature. .e fluid
developed by a Chinese company was selected for the density
and zero-field viscosity of the MR fluid, and the internal
friction of the damper was determined to be 200N by re-
ferring to the domestic and foreign literature.

3.2.1. Determination of Piston Diameter. .e formula for
determining the piston diameter of the damper in design is

D �

�����������
4Fmax

π[P] 1 − λ2 



, (44)

whereD represents the piston diameter (m), Fmax represents the
maximum unloading force of the stretching stroke of MR
damper(N), and [P] represents the maximum allowable pres-
sure (Pa) in the working cylinder, 3 to 5MPa is generally set for
MRdampers. λ represents the ratio of the diameter of the piston
rod to the diameter of the piston cylinder of the MR damper,
λ � 0.4 to 0.5 is set for the double-cylinder damper, and λ � 0.3
to 0.35 is set for the single-cylinder damper; combined with the
actual engineering practice, themaximum allowable pressure in
the working cylinder of theMRdamper [P] is set to be 5.5MPa,
λ was set to be 0.4, Fmax is set to be 6000N, and the piston
diameter calculated using formula (44) is

D �

�����������
4Fmax

π[P] 1 − λ2 



�

����������������
4 × 6000

π × 5.5 × 1 − 0.42( )



� 40.67mm.

(45)

According to the automotive standard QC/T491-1999,
the inner diameter of the inner cylinder of the MR damper is
selected to be 40mm and the outer diameter to be 50mm.

3.2.2. Determination of the Diameter of Piston Rod. .e
diameter of the piston rod is d�D× λ� 40.67× 0.4�16.27mm.
Considering the allowable stress of the piston rod, combined
with the actual engineering practice, the diameter of the piston
rod in this paper is selected to be 15mm and the intensity of the
piston rod is checked using the following formula:

σmax �
Fmax

πd2/4
�

6000
3.14 × 0.0152/4

� 33.97MPa<[σ]

� 170MPa,

(46)

where [σ] represents the allowable stress of the piston rod.
Because of the limited space, the design process of other

parameters is no longer detailed. .e structural parameters
of the MR damper designed in this paper are shown in
Table 1.

3.2.3. Simulation Results. Substitute the parameters in Ta-
ble 1 into the damping force model of the MR damper
(formula (43)) to conduct simulation analysis of the
damping force of the MR damper. Simulation conditions of
the MR damper were determined according to Automobile
Shock Absorber Technique Requirements and Test Methods of
QC/T 491-2018, as shown in Table 2. .e motion velocities
of the piston were selected as 0.052m/s, 0.13m/s, 0.26m/s,
0.39m/s, 0.52m/s, 1.04m/s, 1.2m/s, and 1.5m/s, respec-
tively. In order to study the performance characteristics of
the damper at different velocities, the fixed vibration am-
plitude was selected for the general bench test, and then
different excitation frequencies of the bench were deter-
mined according to the motion velocity of the damper
piston. According to the damper bench test standard of
China QC/T 491-2018, the excitation amplitude is selected as
25mm and sine wave excitation was selected as the bench
excitation. .e excitation frequencies were 0.33Hz, 0.83Hz,
1.66Hz, 2.48Hz, 3.33Hz, 6.62Hz, 7.64Hz, and 9.55Hz,
respectively, and the excitation accelerations were 0.11m/s2,
0.68m/s2, 2.72m/s2, 6.06m/s2, 10.93m/s2, 43.21m/s2,
57.55m/s2, and 89.92m/s2, respectively.

Figure 8 is the force-displacement characteristic of the
MR damper at different currents with an excitation am-
plitude of 25mm and an excitation frequency of 1.66Hz and
6.62Hz. It could be seen that, under the simulation con-
ditions, the larger the current, the larger the area enclosed by
force-displacement characteristic, indicating that the MR
damper consumed more work.

.e damping force at different currents has been sim-
ulated at different velocities of the MR damper to obtain its
force-velocity characteristic. As shown in Figure 9, it could
be seen that, at the same velocity, the damping force of the
damper increased with the increase of current. Between 0
and 0.5A, the damping force increases slowly, and when the
current was between 0.5 and 2A, the amplification of
damping force was larger. Meanwhile, since the structural
design of the upper and lower ends of damper was the same,
the amplitudes of tensile damping force and compression
damping force were basically the same.

