
actuators

Article

Optimal Design and Performance Analysis of Radial MR Valve
with Single Excitation Coil

Guoliang Hu * , Feng Zhou and Lifan Yu

����������
�������

Citation: Hu, G.; Zhou, F.; Yu, L.

Optimal Design and Performance

Analysis of Radial MR Valve with

Single Excitation Coil. Actuators 2021,

10, 34. https://doi.org/10.3390/

act10020034

Received: 26 January 2021

Accepted: 13 February 2021

Published: 17 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Key Laboratory of Conveyance and Equipment, Ministry of Education, East China Jiaotong University,
Nanchang 330013, China; zhoufeng20200802@163.com (F.Z.); yulf@ecjtu.edu.cn (L.Y.)
* Correspondence: glhu@ecjtu.edu.cn

Abstract: The main issue addressed in this paper involves the magnetorheological (MR) valve
increasing the pressure drop by changing the internal structure, which leads to the increase of
dimension sizes and the easy blocking of the internal channel. Optimizing the design of the traditional
radial MR valve without changing the internal structure and whole dimension size is indispensable.
Firstly, a radial MR valve with single excitation coil was proposed. The mathematical models of the
field-dependent pressure drop and viscosity pressure drop in fluid flow channels were deduced, and
the calculation formula of pressure drop was also established. Then, ANSYS software was used to
simulate and analyze the distributions of the magnetic flux lines and magnetic flux densities of the
proposed radial MR valve. Subsequently, the radial MR valve was simulated and analyzed by using
the ANSYS first-order and zero-order simulation tools. In addition, the experimental test bench of the
proposed MR valve was setup, the static performance of pressure drop was tested, and the change of
pressure drop of the optimal radial MR valve under different loads was studied, furthermore, the
response time with current of the initial and optimal radial MR valve were also investigated. Finally,
the dynamic performances of the optimal radial MR valve controlled cylinder system under different
currents, frequencies and amplitudes were tested, respectively. The experimental results indicate that
the total pressure drop of the initial valve is 1.842 MPa when the applied current is 1.8 A, and the total
pressure drop of the optimal valve is 2.58 MPa, the increase is 40.07%. Meanwhile, the maximum
damping force of the optimal radial MR valve controlled cylinder system can reach about 3.6 kN at
the current of 1.25 A, which shows a better optimization effect of the optimal radial MR valve.

Keywords: radial magnetorheological (MR) valve; optimal design; pressure drop; valve controlled
cylinder system; dynamic performance

1. Introduction

Traditional hydraulic valves require high precision, difficult processing technology
and slow response speed. Therefore, it is urgent to develop a new valve controlled device to
overcome the disadvantages of traditional hydraulic transmission control system. Through-
out the years of research and exploration, some new type of intelligent fluid materials,
such as magnetorheological (MR) fluid [1] and MR elastomer [2,3], have gradually caught
people’s attention. MR fluid is a kind of characteristic fluid that can be transient with the
change of the magnetic field intensity. When there is no magnetic field environment, the
magnetic particles are uniformly dispersed in the base fluid, and the MR fluid presents a
fluid state; when the external magnetic field acts, the ferromagnetic particles are parallel to
the magnetic field line to form a chain structure, and the magnetic fluid changes from liquid
to semi-solid in milliseconds [4]. Therefore, with the controllable rheological properties,
MR fluids are widely used in the field of actuators, such as MR valve [5–7], MR brake [8,9],
MR energy absorber [10] and MR damper [11–13]. These MR fluid base actuators are
widely used in the automobile suspensions [14,15].

Typically, an MR valve consists of a magnetic body, a magnetic spool containing the
excitation coil windings, and a fluid flow channel located outside the spool and inside the
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body connected to the fluid inlet and outlet ports [16]. The research of MR valve aims to
achieve a larger pressure drop or faster time response by designing new valve structures or
optimization. Ai et al. [17] proposed an MR valve simultaneously possessing both annular
and radial fluid flow resistance channels. Hu et al. [18,19] proposed various structural
design schemes of MR valves, such as a tunable resistance gap MR valve and a hybrid
fluid flow MR valve. Abd et al. [20] proposed MR valve using serpentine flux path method.
According to the flow direction of the typical MR valve in this effective area, the valve
structure can be divided into axial flow, radial flow and axial-radial hybrid flow. Among
them, the pressure drop achieved by the axial MR valve is not very ideal, and the pressure
drops across the MR valve with both axial and radial fluid flow gaps are larger than those
across the MR valve with only axial fluid flow gaps for varying the valve parameters, but
its structure is prone to blockage [21]. Therefore, the optimal design of radial MR valve is
essential without changing the internal structure and whole dimension size. Therefore, the
pressure drop of the radial MR valve can be increased, and the MR fluid can be unblocked
in the flow channel.

To improve the performance of MR valves, optimization methodologies have been
used in the design of MR valves. For example, Manjeet et al. [22] established single-
objective minimization optimization problems with specific weight factors and solved it by
genetic algorithm in MATLAB environment. Meanwhile, Manjeet et al. [23] used the fitted
fuzzy neural network model and different applied weight factors, combined with genetic
algorithm and sequence quadratic programming method, the geometric optimization of
MR valve was carried out. Xiong et al. [24] introduced an energy coupler actuator based
on MR clutch and preliminarily studied its application in high speed valve drive. The
design parameters of the energy coupler actuator were optimized and simulated. Based
on the optimal design scheme, a prototype of the MR liquid energy coupler actuator was
made, and the experimental test was carried out, the 1.6 mm stroke was realized in 4.7 ms.
Seid et al. [25] by selecting typical performance index of the MR valve, aiming at the MR
valve was constrained by its radius and height within the definition of ideal cylinder
multi-objective optimization problem, established multi-objective optimization model of
MR valve. The results show that the designed MR shock absorber can make the pendulum
trajectory of the prosthetic knee joint close to the normal trajectory, and the weight loss
was 71% compared with the existing MR shock absorber. Nguyen et al. [26] developed an
optimization methodology by using the ANSYS software to find the optimal geometry of
MR valves constrained in a fixed volume dimensions. The simulation results indicate that
the annular-radial MR valve provides the best pressure drop. In the above study on the
performance optimization of MR valves, only for specific applications and specific types of
MR valve design has certain reference value. When the volume of MR valve is constant,
the optimal radial flow structure has a larger range of adjustable pressure drop than the
initial radial flow structure.

