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ABSTRACT In order to improve the performance of the electromagnet for electro-hydraulic proportional
valve used in shock absorber, the static and dynamic characteristics of the proportional electromagnet are
simulated and analyzed, which provides theoretical basis for the design and optimization of structural
parameters of the proportional electromagnet. In this paper, the magnetic circuit model and finite element
simulation model of the proportional electromagnet used in shock absorber are established, and the Ansoft
software is applied to analyze the influence of the key structural parameters of the proportional electromagnet
on static output force and dynamic characteristics. The results demonstrate that with the increase of the depth
of basin mouth, the effective travel of the proportional electromagnet increases, and the mean value of the
electromagnetic force in the working range decreases. The larger the radial clearance between armature and
guide sleeve is, the smaller the electromagnetic force in the effective travel is. When the depth of the basin
mouth is 3.9 mm, the slope of the magnetic isolation ring is 35◦, the chamfer length of the convex platform
is 0.2 mm, and the radial clearance is 0.3 mm, the proportional electromagnet has good displacement-force
and current-force characteristics. According to the further transient analysis, it is found that when the voltage
amplitude is 24 V, the rise time of the electromagnetic force under step excitation signal is about 40 ms.

INDEX TERMS Proportional electromagnet, displacement-force characteristics, magnetic circuit model,
shock absorber.

I. INTRODUCTION
The electro-hydraulic proportional valve used in the shock
absorber can be applied to adjust the damping force, and
improve the comfortability of the vehicle. As the key com-
ponent of the electro-hydraulic proportional valve, the pro-
portional electromagnet is widely used in electro-mechanical
converter of electro-hydraulic proportional valve. Its function
is to convert the input current signal into the output force
and displacement signals. Its axial thrust is proportional to
the coil current and keeps constant within the valid travel
range. There are many structural parameters affecting the
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performance of the proportional electromagnets. The tradi-
tional design usually adopts empirical formulas, whichmakes
the evaluation of the influences of each structural parameter
is often not specific and accurate enough. Therefore, it is
necessary to accurately analyze the effects of each parame-
ter to provide a complete theoretical basis for performance
optimization [1]. Institute of Hydrodynamic Driving, RWTH
Aachen University, Germany [2], analyzed the influence of
the helical tubular electromagnet including permeability, con-
ductivity and eddy current effect on the output performance
of electromagnet by the finite element analysis software.
The analysis pointed out the relationship between the flux
density and magnitude of electromagnetic force of helical
tubular electromagnet. Liu et al. [3] analyzed the influences
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of five factors, such as the length of the magnetic conductive
material, the excitation current and the height of the iron
core, etc. on the electromagnetic force of the proportional
electromagnet with the simulation of the electromagnetic
module in ANSYS software. The results demonstrate that
for the direct-acting electromagnet, the magnitude of cur-
rent shows the greatest effects on the electromagnetic force.
Finally, they improved the performance of the electromagnet
by optimizing the structure. Bayat et al. [4] established the
electrodes and armature models of the proportional electro-
magnet for valves. Considering the non-linear effect, they
used finite element analysis software to accomplish the sim-
ulation calculation, and finally obtained the static and tran-
sient indexes of the proportional electromagnet. Zhang and
Xu [5] accomplished simulation analysis of a certain type
of the proportional electromagnet by ANSYS software, and
obtained the static magnetic force curves with the change
of air gap under different parameters (angle of magnetic
isolation ring, length and shape of armature, etc.). By com-
parison, they accomplished the improvement of the previ-
ous model. The performance of the optimized proportional
electromagnet was significantly improved. According to the
structural characteristics of the proportional electromagnet,
Shao [6] put forward a kind of test bench based on Lab-
VIEW, and designed the corresponding upper computer oper-
ation interface. Through test and analysis of a certain type
of the proportional electromagnet, it is found that the test
system is stable and reliable, and with a high test preci-
sion. Song et al. [7] established a model of the proportional
electromagnet actuator (PEA) and analyzed the hysteresis
principle, the results demonstrate that this control strategy can
enhance the practicability and reliability of the long-stroke
proportional electromagnet in case of position sensor fault
and improve the position tracking performance during cur-
rent closed-loop control. Lankin et al. [8] proposed a method
about the analysis of the dynamic magnetization characteris-
tics of the proportional electromagnets. The regression mod-
els were used to determine the electrical parameters of the
components in the proportional electromagnet. The relation
between the dynamic characteristics and the numerical values
of the electrical parameters can be identified by this method.
Liu et al. [9] independently designed a solenoid valve perfor-
mance testing platform with a high level of automation. They
adopted the input and output module to make up an open
structure supervisory computer control system to realize the
data preprocessing, sensor linearization and nonlinear com-
pensation, scale transform and digital controller, which met
the proportional solenoid valve testing requirements. Fu [10]
proposed a new proportional electromagnetic dynamic vibra-
tion absorber (EDVA) to control of engine vibration during
idling. The effectiveness of the hybrid proportional EDVA
was evaluated through simulations and experiments under
harmonic excitations in the 20-30 Hz frequency range. Both
the simulation and measurements show that the hybrid pro-
portional EDVA can yield the effective attenuation of the
periodic idling vibration in the frequency range considered.