4. Bench Test Verification

4.1. Test Method. According to Automobile Shock Absorber
Technique Requirements and Test Methods of QC/T 491-
2018, the actuator output waveform was selected as sinu-
soidal waveform and the vibration amplitude was selected as
25mm. .e force-displacement characteristic and force-
velocity characteristic curves of the damper at different
velocities were obtained by changing the excitation fre-
quency. .e test adopted German SCHENCK hydraulic
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bench, and the data acquisition adopted German dSPACE
DS1103 card. .e detailed steps are as follows:

(1) As shown in Figure 10, theMR damper was mounted
on the actuator shaft of a SCHENCK actuator
through lifting lugs and clamps, the lower end was
mounted on the ground by clamps, and each part
was fastened by bolts

(2) .e nitrogen cylinder was connected to the damper
nitrogen chamber by the pressure gauge, and the
pressure of nitrogen chamber was adjusted by the
pressure gauge

(3) .e positive and negative poles of constant current
source were connected to the joints on both ends of
the MR damper field coil

(4) As shown in Figure 11, the ports DS1103ADC_1 and
DS1103ADC_2 of dSPACE DS1103 card were, re-
spectively, connected with the force and displace-
ment ports of the SCHENCK control cabinet, and
the signals of damper displacement and damping
force were collected

(5) .e actuator was adjusted to the displacement zero
point

(6) .e amplitude, excitation frequency, and so on of the
SCHENCK actuator were set through the control
cabinet, and the data with dSPACE were recorded

(7) Steps 5 and 6 were repeated, the field coil current was
changed, and the force-displacement characteristic
and force-velocity characteristic curves at different
currents and excitation frequencies were obtained.

4.2. Test Results. In order to verify the correctness of the-
oretical simulation results for the damping force of MR
damper, the MR damper was verified by bench test, and the
test conditions and simulation conditions were consistent, as
shown in Table 2.

.e force-displacement characteristic and the force-
velocity characteristic curves of various working conditions
are shown in Figures 12 and 13, respectively. It could be
seen that the theoretical value was consistent with the test
value in size and trend. Because of the instability of the
bench itself, the existence of error in bench sensor test
precision, and the errors in the manufacturing and in-
stallation process of the MR damper, there was certain
fluctuation in the data. During the working process of the
MR damper, there was certain frictional force, which could
not be accurately measured. .e frictional force in the
model was an estimated value; thus, there were certain
errors in the simulation and test. According to the maxi-
mum error statistics of the simulation value and test value
under different working conditions, the damping force
error was 20N and the maximum error was 7.2% when the
current was 0 A and the piston velocity was 0.052m/s; as
the current increased, the error did not change much. .e
maximum difference between the simulation value of
damping force and the test value was less than 180N, and
the total error was below 6.8%.

5. Influence of MR Fluid Inertial Force on
Damping Force of MR Damper

Lee and Choi [35] established a physical model of MR
damper containing the piston, motion displacement, ve-
locity, and shear stress of the MR fluid while neglecting the
inertial force of the MR fluid.

.e MR damper model studied in this paper concluded
not only the piston motion displacement, velocity, and shear
stress of the MR fluid but also the acceleration term, which
represents the inertial force of MR fluid flow.

.e relationship between the acceleration term and the
piston motion acceleration in the MR damper model is
shown in Figure 14. When the excitation frequency was
3.33Hz, the piston motion acceleration was 10.93m/s2 and
the damping force of the acceleration term reached 25.4N.
When the excitation frequency was 9.55Hz, the acceleration
of the piston motion was 89.92m/s2 and the damping force
of the acceleration term reached 209.5N.

In order to study the influence of the inertial force of the
MR fluid on the damping force, this paper analyzed the
influence of the inertial force of theMR fluid on the damping
force under different working conditions..e comparison of
characteristic curves of the MR damper with or without
acceleration term in the damping force model of the MR
damper at different excitation frequencies and currents was
simulated, respectively. .e characteristic curves included
force-acceleration characteristic curve, force-displacement
characteristic curve, and force-velocity characteristic curve..e
results of simulation comparison are shown in Figures 15–17.

It could be seen from Figures 15–17 that when the
excitation frequency was below 3.33Hz, the force had less
influence on the force-acceleration characteristic, the
force-displacement characteristic, and the force-velocity

Table 2: Simulation conditions.

Parameters Numeric value
Input current (A) 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2

Excitation frequency (Hz) 0.33, 0.83, 1.66, 2.48, 3.33, 6.62, 7.64,
9.55

Excitation amplitude (m) 0.025

Velocity (m/s) 0.052, 0.13, 0.26, 0.39, 0.52, 1.04, 1.2,
1.5

Acceleration (m/s2) 0.11, 0.68, 2.72, 6.06, 10.93, 43.21,
57.55, 89.92

Table 1: Structural parameters of the MR damper.