The application of MR valve is developing and innovating continuously. Compared
with the traditional hydraulic valve, it can bring new research direction to the new hydraulic
transmission control technology. Shin et al. [27] introduced a new type of vehicle hoist
using MR valve system for precise position control. The main design parameters are the
clearance size of the oil channel, the length and depth of the coil part and the distance
between the coil part and the end part of the MR valve. The objective function of obtaining
the highest position accuracy under the current input constraint is realized. Idris et al. [28]
proposed a novel bypass MR concentric design structural damper using a serpentine
magnetorheological valve as a bypass valve. The serpentine valve is installed on the bypass
channel of the damper, and the performance flexibility of the bypass structure and the
compactness of the piston valve structure can be realized by adopting the proposed design
idea. The new structure can be further explored to achieve improved MR damper design.
Ntella et al. [29] analyzed the optimal design of MR valves, creating for the first time
an insoles form of a smart wearable device that performs continuous monitoring of PP
distribution and automatic unloading of the area, displaying high pressure values. The MR
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valve is deployed in a wearable insole solution to prevent amputation in diabetic patients,
resulting in an optimal model that greatly meets the requirements for minimizing volume
and power consumption.

In this paper, the ANSYS software was used to optimize the controllable pressure drop
performance of the radial MR valve on the basis of analyzing the influence of dimension
parameters. By using the Design Opt module, combining first-order and zero-order opti-
mization tools, and setting the appropriate weight coefficient of the objective function, the
corresponding multi-objective optimization pressure drop and adjustable coefficient were
obtained, so as to achieve the MR valve optimal structure size. A simulation comparison
was conducted on the initial and optimal radial MR valves, in order to obtain the variation
law of average magnetic flux density and pressure drop of effective damping channels
under different current, the pressure drop and response time with current of the initial
and optimal radial MR valves were also tested on the performance test rig. Furthermore,
the proposed MR valve was adopted to control the hydraulic cylinder, and the dynamic
performance of the valve controlled cylinder system were also experimental tested.

2. Working Principle and Structure
2.1. Working Principle

Figure 1 shows a typical structure of radial MR valve with single excitation coil. On
the left and right sides of the valve spool, a number of convex platforms are arranged
close to the positioning plate to constrain its axial displacement, the valve spool cylinder
surface is also provided with a plurality of convex plates attached to and suspended in
the nonmagnetic sleeve; the disk gap between the valve spool and the positioning plate
constitutes a working damping channel. The MR fluid can flow through the hole of the
left end cover and through the small hole channel in the center of the left positioning plate,
thus, flows to the left disk gap channel, and then through the ring gap channel to the right
disk gap channel, then flow from the right center hole and the right end cover through hole.
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end cover; 2-Magnetic disk; 3-Valve body; 4-Nonmagnetic sleeve; 5-Excitation coil; 6-Valve spool; 7-Positioning plate; 
8-Right end cover. 

Figure 1. Structure diagram of radial MR valve with single excitation coil. (a) Schematic diagram; (b) 3D diagram. 1-Left
end cover; 2-Magnetic disk; 3-Valve body; 4-Nonmagnetic sleeve; 5-Excitation coil; 6-Valve spool; 7-Positioning plate;
8-Right end cover.

The MR valve is provided with a nonmagnetic sleeve in the middle of the coil winding
frame, and the magnetic conduction disc at the left and right ends is arranged as a magnetic
conductivity material, the pressure drop of the MR valve can be further improved without
increasing the dimension sizes. The magnetic field circuit is formed by the valve body,
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magnetic disk, positioning plate, valve spool and working damping gap when the current
is applied in the excitation coil, the rheological effect of the MR fluid is produced, and the
pressure drop is established at the inlet and outlet of the MR valve.

2.2. Magnetic Circuit Design

Figures 2 and 3 show the magnetic circuit of the radial MR valve, respectively. The
parts and areas through which the magnetic flux lines pass vertically include valve body,
magnetic disk, positioning plate, valve spool and two radial damping gaps. Assuming that
the magnetic flux lines are uniformly distributed in the magnetic circuit of the radial MR
valve and there is no magnetic leakage phenomenon, then the magnetic flux in the loop
can be regarded as,

Φr = Φl = Φsteel = Φ (1)

where Φ is the total magnetic flux of excitation coil, Φl is magnetic flux through the left end
radial disk damping gap, Φr is magnetic flux through the right end radial disk damping
gap, Φsteel is magnetic flux of magnetic conductive parts such as valve body, valve spool
and positioning plate.

The magnetic circuit of the radial MR valve is divided into eight effective sections,
which are respectively the damping gaps of two radial disks, valve body, magnetic disk at
the left and right ends of winding wire, positioning plate at left and right ends and valve
spool. On the basis of Kirchhoff’s law, the magnetic circuit can be expressed as,

Nc I =
∮
c

Hdl =
8

∑
i=1

Hili (2)

where Nc represents the number of turns of the excitation coil, I is the control current
applied in the excitation coil, Hi is the magnetic field intensity in part i of the magnetic
circuit, li is the effective length of the magnetic line passing through part i.
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The magnetic flux generated by the excitation coil can be expressed as,

Φ =
∮
c

BdS = BiSi (3)

where Bi denotes the magnetic flux density in part i of the magnetic circuit, S represents the
cross sectional area of section part i of the area where the magnetic line passes vertically.

The relationship between magnetic flux density Bi and magnetic field intensity Hi is,

Bi = µ0µi Hi (4)

where µ0 is the absolute permeability of the air, its value is 4π × 10−7 H/m, and µi is
relative magnetic permeability of materials by each region.

