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Abstract: Single-rod magneto-rheological dampers (MRD) have the advantages of a simple mech-
anism, high reliability, and broad application range. They are widely used in various semi-active
vibration control fields. However, their working mode requires a compensating mechanism to per-
form volume compensation on the rod, leading to additional stiffness for the system. Ignoring this
point makes it tough to establish an accurate mechanical model to describe its performance in the
design stage, affecting its application. To address this issue, this study proposes a multi-physics
simulation model based on gas compensation for single-rod MRD to characterize their mechani-
cal performance accurately. Firstly, the mechanism and mechanical model of the single-rod gas
compensation MRD are introduced. Secondly, considering that its performance is affected by the
coupling effect of multiple physical fields, including magnetic, flow, and solid mechanics fields, the
control equations and boundary conditions of each field are analyzed separately, and a multi-physics
coupling simulation model is established by COMSOL. In particular, the gas compensation unit is
considered in the multi-physics simulation model. The effect of the compensating mechanism on the
mechanical performance of the damper under different excitation speeds, currents, and initial pres-
sures is analyzed. Finally, the accuracy of the proposed method is verified through the demonstration
power test. The results show that the simulation can describe the additional stiffness in the damper.
The average error between experimental value and simulation value is 7%. This demonstrates the
degree of agreement between the experiment and simulation.

Keywords: single-rod magnetorheological damper; multi-physical field simulation; additional
stiffness; experimental verification

1. Introduction

MRD is a device that utilizes the magnetic control characteristics of MR fluids (MRF)
to achieve the reversible transformation between Newtonian and non-Newtonian fluids,
enabling a continuous damping control. They are widely used in vibration control fields
such as aerospace [1,2], vehicles [3-7], buildings [8-11], and more. In particular, single-rod
MRD, with its advantages of a simple and stable mechanism, large stroke, and small radial
installation size, has been extensively studied and applied. However, due to structural
limitations, single-rod MRD requires compensation for the volume of oil entering and
exiting the valve rod cavity. Common compensation systems include inert gas compen-
sation and metal spring compensation. Compared to metal spring compensation, gas
compensation has the advantages of higher sensitivity, wider operating temperature range,
less susceptibility to material degradation, and no wear, making it suitable for applications
that require long-term stability and reliability [12-14].

However, the compensating mechanism inevitably brings additional stiffness [15],
which, if not accurately predicted and described during the design process, could lead to
deviation from the actual mechanical properties, thus affecting the application of the MRD.
Unfortunately, analysis remains very hard due to the nonlinearity of gas compensation
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systems, and the problem of the additional stiffness is often not explored in the present
research. To address this issue, we concentrated on the issue of additional stiffness in the
compensation mechanism and conducted theoretical modeling research on a single-rod
MRD with a floating valve gas compensation system, laying the basis for the develop-
ment and application of it. Among them, characterizing and predicting the mechanical
performance of MRD is an important basis for verifying the effectiveness and rationality
of the design [16-18]. Accurate models can not only explain the rheological behavior of
MRD from a mechanistic perspective, but also shorten the research cycle, reduce costs,
and broaden their applications, thus possessing high academic significance and practical
value. In the current design stage of MRD, a quasi-static mechanical model is typically
used in conjunction with finite element simulations to predict their output damping force.
Among them, significant research progress has been made in the independent simulation
of single physical fields such as magnetic and fluid fields [19-23]. However, the mechanical
characteristics of MRD are influenced by multiple physical fields. Analyzing only one or a
few physical fields separately cannot accurately describe and evaluate their mechanical
properties. To more accurately predict the performance of MRD, comprehensive multi-
physics analysis is necessary to fully consider the coupling effect among magnetic, fluid,
and solid mechanics fields. Through the coupling analysis of multiple physics fields, the
performance of the damper under different operating conditions could be comprehensively
evaluated, thereby guiding the design and optimization of the damper, reducing research
and development costs, and improving its mechanical performance and reliability [24].
Researchers have employed different methods for the multi-physics coupling simulation
of MR dampers, such as ADINA-based methods, ANSYS/CFX [25] combined simulation
methods, and COMSOL-based methods [26-29]. The results of these studies have shown
that the multi-physics simulation models can accurately describe the performance of MRD,
and the simulation curves have a great overlap with experimental results. In addition,
multi-physics simulation of multi-coil MRD [30-32] has also been studied, and the results
show that the multi-physics simulation still has a good descriptive ability. These studies
provide a theoretical basis and technical support for the design and optimization of MRD.