Parameter Numeric value
Coil turns, N 200
Channel clearance, h (m) 0.0015
Single-side damping channel length, l (m) 0.03
Piston diameter, D (m) 0.04
Diameter of the piston rod, d (m) 0.015
Density of the MR fluid, ρ (kg/m3) 2800
Zero-field viscosity of the MR fluid, η0 (Pa·s) 0.29
Nitrogen pressure, P0 (MPa) 0.6
Frictional force, Fr (N) 200
Nitrogen chamber volume flexibility, Cg (m3/Pa) 6.28E − 11
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characteristic of the MR fluid damper and had a great in-
fluence on the force-acceleration characteristic, the force-
displacement characteristic, and the force-velocity charac-
teristic of the MR fluid when the excitation frequency was
beyond 6.62Hz. In addition, the acceleration term was only
related to the acceleration of the piston motion, but not to
the current; therefore, at each excitation frequency, the
inertial force of the MR fluid had a great influence on the
characteristic curve of the MR damper when there was no
current, and as the current applied increased, the influence
on the force-acceleration characteristic, the force-displace-
ment characteristic, and the force-velocity characteristic of
the MR damper decreased gradually.

In order to evaluate the degree of influence of the inertial
force of MR fluid on the damping force model, we have
carried out the following calculations. .e ratio of the
maximum difference value ΔF and the damping force value
with the acceleration term at maximum difference point Fmax
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Figure 8: Simulation force-displacement characteristic of the MR damper. (a) 1.66Hz and (b) 6.62Hz.
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Figure 10: Test bench of MR fluid damper performance.

Figure 11: dSPACE signal collection system.
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in the force-acceleration characteristic curve r was calculated,
and the calculationmethod is shown in formula (47). Figure 18
shows the values of ΔF and Fmax. .e larger the ratio, the
greater the degree of influence of the inertia force of the MR
fluid on the damping force and vice versa.

.e calculation formula is as follows:

r �
ΔF

Fmax
× 100%. (47)

As can be seen in Table 3, when the excitation frequency
was less than or equal to 2.48Hz, the ratio r was less than
1.29%, which can be ignored; when the excitation frequency
was 3.33Hz, the maximum ratio was 6.87%, the inertial force
of the MR fluid had relatively less influence on the damping

force of the damper, while when the excitation frequency
was 6.62Hz, the maximum ratio r reached 19.2%. As the
excitation frequency increased, the ratio gradually increased.
When the excitation frequency was 9.55Hz, the maximum
ratio r reached 35.8%..is shows that when the frequency of
the damper is large, the inertial force of the MR fluid has an
important influence on the damping force; therefore, con-
sidering the inertial force of the MR fluid in the model can
greatly improve the accuracy of the model.

6. Study on Sensitivity of Damping
Force Parameters

According to the research results of Section 4.2, it could be
seen that the single-rod double-cylinder and double-coil MR
damper model studied in this paper was correct. .erefore,
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Figure 12: Test results of the force-displacement characteristic of the MR damper. (a) 1.66 Hz and (b) 6.62 Hz.
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the influence rule and sensitivity of key parameters such as
energizing current, motion velocity, damping channel
clearance, damping channel length, piston diameter, zero-
field viscosity of the MR fluid, and nitrogen pressure in the
model on the damping force of the damper could be studied
based on the theoretical model.

6.1. Influence Rule of Key Parameters on Damping Force

6.1.1. Constraint Conditions. In order to quantitatively study
the influence rule of key parameters on damping force in the
damping force model of the MR damper, the variation range
of key parameters should be firstly determined according to
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Figure 15: Comparison of characteristic curves with or without acceleration term under 3.33 Hz. (A) Force-acceleration characteristic;
(B) force-displacement characteristic; (C) force-velocity characteristic. (a) 0A; (b) 1A; (c) 2A.

Mathematical Problems in Engineering 13



the actual structure and working conditions of the MR
damper, as shown in Table 4.

6.1.2. Influence of Current and Velocity Variations on
Damping Force of Damper. For the influence of current and
velocity variations on damping force of the MR damper, the
results are shown in Figure 19. It could be seen that the
damping force of the damper increased with the increase of
current at the same velocity and the amplification was larger.
Under the same current, the damping force of the damper
increased with the increase of velocity and the amplification
was slower.