The effective regional reluctance Ri in a closed magnetic circuit is expressed as:

Ri =
li

µ0µsSi
(5)

The magnetic resistance of the valve body Rm1 is,

Rm1 =
H − b

µ0µsπ
[

R2 − (R− Dh)
2
] =

H − b
µ0µsπ[2RDh − Dh

2]
(6)

The magnetic resistance of the magnetic disk Rm2 is

Rm2 =
∫ R

R0

dl
µ0µs2πlb

=
1

2πbµsµ0
ln

R
R0

(7)

The magnetic resistance of the positioning plate Rm3 is,

Rm3 =
a− 0.5b

µ0µsπ
[
(R1 + g1)

2 − R0
2
] (8)

The magnetic resistance of the disk damping gap Rm4 is,

Rm4 =
g

µ0µfπ(R1
2 − R02)

(9)

The magnetic resistance of the valve spool Rm5 is,

Rm5 =
Ha

µ0µsπR1
2 (10)

where R denotes the radius of the valve body, H is the length of the valve body, Dh is
the thickness of the valve body, b is the width of the magnetic disk, a the width of the
positioning plate, g is the damping gap of the radial disk, g1 is the damping gap of the axial
ring, Ha is the width of the valve spool, R1 is the radius of the valve spool, R0 is the radius
of the small hole channels, µs is the relative magnetic permeability of the 10# steel with a
value of 1000, and µf is the relative permeability of the MR fluid, its value is 2.5 H/m.

Therefore, the total magnetic resistance Rm is:

Rm = Rm1+2Rm2+2Rm3 + 2Rm4 + Rm5 (11)

By substituting Equations (3) and (4) into Equation (2), it can be obtained:

Nc I =
8

∑
i=1

Bi
µ0µi

li =
8

∑
i=1

li
µ0µiSi

Φ =
8

∑
i=1

RiΦ (12)
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Therefore, the magnetic flux density Bi can be regarded as:

Bi =
Φ
Si

=
Nc I

Si
8
∑

i=1
Ri

(13)

2.3. Mathematical Model of Pressure Drop

As the proposed single coil radial MR valve is axisymmetric, half of the cross section
is illustrated as the research object. As shown in Figure 4, it can be seen that the fluid flow
channel of the radial MR valve can be divided into five parts. Among them, I and V are
axial circular tube flow of Newtonian fluid, II and IV are radial disk flow of non-Newtonian
fluid, and III are axial circular flow of Newtonian fluid.
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Therefore, the total pressure drop ∆p of the radial MR valve can be represented as,

∆p = ∆p1 + ∆p2 + ∆p3 + ∆p4 + ∆p5 = ∆pη1 + ∆pη2 + ∆pτ2 + ∆pη3 + ∆pη4 + ∆pτ4 + ∆pη5 (14)

where ∆p is the total pressure drops, ∆pη1, ∆pη2, ∆pη3, ∆pη4 and ∆pη5 are the viscosity
pressure drop corresponding to channel I, II, III, IV and V, respectively; ∆pτ2 and ∆pτ4 rep-
resents the field-dependent pressure drop corresponding to channel II and IV, respectively.

For the pipe channel with a large aperture of the radial MR valve, MR fluid usually
has a small zero field viscosity due to its good fluidity, so the pressure drop generated by
the circular tube flow can be ignored. Therefore, according to the symmetry of the valve
body structure design, Equation (14) can be simplified as:

∆p = ∆pη2 + ∆pτ2 + ∆pη3 + ∆pη4 + ∆pτ4 (15)

As a result, the viscosity pressure drop in the fluid flow channel III can be expressed as

∆pη3 =
6η(Ha + 2g)

πR1g3
1

q (16)

where q is the system flow rate, L/min; η is the zero field viscosity of MR fluids with a
value of 0.8 Pa·s.
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The magnetic field passes vertically through channels II and IV, and the fluid flow chan-
nel is an effective damping gap channel. Meanwhile, the formed pressure drop originates
from the sum of viscosity pressure drop ∆pη and field-dependent pressure drop ∆pτ.

The viscosity pressure drop can be expressed as:

∆pη2 = ∆pη4 =
6ηq
πg3 ln

R1

R0
(17)

The field-dependent pressure drop can be regarded as,

∆pτ2 = ∆pτ4 =
c(R1 − R0)

g
τy (18)

where τy represent the dynamic shear yield stress, c is the correctional coefficient, dimen-
sionless, with a value of 2~3.

In conclusion, the theoretical expression formula of the total pressure drop ∆p of the
two-stage radial flow MR valve can be expressed as:

∆p =
6η(Ha + 2g)

πR1g3
1

q +
12ηq
πg3 ln

R1

R0
+ 2c

R1 − R0

g
τy (19)

The ratio K of the field-dependent pressure drop ∆pτ to the viscosity pressure drop
∆pη is called the adjustable coefficient, the adjustable coefficients K of the MR valve can be
expressed as:

K =
∆pτ
∆pη

=
cπ(R1 − R0)τyg2

6ηq ln R1
R0

+ 3η
Hag3

R1g3
1

(20)

3. Simulation Analysis of Magnetic Field and Dimensional Parameters of the Radial
Mr Valve with Single Excitation Coil
3.1. Working Characteristics of MR Fluids

The MR fluid with type of MRF-J01T is provided by the Chongqing Instrument
Material Research Institute in China [30]. The relationship between magnetic flux density
B and shear stress τ is nonlinear, as shown in Figure 5. By using the least square method,
the τ-B curve of the MR fluid is fitted by polynomial, and the relationship between shear
yield stress and magnetic flux density at the damping gap of radial disk is obtained,

τy = a1 × B3 + a2 × B2 + a3 × B + a4 (21)

where a1 = −984.27 kPa/T3, a2 = 865.39 kPa/T2, a3 = −48.46 kPa/T, and a4 = 0.018 kPa.
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Taking into account relevant factors, 10 # steel is used as the material of magnetic
conductive parts in this paper, and its B-H magnetization characteristic curve is shown in
Figure 6.
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el of the radial MR valve is shown in Figure 7. Choosing a level 1 SmartSize intelligent 
mesh division and a quadrilateral mesh structure element to apply a magnetic flux line 
parallel boundary without magnetic leakage, and current density is applied to the coil 
element to input the excitation load, the division of different colors represents the mate-
rial with different attributes, the final finite element model is shown in Figure 8. 
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3.2. Electromagnetic Field Simulation of MR Valve