However, there are still some unresolved issues in the multi-physics coupling analysis
of MRD. Firstly, most scholars currently adopt the method of separately simulating the
magnetic field and the fluid field, which makes it challenging to reflect the dynamic
response characteristics of the MRD accurately. Secondly, there is still a significant research
gap in the study of single-rod MRD. In particular, existing research often ignores the
effect of the compensation mechanism, resulting in a large deviation between the actual
mechanical performance of the damper and the expected performance during the design
stage, which ultimately affects its practical application. Therefore, further research should
be done to improve the design and application level of MRD.

Therefore, this study aims to establish a full 2D model of MRD with the compensation
mechanism, coupling the gas flow field, and in particular, consider the compensation
mechanism model to accurately describe and predict the mechanical properties of single-
rod MRD. The framework of the article is as follows: first, this study focuses on analyzing
the additional stiffness brought by the compensation mechanism on MRD and derives
its theoretical model. Secondly, a multi-physics coupled modeling and simulation of the
MRD was established using COMSOL, considering the influence of the mutual coupling
between the magnetic, flow, and solid mechanics fields. In the simulation, the influence of
the compensation mechanism on the damping force is analyzed under different excitation
speeds, currents, and compensation air pressures. Finally, the accuracy of the proposed
method is verified by experiments.

In summary, this study has established a full 2D model of MRD with the compensation
mechanism, considering the compensation mechanism model, which improves the accuracy
of describing and predicting the mechanical properties of them. This research could provide
valuable insights and guidance for the design and optimization of single-rod MRD.
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2. Introduction the Gas-Compensated Single-Rod MRD

The mechanism of the damper includes a suspension ring, a connecting rod, an end
cover, an oil seal, a valve head, a compensating gas chamber, a floating valve, and other
components as shown in Figure 1. The coil is wound in the middle space of the valve,
and the magnetic pole causes the reciprocating flow of the MRF in the damping gap
with the periodic reciprocating motion of the valve. By controlling the current to produce
different magnetic fields, an adjustable damping force could be obtained. The compensation
principle is that during compression, the valve rod enters the cylinder, and since the MRF
is incompressible, space is needed to accommodate the volume of the rod. This space is
compensated for by compressing the gas in the compensation chamber to ensure that the
damper can be compressed. During extension, there will be additional space inside the
damper due to the pulling out of the valve rod. If there is no material to fill this space, the
damper will experience an air gap phenomenon, which will affect the performance of the
damper. The compensating gas chamber fills this space by expanding in volume to ensure
the normal operation of the damper.

1 2 3 4 5 6 7 8 9 10 11 12

without magnetic

with

Figure 1. Mechanism diagram of a single-rod gas-compensated MRD. 1—Lifting ring; 2—Valve
rod; 3—Head cap; 4—Oil seal; 5—Guide ring; 6—Cylinder barrel; 7—Valve outer barrel; 8—Coil;
9—Magnetic induction line; 10—compensating air chamber; 11—Floating valve; 12—Base.

Additionally, to ensure good rheological properties of the MR fluid and avoid channel
blockage, the clearance of the damping channel is designed as 1.2 mm, and the specific
dimensions of the damper are given in Table 1.

Table 1. MRD mechanism parameter.

Parameters Value (mm) Parameters Value (mm)
Valve rod length 233 Compensating cylinder length 103
Valve diameter/D; 44 Valve rod diameter/d 15
Valve radius/7, 20 Floating valve diameter 46
Valve length/L 38.4 Channel gap/h 1
Iron core radius/r, 13 Outer cylinder thickness/h; 1.75

Its quasi-static mechanical model is studied [33,34]. According to the force balance
conditions, the valve and floating valve are selected for force balance analysis respectively,
and neglecting the friction between the components, the mechanical expression of this type
of damper can be obtained as in Equation (1).

3myL(Dy2—d2)? 3L7(Dy2—d?
Faamper = Fy+ Fr + Fgas = 1 4(D11h3 Lo 4 3 1 )Tysgn(v) 1
k
o v P 1)
0 VO—”szx 4
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where 7 is the viscosity of the MRF without magnetic field, Ty is the shear yield stress,
v is the valve speed, V| is the initial volume of the compensating air chamber, py is the
initial pressure of the compensating air chamber, V, indicates the working volume of the
compensating air chamber, and k is the multivariable coefficient, which is taken as 1.4.

Equation (1) shows that Fje, consists of three components: MRF viscous damping
force F;, coulomb damping force Fr and gas compensation force Fgss. The model did not
consider the additional stiffness effects of the compensating air chamber on the system.
Although some studies [16,35] provide complex mathematical relationships to explain the
additional stiffness, the model is too complicated, requiring the identification of many
parameters, and does not consider the coupling of multiple physical fields, which affects
the model’s accuracy. With the improvement of computer processing power, multi-physics
simulation analysis based on finite element analysis has become possible. A more compre-
hensive simulation model can be established to predict and characterize the mechanical
performance of the damper, which is more in line with the actual situation. Therefore, it is
necessary to select a multi-physics simulation model for this damper.