6.1.3. Influence of Channel Clearance and Current Variation
on Damping Force. For the influence of channel clearance
and current variation on the damping force of the MR
damper, the results are shown in Figure 20. It could be seen
that the damping force of the damper decreased with the
increase of channel clearance at the same current and the
reduction amplitude was larger. Under the same channel
clearance, the damping force of the MR fluid damper in-
creased with the increase of current and the amplification
was larger.

6.1.4. Influence of Channel Length and Current Variation on
Damping Force. For the influence of channel length and
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Figure 16: Comparison of characteristic curves with or without acceleration term under 6.62 Hz. (A) Force-acceleration characteristic;
(B) force-displacement characteristic; (C) force-velocity characteristic. (a) 0A; (b) 1A; (c) 2A.
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current variation on the damping force of the MR damper,
the results are shown in Figure 21. It could be seen that the
damping force of the damper increased with the increase of
channel length at the same current. Under the same channel
length, the damping force of the MR fluid damper increased
with the increase of current and the amplification was larger.

6.1.5. Influence of Piston Diameter and Current Variation on
Damping Force. For the influence of piston diameter and
current variation on damping force of the MR damper, the
results are shown in Figure 22. It could be seen that the

damping force of the damper increased with the increase of
the piston diameter at the same current and the amplifi-
cation was larger. Under the same piston diameter, the
damping force of the MR fluid damper increased with the
increase of current and the amplification was larger.

6.1.6. Influence of Zero-Field Viscosity and Current Variation
on Damping Force. For the influence of the zero-field vis-
cosity of the MR fluid and current variation on damping
force of the MR damper, the results are shown in Figure 23.
It could be seen that the damping force of the damper
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Figure 17: Comparison of characteristic curves with or without acceleration term under 9.55 Hz. (A) Force-acceleration characteristic;
(B) force-displacement characteristic; (C) force-velocity characteristic. (a) 0A; (b) 1A; (c) 2A.

Mathematical Problems in Engineering 15



With acceleration term
No acceleration term

∆F
Fmax

–2000

–1000

0

1000

2000

D
am

pi
ng

 fo
rc

e (
N

)

–50 0 50 100–100
Acceleration (m/s2)

Figure 18: Calculation diagram of the influence degree of MR fluid inertia force.

Table 3: Calculation results of the force-acceleration curves difference percentage.

Frequency
(Hz)

Velocity
(m/s)

Acceleration
(m/s2)

Input
current (A)

Maximum difference
value ΔFmax (N)

Damping force with acceleration term
at maximum difference point Fmax (N)

Difference
ratio r (%)

0.33 0.052 0.11
0 0.1 253.5 0.04
1 0.1 1048 0.01
2 0.1 3180 0.003

0.83 0.13 0.68
0 0.8 339 0.24
1 0.8 1134 0.07
2 0.8 3265 0.02

1.66 0.26 2.72
0 3.9 466.4 0.83
1 3.9 1261 0.31
2 3.9 3393 0.11

2.48 0.39 6.06
0 8 621.2 1.29
1 8 1424 0.56
2 8 3555 0.23

3.33 0.52 10.93
0 25.4 369.5 6.87
1 25.4 1164 2.18
2 25.4 3296 0.77

6.62 1.04 43.21
0 100.2 521.8 19.2
1 100.2 1317 7.6
2 100.2 3448 2.9

7.64 1.2 57.55
0 131.2 632.8 20.7
1 131.2 1428 9.2
2 131.2 3559 3.7

9.55 1.5 89.92
0 209.5 586.6 35.8
1 209.5 1382 15.2
2 209.5 3513 5.96

Table 4: Constraint conditions of key parameters.

Independent
variable

Constraint conditions
Current
(A)

Velocity
(m/s)

Channel
clearance (m)

Channel
length (m)

Piston
diameter (m)

Zero-field
viscosity (Pa·s)

Nitrogen pressure
(MPa)

Current [0, 2 A] [0.052, 1.5] 0.0015 0.03 0.04 0.29 0.6
Velocity [0, 2 A] [0.052, 1.5] 0.0015 0.03 0.04 0.29 0.6
Channel
clearance [0, 2 A] 0.52 [0.001, 0.002] 0.03 0.04 0.29 0.6

Channel length [0, 2 A] 0.52 0.0015 [0.02, 0.04] 0.04 0.29 0.6
Piston diameter [0, 2 A] 0.52 0.0015 0.03 [0.03, 0.05] 0.29 0.6
Zero-field
viscosity [0, 2 A] 0.52 0.0015 0.03 0.04 [0.24, 0.34] 0.6

Nitrogen
pressure [0, 2 A] 0.52 0.0015 0.03 0.04 0.29 [0.5, 1]
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increased with the increase of zero-field viscosity of the MR
fluid at the same current, but the amplification was slow
which almost has no influence. Under the same zero-field

viscosity of the MR fluid, the damping force of the MR fluid
damper increased with the increase of current and the
amplification was larger.