Considering the calculation scale and accuracy, the magnetic field simulation is ana-
lyzed by using the axisymmetric two-dimensional (2D) model. Neglecting the influence
of the end cover, sealing ring and other structures on the magnetic field, adopting the
top-down modeling method, the two dimensional simplified simulation geometry model
of the radial MR valve is shown in Figure 7. Choosing a level 1 SmartSize intelligent mesh
division and a quadrilateral mesh structure element to apply a magnetic flux line parallel
boundary without magnetic leakage, and current density is applied to the coil element
to input the excitation load, the division of different colors represents the material with
different attributes, the final finite element model is shown in Figure 8.
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On the basis of setting the structure size parameters, the current of the excitation coil
is set to 1 A, and the corresponding magnetic field simulation results are obtained as shown
in Figures 9 and 10, respectively. Figure 9 shows the magnetic flux lines distribution of
the radial MR valve. It can be seen that the magnetic flux line passes through the radial
fluid flow path, and its direction is basically perpendicular to the direction of fluid flow.
Moreover, the closer the magnetic flux line in the middle of the spool, the more vertical the
magnetic flux line is to the effective channel path. Figure 10 shows the magnetic flux density
contour of the radial MR valve, different colors in the picture represent the magnetic flux
density of different region in the model, it can be obtained that the maximum magnetic
flux density of the MR valve is about 1.72 T.
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Two paths S1 and S3 are defined in the radial flow channel of the MR valve, and their
orientations are shown by the arrows in Figure 9. The distribution of magnetic flux density
in two defined radial path S1 and S3 is shown in Figure 11, and the magnetic flux density
in both paths is basically the same. Meanwhile, the magnetic flux density is concentrated
in the middle segment of each corresponding path and gradually weakens towards both
ends of the path.
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The curve in Figure 11 is only designed to show more conveniently the distribution of
magnetic flux density with path in the effective fluid flow channel of the radial MR valve.
However, in order to better compare and calculate the relevant research tasks, the influence
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of excitation current, structure size and other parameters on magnetic field is studied, the
average magnetic flux density in the damping gap is defined as,

B =

∫
B⊥ dl∫

dl
(22)

where l is the displacement in the direction of liquid flow. The y-direction component of
the magnetic flux density on the model is the effective quantity. In order to further improve
the average magnetic flux density in the effective channel, the reduction of the x-direction
component becomes the research focus, which also provides theoretical support for the
next step of MR valve size optimization.

Figure 12 shows the variation curve of magnetic flux density and pressure drop of the
radial MR valve under different current. It can be seen that with increase of the current, the
average magnetic flux density in the damping gap increases, and the shear yield strength
of the MR fluid also increases, which makes the pressure drop of the MR valve increase. In
addition, the figure also shows that the pressure drop can produce about 2 MPa when the
input current is 1 A.
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3.3. Effect of Dimensional Parameters on Performance of Magnetic Flux Density and
Adjustable Coefficient

To study the effect of the disk damping gap g on the performance of magnetic flux
density and adjustable coefficient, the constraint conditions are as follows:

Ha = H − 2g− 2a (23)

On the basis of the above conditions, the other parts size is not changed, only the
disk damping gap is changed to analyze the effect of MR valve performance. As can be
seen from the simulation results in Figure 13, with the increase of the disk damping gap,
the magnetic flux density in the gap decreases. This is because with the increase of the
gap size, the magnetic resistance at the damping gap of the disk in the magnetic circuit
increases greatly; with the increase in gap size, the total pressure drop decreases, while
the adjustable coefficient rises. The reason is that the viscosity pressure drop is inversely
proportional to the third square of dimension g, while the field-dependent pressure drop is
inversely proportional to the first square of dimension g, and the viscosity pressure drop
decreases faster than the field-dependent pressure drop.
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Figure 13. Magnetic flux density and adjustable coefficient under different disk damping gap. Figure 13. Magnetic flux density and adjustable coefficient under different disk damping gap.

In order to study the effect of the thickness of the positioning plate on the performance,
the influence of the thickness of the positioning plate on the performance of the MR valve is
analyzed under the constraint of Equation (23). As can be seen from the simulation results
in Figure 14, with the increase of the thickness of the positioning plate a, the magnetic
flux density in the damping gap of the disk is basically unchanged, but the adjustable
coefficient increases. As the total reluctance in the magnetic field loop is insensitive to the
thickness of the positioning plate, the magnetic flux density is basically unchanged, and
the field-dependent pressure drop is unchanged too, but with the increase of the thickness
of the positioning plate, the viscosity pressure drop decreases, which leads to the increase
of the adjustable coefficient of the valve as a whole.
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Figure 14. Magnetic flux density and adjustable coefficient under different thickness of position-
ing plate.

Figure 15 shows the influence of inner diameter R0 of the positioning plate on the
valve performance, only the inner diameter size of the positioning plate is changed, while
the other sizes remain unchanged. With increase of the inner diameter R0 of the positioning
plate, the magnetic flux density in the damping gap of the disk is basically unchanged, but
the adjustable coefficient increases. Since the total reluctance of the magnetic field circuit is
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insensitive to the inner diameter R0 size of the positioning plate, the magnetic flux density
is basically unchanged, but with the increase of the inner diameter of the positioning plate,
the viscous pressure drop decreases faster than the field-dependent pressure drop. As a
result, the overall adjustable coefficient of the valve increases.

Actuators 2021, 10, x FOR PEER REVIEW 15 of 32 
 

 

3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.30

0.35

0.40

0.45

0.50

0.55

0.60
 

 Magnetic flux density
 Adjustable coefficient

Internal diameter of positioning plate R0 (mm)

M
ag

ne
tic

 fl
ux

 d
en

sit
y 

(T
)

18

20

22
 

Ad
ju

sta
bl

e c
oe

ffi
cie

nt
 K

 
Figure 15. Magnetic flux density and adjustable coefficient under different inner diameter of posi-
tioning plate. 