Zhang et al. [11] proposed a novel pilot valve that employs
two independent valve spools instead of the traditional port
coupled valve spool. Due to the new structure, the influence
of dead zone and damping on the performance of the valve is
lightened; the dynamic characteristics and control accuracy of
the valve are improved. Lu et al. [12] proposed an improved
dead zone detection method to calibrate the pilot valve flow
characteristics which include the micro flow rate. This new
method avoids the threshold selection of the main valves pool
displacement which affects the detected dead zone values.
Its detection processes are realized. Yang et al. [13] used a
hydraulic damper to enhance the increased force capacity of
the small laboratory scale bio-inspired damper. The experi-
mental results closely match the theoretical prediction of the
damper with a consistent force output for these excitation
frequencies. Agh et al. [14] introduced a new rotary propor-
tional flow control valve. They replaced the more common
hydro mechanical mechanisms with the direct drive actuation
of flow control valve, and made the whole system lighter and
cut down on the manufacturing cost.

In this paper, the finite element model of the proportional
electromagnet is established, and Ansoft software is used to
simulate and analyze the static force, firstly. The influence
of the key structural parameters such as the depth of the basin
mouth and the slope of themagnetic isolation ring on the elec-
tromagnetic force is studied to ensure that the proportional
electromagnet has good current-force and displacement-force
characteristics. Then, the transient characteristics of the pro-
portional electromagnet are further simulated and analyzed,
and the magnetic field and displacement-force under step
voltage excitation are studied. The variation of the elec-
tromagnetic force, current and armature displacement with
time is used to provide a theoretical basis for designing
and optimizing the structural parameters of the proportional
electromagnet.

II. STRUCTURE AND PRINCIPLE
With the action of the load spring, the proportional elec-
tromagnet can realize the damping adjustment of the shock
absorber, which can be used to driving valve opening, spool
position or travel control. The electromagnetic force of the
ordinary proportional electromagnet varied with the gap,
while that of the proportional electromagnet is nearly con-
stant in the armature working range [15]. In short, the elec-
tromagnetic force of the proportional electromagnet is not
related to the displacement of the spool, but only directly
proportional to the excitation voltage or current. According
to the principle of the minimum energy, it is found that the
magnetic line of the proportional electromagnet always closes
along the path of the minimum reluctance, and the magnetic
line tends to shorten.

Figure 1 depicts that when a certain current is applied to
the proportional electromagnet, the coil 4 generates magnetic
potential and forms two magnetic loops φ1 and φ2 [16], [17].
The magnetic loop φ1 penetrates the working air gap 9 from
armature 8, enters the armature 8 axially, and then passes
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FIGURE 1. Proportional electromagnet magnetic circuit: 1. Pole-shoe; 2.
Shell; 3. Coil skeletom; 4. Coil; 5. Magnetic isolation ring; 6. Magnetic line;
7. Guide sleeve; 8. Armature; 9. Air gap; 10. Limit piece; 11. φ1; 12. φ2; 13.
Push rod.

FIGURE 2. Displacement-force characteristic curve.

through the rear guide sleeve 7 and shell 2 to return to the
pole-shoe 1 [18]. As the magnetic isolation ring 5 is not
permeable, the magnetic loop φ2 enters the armature 8 along
the slope of the magnetic isolation ring 5, and then converges
with the magnetic loop φ1. Since the magnetic force line
closes along the path with the minimum reluctance, and has
a strong trend to shorten the closed path; simultaneously,
the corresponding characteristics are obvious, and the mag-
netic loop φ1 generates the axial electromagnetic attractive
force Fd1 . The magnetic loop φ2 produces a certain amount
of additional axial force Fd2 . The resultant force of the two
forces is the total output force Fd of the proportional electro-
magnet.

The displacement-force characteristic curve of the pro-
portional electromagnet is demonstrated in Figure 2. The
resultant force of Fd1 and Fd2 ensures Fd is an approximate
horizontal line in the workspace.