3. Multi-Physics FIELD Analysis
3.1. Electromagnetic Field Analysis

(1) Field control equation

At the macroscopic level, the regular properties of the electromagnetic field are gen-
erally described by a system of Maxwell equations, which reveal the intrinsic laws of
electromagnetic interactions and are widely used in various technical fields in the differen-
tial form as in Equation (2):

_ aD
V><H_]JarBW
VXE=-%
V-XB:O E @
V-D=p

where V denotes the Hamiltonian operator, H denotes the electric field density, J denotes
the current density, D denotes the potential shift, E denotes the electric field strength, and B
denotes the magnetic flux density. At low frequencies, the potential shift can be neglected.

J can be expressed as (3):
J=0vxB+], ®3)

where ], denotes the external current density vector, and ignoring the weak eddy currents
generated when the excitation coil moves with the valve head, cv x B = 0. In this study,
using the excitation coil as the external current, J, could be expressed as (4):

Jo = F—ecoil 4)
e ACOZ’] cot
where N denotes the number of turns of the coil; I denotes the current; A.,; denotes the
cross-sectional area of the coil; e.,; denotes the direction of positive charge motion of the
unit vector in the direction of positive charge motion.

B with respect to the magnetic vector potential A, can be defined as (5):

B=VxA ®)

According to the properties of the magnetic conductivity of different materials, their
Ampere-loop laws can be expressed as:
Areas of non-permeable materials or materials with fixed permeability:

Vx(ug "1 'B) = Je (6)

where g denotes the vacuum permeability and 1 denotes the relative permeability of the
material.
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Areas of MRF and non-linear soft magnetic materials such as electro-pure iron:
VxH=], @)

In addition, the B-H curves of nonlinear soft magnetic materials can be described by
polynomial functions:

B = f(H) ®)

where f() represents a nonlinear functional relationship with directionality. The direction
of B coincides with the spatial magnetic induction line generated by the coil. And the
directions of B and H are coincident.

Equations (4)—(8) constitute the field control equations of the electromagnetic field. By
combining the above equations with the relevant parameters of the designed structure and
selected materials, the distribution and numerical relationship of the magnetic induction
intensity in the MRD can be obtained for different excitation currents.

(2) Boundary conditions

When solving electromagnetic field problems, the effect of boundary conditions must
be considered. For magnetic fields, since different media have different permeabilities
and magnetic permeabilities, the intersecting surfaces between them should follow the
following boundary conditions:

njj- (B; —Bj) =0 )
where n;; is the boundary normal of different media i and j.

3.2. Flow Field Analysis
3.2.1. MRF Flow Field

(1) Field control equation

For the analysis, the magnetorheological fluid is considered as a single-phase flow, in-
compressible, judged on the basis of the Reynolds number, considering that the fluid works
in the laminar flow region. In the finite element simulation analysis, for the analysis of the
laminar flow regime of the incompressible fluid, the properties are described according to
the Navier-Stokes Equation (10).
p(u-Viu=V- {—pl—i— pt(Vu—i—(Vu)T)} +Fy (10)

oV -u=20

where p denotes fluid density, # denotes flow rate, I is the unit matrix, p is the pressure, p
is dynamic viscosity, and Fy is volume force.

The volume force Fy on the MRF is the sum of the force on the fluid due to the
magnetic field gradient F,, and the centrifugal force f,. Centrifugal forces are mainly
considered in the commutation process of the reciprocating motion of the MRD. Which
could be expressed as (11):

fo=p% ()
e r
where M is the magnetization intensity.

According to the Frohlich-Kennelly empirical formula, it is known that the magne-
tization strength M is nonlinearly related to the magnetic field strength H. Its vectoral
definition M = xH can be seen as nonlinear.

Frohlich-Kennelly empirical formula:

{ Fy = oM - VH

_ _XH
Tl
1+MS

(12)
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where M; denotes saturated magnetization, y denotes magnetization rate.

In addition, to realize the coupling analysis between electromagnetism and fluid
mechanics, an expression describing the relationship between the applied magnetic field
and the apparent viscosity of the MRF needs to be established. In order to solve the problem
of discontinuity in the description of viscosity due to the traditional Bingham model
and consequently the non-convergence in simulation calculations, a modified Bingham
model [26,36,37] is used to define the viscosity of MRF in simulations.

T =y +7(B) [1— )] (13)

where 7 is the shear stress; 77, is the viscosity after yielding; 7 is the shear rate; 7, is the
yield stress; m is the model parameter controlling the viscosity growth of non-Newtonian
fluids at extreme low shear rates.