4. Optimization of Radial MR Valve with Single Excitation Coil 
4.1. Optimization of Controlled Pressure Drops 

It is easy to generate local optimal solution results when first-order optimization 
method is used for simulation solution in the ANSYS software, and zero-order optimi-
zation method has low solution accuracy. Therefore, the above two optimization tools 
are comprehensively used for optimization. First, the zero-order method is used to de-
termine the approximate region of the optimal solution, and then the first-order method 
is used to accurately solve the optimal parameters. This method can obtain accurate re-
sults, as well as reduce the iteration time of the optimization algorithm, in order to ob-
tain the best technical scheme more quickly; its optimization process is shown in Figure 
16. In the preliminary optimization design, to avoid obtaining the local minimum value 
on the unreasonable design space, the zero-order method is first used to conduct curve 
fitting to approximate the reasonable design sequence. At the end of the loop, the 
first-order method is run with the convergence value as the starting point, the penalty 
function is added to obtain the unconstrained objective function. The new design varia-
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4. Optimization of Radial MR Valve with Single Excitation Coil
4.1. Optimization of Controlled Pressure Drops

It is easy to generate local optimal solution results when first-order optimization
method is used for simulation solution in the ANSYS software, and zero-order optimiza-
tion method has low solution accuracy. Therefore, the above two optimization tools are
comprehensively used for optimization. First, the zero-order method is used to determine
the approximate region of the optimal solution, and then the first-order method is used to
accurately solve the optimal parameters. This method can obtain accurate results, as well as
reduce the iteration time of the optimization algorithm, in order to obtain the best technical
scheme more quickly; its optimization process is shown in Figure 16. In the preliminary
optimization design, to avoid obtaining the local minimum value on the unreasonable
design space, the zero-order method is first used to conduct curve fitting to approximate
the reasonable design sequence. At the end of the loop, the first-order method is run with
the convergence value as the starting point, the penalty function is added to obtain the
unconstrained objective function. The new design variable is calculated by searching the
direction vector of the design variable, and the optimal solution is finally obtained after
several iterations.

In this paper, adjustable coefficients and pressure drop are used as objective functions.
Multi-objective optimization is carried out on the objective function by setting the weight
coefficient in the ANSYS software, as the MR valve with excellent performance should
have a wide adjustable range of pressure drop in addition to higher pressure drop. The
ANSYS software can only be used to optimize the minimum value of the single objective,
so it is necessary to rebuild the optimization objective function. Considering the pressure
drop and adjustable coefficient of the MR valve at the same time, the linear weighting
method is used to set up the index weight coefficient to construct the objective function as,

f =
p∗τ
pτ

λ1 +
K∗

K
λ2 (24)

where pτ* represents field-dependent pressure drop of the initial radial MR valve, pτ
represents field-dependent pressure drop of the optimal radial MR valve, K* is adjustable
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coefficient of the initial radial MR valve, K is adjustable coefficient of the optimal radial
MR valve, λ1 means the weight factor of the field-dependent pressure drop, and λ2 means
the weight factor of adjustable coefficient.
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The performance of the valve body is optimized under the same volume, that is,
without changing the dimension size of the radial MR valve, the excitation current is 1 A,
and its objective function is optimized. In addition, the effect of the ring damping gap on
the performance is ignored, selecting the optimum design variable of the radial MR valve
performance as, 

1 ≤ g ≤ 2
3 ≤ R0 ≤ 6

12 ≤ R1 ≤ 20
8 ≤ a ≤ 16

6 ≤ Dh ≤ 10
25 ≤ T ≤ 40

(25)

State variables as,
B ≥ 0.3T (26)

In addition, there are the following geometric constraints in the MR valve size:
Ha = H − 2g− 2a

w = R− Dh − R1 − g1 − s
b = 0.5(H − T)

(27)
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Considering the requirement of radial MR valve comprehensive performance for the
adjustable coefficient and field-dependent pressure drop, three different weight coefficients
λ1 = 1 and λ2 = 0, λ1 = 0 and λ2 = 1, λ1 = 0.75 and λ2 = 0.25 are set and optimized,
respectively. Figure 17 is an iterative diagram of the optimization design parameters of
the radial MR valve associated with the weight coefficient λ1 = 0.75 and λ2 = 0.25 as the
objective function parameters. Figure 17a shows design variable parameters gradually
stabilize after initial large amplitude changes, because the early zero order optimization
obtains the approximate region of the small range optimal solution within the upper and
lower limits of the initial variable design, on the basis of the first-order optimization.
Figure 17b shows the optimization process goes through 12 iterations, and the objective
function obtains the minimum value in the 12th iteration, that is, the optimal result is
obtained. Figure 17c shows variation curve of pressure drop and adjustable coefficient
in 15 iterations, and the pressure drop and adjustable coefficient parameters gradually
stabilize after initial large amplitude changes. The final optimization results are shown in
Tables 1 and 2.

Table 1. Performance of the initial and optimal radial MR valve.

Project Initial Valve
Optimal Valve

λ1 = 1 and λ2 = 0 λ1 = 0 and λ2 = 1 λ1 = 0.75 and λ2 = 0.25

Objective function f 1.00 0.39789 0.56721 0.68546
Adjustable coefficient K 20.71 12.10 36.51 16.77

Field-dependent pressure drop
pτ/MPa 1.9091 4.7981 1.5145 3.8007

Viscous pressure drop pη/MPa 0.0922 0.0397 0.0414 0.2267
Magnetic flux density B/T 0.4892 0.5262 0.4783 0.5182

Table 2. Weight and sizes of the initial and optimal radial MR valve.

Project Initial Valve
Optimal Valve

λ1 = 1 and λ2 = 0 λ1 = 0 and λ2 = 1 λ1 = 0.75 and λ2 = 0.25

Radial damping gap g/mm 1.5 1.0023 2 1.1323
Positioning plate thickness a/mm 12 13.950 16 16

Damping gap radius of circular tube R0/mm 4.5 3 4.8889 4.1819
Valve spool radius R1/mm 15 20 16.172 19.550

Thickness of valve body Dh/mm 8 6 6 6
Width of winding grooves T/mm 34 40 40 40

Weight of valve G/kg 2.41 - - 2.22

Observing Tables 1 and 2, when the field-dependent pressure drop is only taken as
the optimization goal, the adjustable coefficient of the optimal valve decreases more than
that of initial one although the pressure drop value increased greatly. In the scheme with
the adjustable coefficient as the optimization objective, the adjustable coefficient increases
from 20.71 to 36.51, but the field-dependent pressure drop decreases by 394.6 kPa. If the
weight coefficient is λ1 = 0.75 and λ2 = 0.25, the radial MR valve sacrifices a small amount
of adjustable coefficient performance, but its field-dependent pressure drop pτ is greatly
improved. Therefore, this optimized data with value of λ1 = 0.75 and λ2 = 0.25 is adopted
to process the experimental radial MR valve.
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Considering the requirement of radial MR valve comprehensive performance for 
the adjustable coefficient and field-dependent pressure drop, three different weight co-
efficients λ1 = 1 and λ2 = 0, λ1 = 0 and λ2 = 1, λ1 = 0.75 and λ2 = 0.25 are set and optimized, 
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Figure 17. Optimization result of proposed radial MR valve: (a) Design variables, (b) objective 
function and state variables, and (c) pressure drop and adjustable coefficient. 