6.1.7. Influence of Nitrogen Pressure and Current Variation
on Damping Force. For the influence of nitrogen pressure
and current variation on damping force of the MR damper,
the results are shown in Figure 24. It could be seen that the
damping force of the damper increased with the decrease of
nitrogen pressure at the same current, but the amplification
was slow, which almost had no influence. Under the same
nitrogen pressure, the damping force of the MR fluid
damper increased with the increase of current and the
amplification was larger.

6.2. Sensitivity of the Influence on Damping Force by Various
Parameters. Sensitivity of the influence on damping force by
various parameters has been defined as the percentage of the
variation for damping force of the MR damper in parameter
variation ΔFi to the damping force Fio under the median of
parameter variation for the MR damper. It was used to
measure the influence of this parameter on the damping
force of the MR damper, expressed as s, and the expression is
as follows:

s �
ΔFi

Fio

× 100%. (48)

Substitute the simulation value of Figures 19–24 into
formula (48). When studying the sensitivity of the influence
on damping force by current variation, select the median of
velocity 0.75m/s, and when studying the sensitivity of the
influence on damping force by other parameters, select the
median of current 1A so that the influence degree of each
parameter on the damping force of the MR damper could be
obtained. As shown in Figure 25, the positive value of
sensitivity indicated that the damping force of the MR
damper increased as the parameter increased, i.e., positive
correlation, and negative value indicated that the damping
force of the MR damper decreased as the parameter in-
creased, i.e., negative correlation.

As can be seen from Figure 25,

(1) .e influence degree on the damping force of theMR
damper successively ranging from the maximum to
the minimum was the channel clearance, energizing
current, piston diameter, motion velocity, channel
length, zero-field viscosity of MR fluid, and nitrogen
pressure. In the design of the damping force of the
MR damper, the above parameters could be adjusted
to quickly achieve the required damping force.

(2) Among them, the sensitivity of the influence on
damping force of the MR damper by energizing
current and damping channel clearance was the
maximum, reaching more than 155%. Increasing
current and reducing damping channel clearance
were beneficial to the great improvement of the
damping force of the damper. However, the channel
clearance should not be too small; otherwise, it can
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easily cause the MR fluid to block in the damping
channel.

(3) .e zero-field viscosity of the MR fluid and nitrogen
pressure almost had no influence on the damping
force of the MR damper, but the viscosity should not
be too high when selecting the zero-field viscosity of
the MR fluid; otherwise, it will also easily cause
damping channel blocking of the damper. .e ni-
trogen pressure should not be too small; otherwise, it
will easily cause concave force-displacement char-
acteristic curve.

7. Conclusions

(1) .e single-rod double-cylinder and double-coil MR
damper model established based on the multifield
modeling method bond graph theory and adopted in
this paper can not only consider the parameters such
as damper displacement and velocity but also con-
sider the influence of inertial force of MR fluid, i.e.,
the acceleration item in the model on damping force,
which improved the model precision. Experimental
verification showed that the modeling method was
correct.

(2) .e damping force model of the MR damper studied
in this paper was compared with that of the damper
without considering the inertia force of the MR fluid
and the influence of the inertia force of the MR fluid
on the damping force of the MR damper was ana-
lyzed. When the excitation frequency was less than
or equal to 2.48Hz, the ratio r was less than 1.29%,
which can be ignored; when the excitation frequency
was 3.33Hz, the maximum ratio r was 6.87%, the
inertial force of MR fluid has relatively less influence
on the damping force of the damper. When the
excitation frequency was 6.62Hz, the maximum
ratio r reached 19.2%. As the excitation frequency
increased, the ratio gradually increased. When the
excitation frequency was 9.55Hz, the maximum
ratio r reached 35.8%. .is shows that when the
frequency of the damper is large, the inertial force of
the MR fluid has an important influence on the
damping force; therefore, considering the inertial
force of the MR fluid in the model can greatly im-
prove the accuracy of the model.

(3) .rough the theoretical model, the influence de-
gree of key parameters on the damping force of the
damper was studied, ranging from the maximum
to the minimum; it has been the channel clearance,
energizing current, piston diameter, motion ve-
locity, channel length, zero-field viscosity of the
MR fluid, and nitrogen pressure, providing a basis
for the adjustment of damping force of the
damper.
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