Dividing both sides of the equation by 7, the kinetic viscosity is obtained as Equa-
tion (14). And set in the CFD module using the volumetric force relationship of the magnetic
field on the fluid to establish the coupling between electromagnetism and the fluid.

=1y + Ty(f) [1—el] (14

The MRF was selected from the SSCL-LV (Smart Structure Control Laboratory) created
in our lab. The composition ratios are as follows, 18.8 wt% of dimethyl silicone oil, 10 wt% of
oleic acid, 70 wt% of carbonyl iron powder, and 1.2 wt% of Nano-silicon dioxide. The 7,(B)
connections could be determined using an Anton Para MRC301 rheometer [38]. Moreover,
it was fitted using multinomial fitting. Figure 2 depicts the test and fitting findings.

100

T T
@ Test Value

Tetramial Fitting

260 460 660 860
B (mT)
Figure 2. B curve of SSCL-LV MRF.

Equation (15) depicts the fitted connection equation:

T, = 520x1071¥B°>—1.27 x 10 °B* +8.85 x 10~ 7B% — 5.57 x 10~ °B?

+0.02B +0.01 (15)

where the unit of 7, is kPa and the unit of B is mT.
The liquid flow field can be expressed in mathematical terms by the joint Equations (10),
(11) and (14).

(2) Boundary conditions

The boundary conditions are indispensable for solving fluid problems, and the viscous
fluid boundary conditions are as follows (16):

{ Ur = us (16)

Uyr = Uns

where ur and u,r denote the velocity at a point on the surface of the fluid wall and its
velocity component in the normal direction, respectively; us and u,s denote the velocity at



Actuators 2023, 12, 251

7 of 19

a point on the surface of the solid wall and its velocity component in the normal direction,
respectively.

3.2.2. Gas Flow Field
(1) Field control equation
Due to the compressibility of the gas and the non-negligible inertia forces. In the finite

element simulation analysis, the performance is described according to the Navier-Stokes
equation as follows (17).

{ o1 %+ p(uy - V)u =V - [—P11+ Hair (Vg + (Vi) T) — %le’r(vm)l} +Fy 17)
aaitl + V(p1m) =0
(2) Boundary conditions
The gas flow field boundary conditions are as follows (18):
{ Zi::”;ns (18)

where uy and u,,; denote the velocity at a point on the surface of the gas wall and its velocity
component in the normal direction, respectively.

3.3. Solid Mechanics Field
(1) Field control equation

Because the load on the valve head comes from the MRE, the solid mechanic’s analysis
of the damper should consider both the stress-strain of the mechanism and the flow of the
internal MRF, as well as the interaction between them, and the solution process involves
the solution of the fluid domain and the solid domain as well as the data interaction
between the two domains, taking into account the gas-flow field coupling. Combined with
reference [27], it is known that the multi-body dynamic field equation is (19):

0%d,y;
P27a:§”ld =V.or+Fy
Fo=o0,n (19)

fo=n-|=pL+u(Vur + (V)"

where p; is the solid material density, dg;4 is the structural displacement vector, defined as
a vector pointing from the original position of a point in a solid structure to its new position,
0y is the quadratic Corsi stress tensor, Fj is the force acting on the solid mechanical domain,
n denotes the normal vector at the fluid-solid coupling boundary, and f; is the combined
force acting on the fluid-solid coupling boundary.

The Cauchy stress can be calculated using the Piola-Kirchhoff stress (20) as follows:

L 0 (20)

where ] is the deformation of the Jacobi matrix; F is the deformation gradient vector, and
Sp is the Piola-Kirchhoff stress tensor.

The deformation gradient vector F could be expressed in terms of the gradient of the
structural displacement vector solid (21):

F=1I+ vdsoils (21)
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The Piola-Kirchhoff stress tensor Sp could be derived from the ratio of the strain energy
density v, to the Lagrangian strain tensor g, (22):

v,
S = 3e (22)
g1 is calculated from [39]:
1 T T
&, = 5 [(Vdsolid ) + Vdsolid + (Vdsolid ) Vdsolid :| (23)

@

Boundary conditions

For the fluid-solid coupling boundary, a no-slip boundary condition is set for it, where
the flow velocity u; of the fluid is equal to the structural velocity u;.

adsoil

By (24)

Uy — uy —

4. Multi-Physics Field Coupling Simulation
4.1. Simulation Model Building

Currently, research on the multi-physics simulation of the MRD with compensation
mechanisms has neglected the compensation mechanism and established a symmetrical
simulation mechanism for simulation. This excessive simplification leads to a significant
deviation between the simulation model and reality, and ignores the additional stiffness
brought by the compensation cavity to the mechanism. Therefore, this paper establishes a
multi-physics coupling simulation model of an MR damper based on a single-rod compen-
sation mechanism, as shown in Figure 3, with the aim of further accurately characterizing
its mechanical performance.