Table 1. Performance of the initial and optimal radial MR valve. 

Project Initial Valve 
Optimal Valve 

λ1 = 1 and λ2 = 0 λ1 = 0 and λ2 = 1 λ1 = 0.75 and λ2 = 0.25 
Objective function f 1.00 0.39789 0.56721 0.68546 

Adjustable coefficient K 20.71 12.10 36.51 16.77 
Field-dependent pressure drop  

pτ/MPa 1.9091 4.7981 1.5145 3.8007 

Viscous pressure drop pη/MPa 0.0922 0.0397 0.0414 0.2267 
Magnetic flux density B /T 0.4892 0.5262 0.4783 0.5182 

Figure 17. Optimization result of proposed radial MR valve: (a) Design variables, (b) objective
function and state variables, and (c) pressure drop and adjustable coefficient.
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4.2. Optimal Results Analysis

Figure 18 shows the relationship between the average magnetic flux density and the
applied current for the initial and optimal radial MR valve. It can be seen that the average
magnetic flux density in the effective damping gap increases with the increase of excitation
current. But under the same current, the average magnetic flux density in the optimal MR
valve channel is larger than that in the initial parameter state. When the current is 1 A, the
average magnetic flux density in the optimal MR valve channel can reach about 0.5 T. It
can be seen that the magnetic flux density in the damping gap of the initial and optimal
radial MR valve is close, which shows that the initial structure design and its parameters
are basically reasonable.

The variation of the pressure drop of the initial and optimal MR valve is shown
in Figure 19. Observing the figure, the pressure drop of the optimal valve is obviously
increased compared with that initial one. When the input current is 1 A, compared with the
1.5 MPa pressure drop of the initial MR valve, the pressure drop of the optimal MR valve can
reach about 4 MPa, and increase nearly 2.7 times, which shows a better optimization effect.

Actuators 2021, 10, x FOR PEER REVIEW 19 of 32 
 

 

 

Table 2. Weight and sizes of the initial and optimal radial MR valve. 

Project Initial Valve 
Optimal Valve 

λ1 = 1 and λ2 = 0 λ1 = 0 and λ2 = 1 λ1 = 0.75 and λ2 = 0.25 
Radial damping gap g/mm 1.5 1.0023 2 1.1323 

Positioning plate thickness a/mm 12 13.950 16 16 
Damping gap radius of circular tube R0/mm 4.5 3 4.8889 4.1819 

Valve spool radius R1/mm 15 20 16.172 19.550 
Thickness of valve body Dh/mm 8 6 6 6 

Width of winding grooves T/mm 34 40 40 40 
Weight of valve G/kg 2.41 - - 2.22 

Observing Tables 1 and 2, when the field-dependent pressure drop is only taken as 
the optimization goal, the adjustable coefficient of the optimal valve decreases more than 
that of initial one although the pressure drop value increased greatly. In the scheme with 
the adjustable coefficient as the optimization objective, the adjustable coefficient in-
creases from 20.71 to 36.51, but the field-dependent pressure drop decreases by 394.6 
kPa. If the weight coefficient is λ1 = 0.75 and λ2 = 0.25, the radial MR valve sacrifices a 
small amount of adjustable coefficient performance, but its field-dependent pressure 
drop pτ is greatly improved. Therefore, this optimized data with value of λ1 = 0.75 and λ2 

= 0.25 is adopted to process the experimental radial MR valve. 

4.2. Optimal Results Analysis 
Figure 18 shows the relationship between the average magnetic flux density and the 

applied current for the initial and optimal radial MR valve. It can be seen that the aver-
age magnetic flux density in the effective damping gap increases with the increase of ex-
citation current. But under the same current, the average magnetic flux density in the 
optimal MR valve channel is larger than that in the initial parameter state. When the 
current is 1 A, the average magnetic flux density in the optimal MR valve channel can 
reach about 0.5 T. It can be seen that the magnetic flux density in the damping gap of the 
initial and optimal radial MR valve is close, which shows that the initial structure design 
and its parameters are basically reasonable. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 

 

M
ag

ne
tic

 fl
ux

 d
en

sit
y 

(T
)

Current (A)

 Optimal
 Initial

 
Figure 18. Average magnetic flux density with current for the initial and optimal radial MR valve. Figure 18. Average magnetic flux density with current for the initial and optimal radial MR valve.

Actuators 2021, 10, x FOR PEER REVIEW 20 of 32 
 

 

The variation of the pressure drop of the initial and optimal MR valve is shown in 
Figure 19. Observing the Figure, the pressure drop of the optimal valve is obviously in-
creased compared with that initial one. When the input current is 1 A, compared with 
the 1.5 MPa pressure drop of the initial MR valve, the pressure drop of the optimal MR 
valve can reach about 4 MPa, and increase nearly 2.7 times, which shows a better opti-
mization effect. 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

 

 

Pr
es

su
re

 d
ro

p 
(M

Pa
)

Current (A)

 Optimal
 Initial

 
Figure 19. Pressure drop varies with current for the initial and optimal radial MR valve. 