III. MODELING PROCESS
A. MATHEMATICAL MODEL OF MAGNETIC FIELD
Maxwell equations are the basic equations describing gen-
eral electromagnetic fields. Their differential forms can be
expressed as: 

rot E = −
∂B
∂t

div D = ρ

rot H = J +
∂D
∂t

div B = 0

(1)

where,B is the magnetic flux density vector (T),E is the elec-
tric field intensity vector (V/m), D is the electric flux density
(C/m2), H is the magnetic field intensity vector (A/m), J is
the conduction current density vector (A/m2), ρ is the free
charge density (C/m3).
The relationships between field E, D, H and B are deter-

mined by the characteristics of magnetic medium. For linear
medium, their relationships can be expressed as:

D = εE
B = µH
J = ξE

(2)

where, ε is the dielectric constant of medium (F/m), µ is the
permeability of medium (H/m), ξ is the dielectric conductiv-
ity (S/m).

For isotropic media, ε, µ and ξ are scalars; for anisotropic
media, it is a tensor. The vector magnetic potential A is
introduced [19], and the curl of A is used to express the
magnetic flux density vector B, then B = rot A. As is shown
in Figure 3, when there is an external magnetic field, the
resultant magnetic torque is not zero, and each vector in
the magnetic field can be decomposed in three directions-
circumferential p, radial q and axial z.

FIGURE 3. Decomposition model of each vector under the external
magnetic field.

When the magnetic field of the proportional electromagnet
is stable, the structure of the proportional electromagnet is
axial symmetrical, thus when ∂D/∂t = 0, the vector mag-
netic potential A and the conduction current density vector J
are parallel, then,{

Ap = A, Az = Aq = 0
Jp = J, Jz = Jq = 0

(3)

Since B = µH, which can be substituted into Eq. (1), and
the results can be expressed as:

rot(rotA/µ) = J (4)

Since the components of J in radial q and axial z are zero,
the Eq. (4) is written in the form of components in three
directions- circumferential p, radial q and axial z, as follows,

∂

∂q
[
1
qµz

∂(qA)
∂q

]+
∂

∂z
(
1
µq

∂A
∂z

) = −J (5)
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For the proportional electromagnet, there are two bound-
ary conditions for the above equations [20]. One exists on
the surface of the air dielectric layer around the propor-
tional electromagnet 01, and the other exists on the normal
derivative 02 of the z axis (vector magnetic potential A).
The formulas of the above two boundary conditions can be
obtained:

01: A(q, z) = 0 (6)

02: ∂A(q, z)/∂z = 0 (7)

The static attraction of the proportional electromagnet
depends on the magnitude of the steady magnetic field.
Eqs. (3), (4) and (5) all describe the steady-state character-
istics of the magnetic field of the proportional electromagnet.
Therefore, the above three equations are also the basic equa-
tions that followed by the Ansoft Maxwell.

B. STRUCTURE MODEL OF RELUCTANCE
Themagnitude of magnetic flux depends on the Ampere turns
and magnetic circuit reluctance. When the Ampere turns of
the proportional electromagnet are constant, the magnetic
flux in the magnetic circuit is most affected by the reluctance.
Therefore, it is necessary to calculate the reluctance of each
part of the magnetic circuit. In order to study the reluctance
distribution conveniently, the internal magnetic circuit struc-
ture of the designed proportional electromagnet is divided,
which is shown in Figure 4.

FIGURE 4. Reluctance analysis of the proportional electromagnet: 1.
Shell; 2. R3; 3. R4; 4. R5; 5. R6; 6. R1; 7. Coil; 8. R7; 9. Coil skeleton; 10.
Sleeve; 11. Armature; 12. R2; 13. Pole-shoe.

In order to depict the regular reluctance conveniently,
the relevant structure of the proportional electromagnet is
specified as follows, which is clearly shown in Figure 5.

1) R1
R1 is a non-air-gap reluctance, specifically referring to the
sum of the reluctance of high permeability materials such
as shell, pole-shoe and guide sleeve. Apart from air gap,
the shell, pole-shoe and other components of proportional
electromagnet is connected closely, the magnetic circuit has
not been interrupted, and there is no magnetic leakage phe-
nomenon in the material interior and the joint, so the value of
R1 can be neglected, and the reluctance mainly exists in the
air gap.