J d,=d, nT, =0T, }

____________________ | . P SR S A .
Electromagneticfield ! | Flow field i ' Solid mechanical field |
[} I

1 | z I
Exciting Coil ! ' Non-Newtonian Ideal gas ) : L u ~ Valve :
current turns . e Bingham s : 1 displacement !
1 ! constitutive ' ! excitation |
bl Y v Loy !
Maxwell's equations 1 I Liquid Field Gas field | 1 ; |
\ I . . ! Dynamic |
| | (MRF) (Compensation) . t > |
1 ] T I X ! performance |

|

Magnetic Distribution | 1 [ ¥ v Voo \

s - - I = I
1Anduct1Aon of QLasHEtc E ! dP ;eisutr‘e d'Vt ellc;mtt_y : | F.S Additional |
intensity field lines ! X 1stribution 1stribution : X - curve TR T :
___________________ 1 g g g g g g leccc e e cccccccc e ----

[- B, -I Ap

Figure 3. Multi-physical field coupling simulation diagram of a single-rod gas compensated MRD.

The model drives the valve motion to move the MR fluid with the floating valve by
giving the valve displacement load; the pressure distribution and flow velocity distribution
within the flow field during the motion are calculated and obtained through the setting
of the fluid-solid coupling boundary, and the data are transferred to the solid mechanic’s
module to further obtain the mechanical properties of the damper including the F-S and
additional stiffness curves. Meanwhile, the coil wound on the valve, through the excitation
current, the electric field, generates the magnetic induction intensity coupling the magnetic
field with the flow field through the defined properties of the MR fluid. Meanwhile, the
coil wound on the valve generates a magnetic induction intensity through the excitation
current, which couples the magnetic field with the fluid field by defining the characteristics
of the MRF. The specific coupling relationship is as follows. Firstly, for the coupling of
the electromagnetic field and flow field, the yield strength 7, of MRF changes under the
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action of magnetic field B. The Bingham viscoelastic model of MRF is established in the
simulation, and the results of the electromagnetic field are output to the flow field through
multiple physical field interfaces so that the magnetic field is coupled with the flow field.
Secondly, the fluid-structure coupling is due to the interaction between the fluid and the
solid. The motion u of the damping valve causes the flow of the fluid, and the flow of
the fluid generates a pressure drop Ap, which in turn gives a reaction force to the valve,
resulting in a damping force. Among them, the fluid-solid coupling boundary needs to
satisfy two boundary conditions:

1. The displacement of the solid and fluid on the coupling boundary is equal ds = d.
2. The stress at the boundary between solid and fluid is equal "t = ;Tf.

The proposed multi-physics coupling simulation model of the MRD based on a single-
rod compensation mechanism can more accurately describe its mechanical performance. It
can not only help optimize product design and improve product performance and quality
but also reduce experimental costs and time, providing a more effective method for the
research of this type of MR damper.

To accurately analyze the mechanical performance of an MRD, a two-dimensional
simulation model for analyzing the simulation results of this type of damper was created
in COMSOL, as shown in Figure 4a. The model consists of a valve and valve rod, coils, an
outer wall, a floating valve, MRF, and air. The appropriate finite element simulation mesh
division is crucial for accurately predicting physical behavior, and a free triangular mesh is
used to ensure calculation accuracy and computational space. To ensure the accuracy of the
fluid part, more layers of mesh are divided at the fluid boundary, and two fluid domains
are set as dynamic meshes for fluid dynamic simulation. At the same time, the MRF is
defined as a non-Newtonian Bingham model, and the magnetic field and flow field are
coupled through this model. During the coupling process, the 7,-B relationship plays a
key intermediary role in connecting the magnetic field and the flow field. To better fit the
properties of the magnetorheological fluid, a polynomial fitting method is used to fit the
B-H relationship and the 7,-B relationship of the magnetorheological fluid, as shown in
Figure 4b,c.