5. Experimental Test and Analysis of Radial MR Valve 
5.1. Prototype of Radial MR Valve with Single Excitation Coil 

On the basis of structure design and simulation analysis, the size parameters of the 
proposed valve were optimized and improved, the simulation results show that the op-
timal MR valve had better performance and more reasonable size setting. According to 
the relevant size optimization values in Table 2, the optimal radial MR valve was manu-
factured. At the same time, in order to reflect the excellent practical effect of the optimal 
valve more clearly, the initial valve was also fabricated according to the initial design 
dimensions. Figure 20 is the prototype of the initial and optimal valve. 

 
(a) 

Figure 19. Pressure drop varies with current for the initial and optimal radial MR valve.



Actuators 2021, 10, 34 19 of 30

5. Experimental Test and Analysis of Radial MR Valve
5.1. Prototype of Radial MR Valve with Single Excitation Coil

On the basis of structure design and simulation analysis, the size parameters of
the proposed valve were optimized and improved, the simulation results show that the
optimal MR valve had better performance and more reasonable size setting. According
to the relevant size optimization values in Table 2, the optimal radial MR valve was
manufactured. At the same time, in order to reflect the excellent practical effect of the
optimal valve more clearly, the initial valve was also fabricated according to the initial
design dimensions. Figure 20 is the prototype of the initial and optimal valve.
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5.2. Performance Test System of Radial MR Valve

The experimental test system is shown in Figure 21, which includes hydraulic drive
system, and LabVIEW control system, respectively. The power unit in the hydraulic drive
system is composed of motor and gear pump, in which the flow rate is 4 L/min. LabVIEW
control system is mainly composed of pressure sensor, acquisition card, host computer and
power supply.

The relief valve I is used as a safety valve, which is connected between the gear
pump and the inlet of the MR valve. The relief valve II is adopted to simulated load for
the test system, connection in the MR valve between exports and return oil tank. Power
supply I supplies power to the excitation coil of the valve, power supply II is adopted
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respectively for pressure sensor I and II power supply. The pressure sensors I and II in
the control system detect the inlet and outlet pressure of the valve, respectively. The data
acquisition card collects the pressure data detected by pressure sensor I and II in real time,
and transmits the collected pressure data to the computer control interface.
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Figure 21. Experimental test system of the radial MR valve. 1-MR fluid tank; 2-Gear pump; 3-
Relief valve I; 4-Relief valve II; 5-Pressure sensor I; 6-MR valve; 7-Pressure sensor II; 8-Computer;
9-Acquisition card; 10-Power supply I; 11-Power supply II.

5.3. Pressure Performance Test of the Radial MR Valve

When the load applied to the radial MR valve was fixed, the excitation current of
the radial MR valve was adjusted by moving the power supply, the excitation current
increases gradually from 0 A to 1.8 A. Figure 22 shows the test results of the optimal valve,
with the increase of excitation current, the inlet pressure of the optimal radial MR valve
increases according to certain rules, the steady pressure of the relief valve in the system
makes the outlet pressure basically stable and the total pressure drop increases accordingly.
In Figure 22, the total pressure drop of the optimal radial MR valve increases with the
increase of excitation current, which was consistent with the trend of simulation results.
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Figure 22. Experimental pressure of the optimal radial MR valve under different currents.

In this experiment, the opening degree of relief valve can be adjusted by controlling
the number of turns of the relief valve II handle to simulate the load change, and the
variation of pressure drop with current under different loads is tested respectively. The
initial position of the handle is defined as load condition 1, at which the opening degree is



Actuators 2021, 10, 34 21 of 30

the maximum. The rotating handle decreases the opening degree and the load increases.
Two turns are defined as the load condition 2, and four turns are defined as the load
condition 3. Figure 23 describes the variation of the pressure drop under different loads
and currents for the optimal radial MR valve. The pressure drop of the optimal valve
changes with the current, and after applying three different loads, it is basically coincident.
Therefore, it can be concluded that the load has little influence on the pressure drop, and
the radial MR valve could be used for the control parts under various load conditions.
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Figure 23. Experimental pressure drop of the optimal radial MR valve under different loads.

5.4. Response Performance Test of the Radial MR Valve

In the experiment, the acquisition points of each channel were set as 10 and the
sampling frequency was set as 1000. At the same time, the rising response time of the radial
MR valve was defined as the time when the pressure drop increases from the initial value
to 90% of the maximum pressure drop of the same current after the current was turned
on, and the falling response time was the time lost when the pressure drop from the initial
value to 10% of the maximum pressure drop of the same current.

In order to understand the response performance, a step signal was applied to the
excitation coil of the initial and optimal radial MR valve, and the experimental data were
processed by MATLAB. Figures 24 and 25 shows pressure drop variation of the initial
and optimal radial MR valve with time, the X axis in the figures represent different time
processes, and the Y axis represent the pressure drop of different time points. It is clear
seen that the variation trend of different current response time of the initial and optimal
radial MR valve was consistent. Table 3 shows the response time of the initial and optimal
valve. The dynamic response time of both MR valves is reduced dramatically by applying
excitation current. The rising response time of the initial MR valve increased from 71 ms at
the applied current of 0.6 A to 119 ms at the applied current of 1.8 A. The rising response
time of the optimal MR valve increased from 129 ms at the applied current of 0.6 A to
166 ms at the applied current of 1.8 A. When the applied current was 0.6 A, the rising
response time of the optimal MR valve increases by 81.69% compared with that initial MR
valve, while the applied current was 1.8 A, the rising response time of the optimal MR
valve increases by 39.50% compared with that initial MR valve. The response time of the
radial MR valve increases gradually, which is because the pressure drop increases with the
increase of current.

The results show that the average response time of the initial radial MR valve is about
90 ms and the optimal radial MR valve is about 130 ms. Though response time of the MR
fluid was 1~2 ms, the response time of MR valve in test rig was still relatively long. This is
due to the long response time of the motor and gear pump in the hydraulic system, and
after cutting off the power supply, the residual magnetic field in the radial MR valve is
significant, which prolong the response time of the MR valve.



Actuators 2021, 10, 34 22 of 30

Table 3. Step response time of the initial and optimal MR valve.

Current (A)
Rising Response Time (ms) Falling Response Time (ms)

Initial Design Optimal Design Initial Design Optimal Design

0.6 71 129 96 144
1.2 80 139 66 90
1.8 119 166 84 107
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Figure 24. Step response diagram of the initial radial MR valve.
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Figure 25. Step response diagram of the optimal radial MR valve.