FIGURE 5. Schematic diagram of the reluctance structure of the
proportional electromagnet: 1. Front end face of magnetic isolation
angle; 2. Front end face of magnetic isolation ring; 3. Armature side; 4.
Rear end face of magnetic isolation ring; 5. Rear end face of magnetic
isolation angle; 6. Inner side of rear guide sleeve; 7. End face of armature;
8. Inner side of front guide sleeve; 9. End face of pole-shoe.

2) R2, R4, R7
R2, R4 and R7 are regular reluctances, and their expressions
are as follows:

R =
d
µS

(8)

where, d is the length of magnetic medium (m), µ is the
permeability of magnetic medium (H/m), S is the equivalent
cross-sectional area of magnetic medium (m2).
R2 is the main air gap reluctance, its shape is the hollow

cylinder formed by the combination of the pole-shoe end face,
guide rod, guide sleeve and armature end face. Its interior is
filled with oil, which can be expressed as:

R2 =
x

µ0µkπ (r2z − r2)
(9)

where, µ0 is the permeability of magnetic medium in the air
(H/m), µk is the relative permeability of magnetic medium
(no-dimension). The shape of R4 is similar to that of R1.
The magnetic force line enters the armature from the inner
surface of the rear guide sleeve through the radial clearance.
Its expression can be described as:

R4 =
rd − rz

2µ0µkπrz(l − x)
(10)

Similar to R4, R7 is a reluctance consisting of the clearance
between the side of armature and the inside of rear guide
sleeve, and its shape is similar to that of a hollow cylinder.
The magnetic force line reaches the inner wall of rear guide
sleeve along the radial direction of armature.

R7 =
rd − rz

2µ0µkπrzm
(11)

When the armature is attracted by the electromagnetic
force to overcome spring resistance and move toward
the pole-shoe, the axial clearance between armature and
pole-shoe decreases. According to the above formulas, it can
be found that R2 decreased linearly; l−x increases gradually,
the area corresponding to the front sleeve side and the side
of armature increases, R4 decreases gradually; m decreases
gradually, and the area corresponding to the side of rear
guide sleeve and side of armature decreases. According to the
formula, R7 also increases gradually.
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3) R3,R5,R6
R3, R5 and R6 are irregular reluctances. R3 is the reluctance
produced by the armature end face and the inner side of the
front guide sleeve. These two ends are perpendicular to each
other. The shape of the magnetic force line is very complex.
The magnitude of the reluctance is non-linear with the dis-
placement, and there is no specific expression. But according
to the property of the reluctance, it can be inferred that when
the armature is far away from the pole-shoe, the value of R3
remains approximately unchanged; when the armature moves
toward right to x1, the axial gap between the armature end
face and the pole-shoe decreases, R3 will decrease rapidly.
The trend diagram of R3 is shown in Figure 6.

FIGURE 6. Schematic diagram of the reluctance change trend.

R5 and R6 are related to the shape of the front and rear
end faces of the magnetic isolation ring. The magnetic circuit
structure is more complicated, and it is difficult to express
via accurate mathematical formulas. Generally, the motion
range of armature x is less than l, therefore, it can be con-
sidered that when the armature is at any position within the
motion range, the structural form of R5 and R6 is basically
unchanged; meanwhile, the magnitude of R5 and R6 remains
approximately unchanged.

Although it is difficult to express the above-mentioned
irregular reluctance by accurate mathematical formulas,
the air gap that forms the reluctance is larger, hence, we can
consider approximately that R3 and R5 are much larger than
R4, and R6 is much larger than radial reluctance R7. The
equivalent magnetic circuit inside the proportional electro-
magnet can be described by the above analysis of the reluc-
tance, which can be described in Figure 7.

FIGURE 7. Proportional electromagnets equivalent magnetic circuit.

R2, R3, R4 and R5 are parallel reluctance, and their sum of
parallel reluctance can be expressed as R25:

1
R25
=

1
R2
+

1
R3
+

1
R4
+

1
R5

(12)

R6 and R7 are parallel reluctance, and their sum of parallel
reluctance can be expressed as R67:

1
R67
=

1
R6
+

1
R7

(13)

Since R7 is very small, and R6 is much larger than R7,
the influence of R6 on R67 can be neglected. Similarly, R67 is
much smaller than R25, and there are few changes in armature
movement. Therefore, the influence of R2, R3, R4 and R5 on
the flux variation is mainly considered when studying the
electromagnetic force of the proportional electromagnet, and
the main factors affecting the magnitude of these reluctance
are the size of air gap, depth of basin mouth, slope of mag-
netic isolation ring, chamfer angle, radial clearance between
armature and guide sleeve, etc. [21].