A Simulation modeling b T,-B curve

90
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0

1

Shear yield stress 7, (kPa)

-10 -
100 0 100 200 300 400 500 600 700 800 900
Magnetic induction intensity B (mT)

¢ B-H curve

=~
nnl

agnetic induction intensity B(T)

" n
0 1000 2000 3000 4000 5000 6000
Magnetic field intensity H(kA/m)

—/

Figure 4. Simulation model of MRD. (a) The simulation model and meshing diagram; (b) 7,-B curve;
() B-H curve.
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4.1.1. Magnetic Field Simulation

The MRD is a control device based on the magneto-rheological effect, and its key
component is the magnetic field. The quality of the magnetic field directly affects the
performance of the MRD. Therefore, in the design and performance optimization research
of the MRD, the analysis and evaluation of the magnetic field are particularly important.
In order to improve the control performance of the MRD, this article adopts a double-
coil design to increase the effective length of the channel. In the simulation analysis, the
dimensions of the coil slot design were estimated and the number of turns of the single coil
was determined to be 150. At the same time, based on the maximum driving current of the
actual driver, a simulation analysis of the current ranges from 1 to 5 A was conducted. The
simulation results are shown in Figure 5.

T
T 0.57
0.11
0.50
0.10
0.40
0.08
0.30
0.06
0.20
0.04
0.10
0.02
0
= =300
E ES —s 1A é
=250 ——2A e °
g $ - ——3a Z 2501 /
£200¢ 3 @
2 200 /
S150¢ =
g 150 _ = S
é 100 - %150 i Channel center line
< r g v
< g i o
£ 50+ Z 100
E" I 2 re < o
= 0r 5 s0f o L1 1,1,1,'|
5 5 10 15 20 25 30 35 = 1 5 3 "‘ .

Length(mm) Current (A)
Figure 5. Electromagnetic field simulation results. (a) Cloud map of the magnetic field distribution
under different currents; (b) Distribution of the magnetic induction intensity in the channel.

The simulation results of the flow field indicate that the magnetic field lines originate
from the valve, pass through the MRF region and the cylinder wall, and then return to the
valve head, forming a closed-loop magnetic circuit. Compared with a single coil, the design
of a dual coil increases the magnetic field intensity in the middle of the valve by a factor
and extends the effective magnetic field strength in the flow channel, thereby improving
the magnetic control performance of the MRD. This result is consistent with the design
expectations and validates the superiority of the dual coil design. To better describe the
change in magnetic field intensity, this paper selects the centerline of the flow channel as
the reference line and quantitatively analyzes its magnetic induction intensity. From the
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simulation results, it can be seen that within the range of current variation from 1 Ato 5 A,
the maximum magnetic field in the flow channel changes from 50 mT to 260 mT, and the
adjustable ratio reaches 5.4. This result indicates that the magneto-rheological damper can
control the magnetic field intensity by changing the current, thereby adjusting the damping
force of the damper.

4.1.2. Flow Field Simulation
(1) MREF flow field

According to Figure 5, the magnetic field is mainly concentrated in the MRF in the
damping channel, especially in the area around the valve, which is referred to as the
activated zone. In contrast, the other regions are referred to as the inactivated zone. Since
the magnitude of the magnetic field is directly related to the shear yield strength of the
magnetorheological fluid, the shear yield strength of the MRF close to the valve is higher
than that of the other regions.

By importing the magnetic induction intensity distribution data into the fluid-mechanism
coupling field and combining it with the laboratory’s self-equipped parameters of MR
materials, the yield strength distribution of MRF was obtained, and a partial differential
equation describing the stress-strain relationship of the MRF was established, considering
the apparent viscosity of the fluid. In this system, the cylinder body was fixed, while
the valve rod and valve were subjected to sinusoidal displacement excitation. The MRF
flowed through the damping channel from the high-pressure area to the low-pressure area,
producing a reactive force that hindered the valve’s movement. In Figure 6, the velocity
cloud map and pressure map of the MRF flow field under different valve speeds and
control current conditions were shown. It could be observed that with the increase of valve
speed and current, the fluid velocity in the channel and pressure in the flow field also
increase continuously. Based on the qualitative analysis of the simulation results, it can be
concluded that the behavior of the system conforms to basic logic and design expectations.

(2) Gas flow field

Neglecting the compensating force of the compensation gas chamber while evaluating
the mechanical performance of a single-rod gas-compensated MRD may result in consider-
able variations between the simulation model and the actual system. This is because the
increased stiffness generated by the compensating mechanism is not considered.