5.5. Experimental Analysis of Dynamic Performance of Radial Mr Valve Controlled Cylinder System
5.5.1. Dynamic Performance Test System of Radial Mr Valve Controlled Cylinder System

Figure 26 shows the established radial MR valve controlled cylinder system, and
Figure 27 is the experimental test rig. In the system, the lower end of the hydraulic cylinder
is fixed on the fixture of the damper test system, and the upper end is connected with the
power rod and the sensor. The power supply is used to supply the radial MR valve, the
damper test system can provide different vibration excitation for the hydraulic cylinder, and
the damping force data can be transmitted to the host computer in real time by the sensor.
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5.5.2. Dynamic Performance of the Optimal Radial Mr Valve Controlled Cylinder System

In the experiment, the power knob was manually adjusted to provide different loading
current for the system, and then the required output damping force was obtained. By
setting the displacement excitation with amplitude of 7.5 mm and frequency of 0.25 Hz,
the damping force-displacement curves of the radial MR valve were obtained, as detailed
in Figure 28. Observing Figure 28, the damping force augments with the increment of
the applied current and the damping force-displacement curve was distributed inward
and outward on the longitudinal axis. The experimental damping force appears a peak
of 3.6 kN at the applied current of 1.25 A. Figure 29 shows the relation curve of damping
force and velocity of the optimal radial MR valve under different current. Observing
Figure 29, the damping force of the optimal radial MR valve increases with the increase of
the current and piston velocity, the maximum damping force reaches about 3.6 kN at the
applied current of 1.25 A. In addition, the upper left corner and lower right corner of the
experimental curve were missing to a certain extent. The main reason was that the filling
of MR fluid in the system was insufficient, which lead to the mixing of a certain volume
of air in the system, and the absence of MR fluid in the hydraulic cylinder could not be
compensated in time during the stretching and compression process.
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Figure 30 shows the damping force under different amplitudes at the frequency
of 0.25 Hz and current of 0.5 A. It can be concluded that the damping force exhibits
enhancement with the augmentation of the displacement amplitude. The reason is that
the piston velocity increases with the increase of the displacement amplitude at a settled
frequency. The maximum experimental damping force is 2.7 kN at amplitude of 10 mm.
Figure 31 shows the damping force under different frequencies at the amplitude of 7.5 mm
and current of 0.5 A. Due to the increase of frequency, the fluid flow rate in the system
increases, which lead to the increasing of the viscous pressure drop, and the output
damping force increases too. Moreover, the maximum damping force gently reaches 3.5 kN
at the frequency of 1 Hz.
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5.5.3. Comparison and Analysis of Dynamic Performance

The comparison of output damping force with initial and optimal radial MR valve is
shown in Figure 32. In Figure 32a, when the current is fixed at 1 A, the amplitude is equal
to 7.5 mm and the frequency is equal to 0.25 Hz, the maximum damping force of the initial
radial MR valve is about 2.2 kN, while that of the optimal radial MR valve is about 3.4 kN.
In Figure 32b, when the amplitude is fixed at 10 mm, the frequency is equal to 0.25 Hz and
the current is equal to 0.5 A, the maximum damping force of the initial radial MR valve
is about 1.8 kN, while that of the optimal radial MR valve is about 2.7 kN. In Figure 32c,
when the frequency is fixed at 0.75 Hz, the amplitude is equal to 7.5 mm and the current is
equal to 0.5 A, the maximum damping force of initial radial MR valve is about 2 kN, and
that of optimal radial MR valve is about 3.2 kN. Therefore, under the same conditions, the
damping force of the optimal valve controlled cylinder system was larger than that of the
initial system.
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(a) applied current of 1 A, (b) amplitude of 10 mm, and (c) frequency of 0.75 Hz. 
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Figure 33 shows the experimental pressure drop of initial and optimal valve. The
pressure drop of the optimal valve is larger than that of the initial valve. When the
excitation current is 1.8 A, the total pressure drop of the initial valve is 1.842 MPa, and the
total pressure drop of the optimal valve is 2.58 MPa, and the increase is 40.07%. Therefore,
the optimal radial MR valve has higher adjustable pressure drop range than the initial
radial MR valve.
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The above analysis shows that the pressure drop of the radial MR valve determines
the output damping force of the radial MR valve controlled cylinder system. The greater
the pressure drop produced by the MR valve, the greater the damping force of the bypass
valve controlled cylinder system. he optimal valve controlled cylinder system was verified
to achieve better damping performance. Therefore, the different output damping force can
be satisfied by replacing the MR valve with a different pressure drop adjustable range.

6. Conclusions

A single coil radial MR valve with nonmagnetic sleeve in the middle of the coil
winding frame is designed, which improves the magnetic circuit design reasonably. The
modeling and simulation of the single coil radial MR valve are carried out. The simulation
results show that the design of the initial structure and the setting of the basic parameters
of the valve are reasonable.

By using the first-order and zero-order optimization tools in the ANSYS software, and
according to the weight coefficients of λ1 = 0.75 and λ2 = 0.25, the multi-objective function
is established. The results indicate the pressure drop of the optimal valve is obviously
increased compared with that of initial valve. When the input current was 1 A, the pressure
drop of the optimal radial MR valve could reach about 4 MPa, and the performance could
be improved by nearly 2.7 times.

The average response time of the initial valve is about 90 ms, and that of the optimal
valve is about 130 ms. As the key component of the MR valve bypass control damper,
the damping force can be regulated to obtain good vibration reduction effect. The test
results show that when the excitation current is 1.25 A, the maximum damping force of the
optimal valve controlled cylinder system can reach about 3.6 kN.

By comparing and analyzing the damping force of the initial and optimal radial MR
valve under the current, frequency and amplitude, it was found that the optimal valve had
better damping performance. In addition, the pressure drop of the initial and optimal valve
was also compared and analyzed, the experimental results show that the total pressure
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drop of the initial valve was 1.842 MPa, while the total pressure drop of the optimal valve
was 2.58 MPa and the total pressure drop after optimization was increased by 40.07%;
Therefore, the optimal radial MR valve had better damping performance.
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