As a result, the influence of the compensation gas chamber’s compensating force
on the mechanical performance of the MRD must be considered. A gas flow simulation
program for this purpose was presented. The study is based on the basic theory of fluid
mechanics and the boundary conditions of fluid-mechanism coupling. The gas flow field
part is set as an air domain and set as a compressible fluid, and dynamic mesh is used
for simulation. By analyzing the simulation results, velocity and pressure distribution
diagrams of the flow field under different operating modes are obtained, as shown in
Figure 7a,b. From the figures, it could be seen that as the volume of the compensation gas
chamber is compressed, both the flow field velocity and pressure increase continuously. The
flow field velocity gradually decreases from the floating valve to the cylinder wall, while the
flow field pressure is uniformly distributed in the compensation gas chamber. Qualitative
analysis shows that the simulation results conform to the theoretical characteristics. At
the same time, quantitative analysis is performed, and it is found that under the operating
conditions of the amplitude of 50 mm, frequency of 1 Hz, and compensation gas pressure of
2 atm, its pressure is asymmetric as shown in Figure 7c. The reason is that the compensating
gas chamber is in compression for the first half cycle and in tension for the second half
cycle. According to the gas ideal Equation (24) and the damper motion relationship from
Equation (25), it is known that the different motion directions of the damper cause the
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asymmetric change of V,;, which in turn makes the pressure in the compensating gas cavity

appear asymmetric.
a 0 ‘ 7

where p, is the pressure in the compensating gas chamber during operation. Other param-
eters are defined in Equation (1).
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Figure 6. MRD fluid force field simulation results. (a) 0.08 m/s flow field velocity and pressure
changes; (b) 0.16 m/s flow field velocity and pressure changes; (c) 0.31 m/s flow field velocity and
pressure changes.
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Figure 7. Simulation result of compensated gas chamber fluid force field. (a) Velocity distribution;
(b) Pressure distribution; (c) Pressure change in a period; (d) Change of compensating force under
different initial pressure.

The V,; may be introduced based on the working state of the damper, as shown in
Equation (25).
md?

Vg = V() - Tx (26)

The direction of motion is different and the positive and negative of x are different.

Figure 7d shows that the compensation force value varies in one cycle under different
pressures and increases with the increase of the initial compensation gas pressure. This
simulation method helps to understand better the mechanical performance of the MRD
and its important role in the compensation gas chamber. The research results have a deep
understanding of the mechanical performance of this type of MRD and provide a reference
for its design optimization in practical applications.
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4.1.3. Solid Force Field Simulation

The equations of motion of the valve head are necessary to model the excited vibration
of the dampers and to carry out dynamic simulations to analyze the mechanical character-
istics of MRD under the impact of numerous physical fields. Simultaneously, the “work
shown” properties of the damper must be configured for varied speeds and control currents
at the same compensating air pressure.

The starting air pressure in the compensation chamber is set to 2 atm in the simulation,
the valve head travels sinusoidally with an amplitude of 50 mm and velocities of 0.08 m/s,
0.16 m/s, and 0.31 m/s, and the excitation current is set to 0/1/3/5 A. Figure 8a depicts
the simulation findings. During motion, the compensating air chamber provides a certain
amount of compensation stiffness, which makes the damping F-S curve appear as a full
“back” shape, and the displacement ring is not strictly symmetrical about the x-axis, but
has a certain tilt, the larger the angle of tilt, the greater the additional stiffness of the system.
It is worth noting that the additional stiffness is only speed-dependent and is not controlled
by the current (the slope of the power curve is the same for different currents at the same
speed). This is because the additional stiffness is not controlled by the current and is
provided entirely by the compensating cavity.
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Figure 8. Solid force field simulation results. (a) 2 atm F-S curve of different speed and current;
(b) 1 A F-S curve of different initial pressure and speed.



Actuators 2023, 12, 251

15 0f 19

In the simulation, it was also necessary to investigate the effect of different initial air
pressures on the dynamic performance of the MRD. The dynamic simulations were carried
out by setting the excitation current to a constant 1 A, given different initial air pressures in
the valve head and a sinusoidal excitation with different velocities. From the simulation
results in Figure 8b, it could be found that the additional stiffness increases with increasing
initial air pressure at the same speed. Equation (1) shows that the F, increases as the valve
velocity increases, but the Fg,s is not affected by the velocity. Therefore, at low speeds,
the F-S curve will show a significant slope because the Fgs5 accounts for a relatively large
amount. Moreover at high speeds, it becomes less influential on the output damping force
as the Fg;s accounts for a lower percentage. Therefore, the additional stiffness has less and
less influence on it.

It can be visualized from the diagram that the MRD have great magneto-control prop-
erties, especially at low speeds. In addition, the multi-physical field-coupled simulation
system built could visualize the mechanical properties of the MRD with a compensation
mechanism under different operating conditions. In particular, the additional stiffness
characteristics have often been neglected in previous simulations.

5. Experimental Testing and Verification
5.1. Experimental Tests

In order to verify the accuracy of the Multiphysics simulation, a physical model of a
MRD was made and tested using an experimental system (shown in Figure 9).

3

2

Figure 9. MRD performance experimental system. 1—Operations Station; 2—DC Power Supply;
3—Force Sensor; 4—MRD; 5—WDTS.

During the testing process, a working dynamometer Mechanical Test & Simulation
(WDTS) vibration testing platform was used to provide excitation, and mechanical charac-
teristic data were collected at different speeds (0.08 m/s, 0.16 m/s, and 0.31 m/s), different
currents (0 A, 1 A, 3 A, and 5 A), and different pressures (2 atm and 4 atm). At the same
time, an Agilent DC power supply (8032 A) was used to provide voltage/current, and the
temperature was kept constant at 25 + 2 °C.

5.2. Experimental Verification

The results in Figure 10 compare the simulated and experimental hysteresis curves of
the damper under different current, velocity, and initial pressure compensation conditions.
Panel (a) shows the comparison of the experimental and simulated hysteresis curves at a
0 A current and different velocities, with an initial compensation pressure of 2 atm. Panel
(b) shows the comparison of the hysteresis curves at a 0 A current and different velocities,
with an initial pressure of 4 atm. Panel (c) shows the comparison of the hysteresis curves at
a velocity of 0.16 m/s and different currents, with an initial pressure of 4 atm. Qualitatively,
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the simulation results could represent the experimental results under different operating
conditions, and could accurately describe the additional stiffness characteristics of this type
of MRD. Therefore, the simulation results are of certain reference value.
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Figure 10. Comparison of simulation and experiment F-S curves. (a) Comparison of 2 atm—-0 A F-S
with different speeds; (b) Comparison of 4 atm—0 A F-S with different speeds; (¢) Comparison of
4 atm-0.16 m/s F-S with different currents.

Quantitatively, Figure 11 and Table 2 demonstrate the errors between the tested and
simulated damping forces at the 0-displacement point under different operating conditions.
The results show that the error of the extension force is relatively large at a velocity of
0.08 m/s, with a maximum error of 24.1%, while most errors remain within 10%. This
phenomenon may be caused by the following two aspects. First, Equation (1) shows
that the damping force is smaller at a low speed and the base of the relative error of
calculation is also smaller, which leads to a more significant relative error of the damping
force at low speed and less relative error of the damping force at high speed. Especially
in the extension stage, the gas expansion movement may cause a hysteresis effect in the
compensation force during actual work. Secondly, the dampers may have certain assembly
errors and be affected by environmental factors, which can lead to certain absolute errors
between the experiment and simulation results. Overall, the relative errors are below 25%,
with the minimum being 0.7%, which is within an acceptable range and directly verifies
the accuracy of the multi-physics coupling simulation. The reasons for the errors also
may be that the effect of gravity was not considered in the multi-physics simulation, or
there were certain experimental deviations during the actual testing process, which needs
further exploration.
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Figure 11. Comparison of damping force between experiment and simulation value at position 0 mm.
(a) 0.08 m/s; (b) 0.16 m/s.

Table 2. Relative error between experimental and simulated values.

Velocity (m/s) 0A 1A 2A 3A 4A 5A

Extension/0.08 —22.7% —12.8% 23.3% 24.1% 22.1% 13.7%
Compression/0.08 3.6% —8.3% 5.1% 8.3% 13.3% 1.2%

Extension/0.16 —12.9% —7.6% —8.7% 1.5% 4.7% 1.2%
Compression/0.16 —16.0% 0.7% 6.3% 7.2% 8.7% 8.0%

6. Conclusions

A 2D full model of a single-rod compensating pneumatic MRD was established, and a

corresponding damper damping force model was derived to address the issue of additional
stiffness and force values. Existing Multiphysics simulation models were unable to describe
this problem accurately.

@

@

®)

The simulation model was built based on the non-Newtonian constitutive relationship
of the MREF, and the coupling analysis of the three fields utilized COMSOL. The
simulation results showed the feasibility of the damper simulation system, including
the magnetic field characteristics, MRF liquid flow characteristics, compensating
mechanism of gas flow characteristics, and the damper dynamic mechanical diagram
under the coupling action of multiple physical fields.

The damping force was experimentally tested, and the F-S curves were compared
under different excitation conditions, with error analysis conducted. The experimental
and simulation results had a high degree of coincidence, with a maximum error of
24.1% and a minimum error of only 0.7% for the damping force under different
currents. The accuracy of the Multiphysics coupling simulation was further verified.
The average error between experimental value and simulation value is 7%.

As the maximum error between the experiment and simulation was 24.1%, further
analysis was necessary to determine the cause and improve the accuracy of the
experiment and simulation.

This study allows a more accurate prediction of the mechanical properties of MRD

with a compensating mechanism, in particular the description of the additional stiffness,
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without the need for extensive physical experiments, which thus reduces the development
costs. In addition, it is of academic and practical value as a guide to the design and
application of it.
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