C. ANSOFT SIMULATION MODEL AND PARAMETER
SETTING
Ansoft Maxwell software is a widely used in the electromag-
netic analysis. The simulation process is shown in Figure 8.

FIGURE 8. Simulation process.

The specific simulation steps are as follows:

1) SOLVER TYPES
The proportional electromagnet in this simulation is a direct-
acting electromagnet with a rated voltage of 24V DC. The
static magnetic field solver is used to analyze the proportional
electromagnet.
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FIGURE 9. Proportional electromagnet simulation model.

TABLE 1. Material of various components of proportional electromagnet.

2) MODEL BUILDING AND PARAMETER SETTING
The designed proportional electromagnet has a centrosym-
metric structure. In order to save computing resources and
shorten computing time, a 2D planemodel of the proportional
electromagnet is established, which is shown in Figure 9,
the simulation is carried out by using Ansoft Maxwell 2D
module.

The material of each component of the proportional elec-
tromagnet is shown in Table 1, where the tin bronze, poly
tetra fluoroethylene, oil and other materials are self-contained
in the software material library, and their B-H curves can
be directly used. Electrical pure iron [22] (DT4) has a good
magnetic conductivity, and its saturated magnetic induc-
tion strength is greater than 2.15 T. Electrical pure iron
is not included in the material library. It is necessary to
define the magnetic conductivity, conductivity and density
of electrical pure iron manually. The magnetization curve of
DT4 is non-linear [23], with a good magnetic conductivity
of 7690000 S/m and density of 7870 kg/m3.

3) SETTING OF EXCITATION SOURCES
The excitation source is selected as the current source, and
the value of the current source is the magnetic potential of the
coil, which is equal to the product of the coil current and the
number of the coil turns. According to the magnetic potential
equation, the ampere-turn number of coil IN can be deduced:

IN = 0.106BPµaδ1 (14)

where, δ1 is the sum of the thickness of the magnetic isolation
sheet and the effective working travel of the armature (mm),
µa is the air gap magnetic conductivity coefficient (H/m), Bp
is the air gap magnetic induction intensity (Gs). The initial
value of δ1, µa, Bp in this simulation are set as 0.3 mm,
0.3 H/m, 12000 Gs, respectively.

When the above initial values are substituted into Eq. (14),
the value of IN can be obtained as 1144.8 AN, and take the
integral value of IN as 1145 AN.

4) BOUNDARY CONDITIONS
The solver of static magnetic fields in the Ansoft Maxwell
software contains many kinds of boundary conditions, among
which the balloon boundary condition is one of the most com-
monly used. With the setting of balloon boundary condition,
the problem that the drawing solution area of the designed
model is excessively large can be effectively avoided. The
simulation time and consumption of computing resources
can be further reduced, thus simulation efficiency can be
greatly improved. Therefore, the balloon boundary condition
is adopted in this model.

5) MESHING
The interior of this model is meshed, the maximum side
length of the mesh triangle element of the guide sleeve,
magnetic isolation ring and armature is 0.5 mm, the maxi-
mum side length of other parts is 0.8 mm. The software will
automatically mesh the model, which is shown in Figure 10.
If the mesh of the model is not sufficiently fine and dense,
which will result in the non-convergence of the calculation
results, and the system will automatically thicken the mesh
of the key areas.

FIGURE 10. Simulation model meshing.

6) SOLVER SETTINGS
The solver of static magnetic field is selected in this model.
When the error variation obtained by the iterative calculation
is less than the set value or the number of iterative steps
reaches the set value, the calculation ends. The calculation
results can be expressed in the form of curves and displayed in
an intuitive way. The specific settings of the solver are shown
in Table 2.

IV. STATIC CHARACTERISTIC ANALYSIS
The shape of the basin mouth, the slope of the front magnetic
isolation ring, the chamfer length of the magnetic isolation
ring, the radial clearance between armature and the guide
sleeve has great influences on the electromagnetic suction
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TABLE 2. Solver settings.

FIGURE 11. Structural parameters of the proportional electromagnet.

characteristics [24]. The values of l, θ , σ and δ respectively
represent the depth of the basin mouth, the slope of the
magnetic isolation ring, the chamfer length and the radial
clearance between armature and guide sleeve, which are
shown in Figure 11.

A. INFLUENCE OF THE DEPTH OF BASIN MOUTH ON
ELECTROMAGNETIC FORCE
The initial parameters of the model are that θ = 35◦, σ =
0 mm, δ = 0.3 mm. The effects of different depth of the
basin mouth l on the electromagnetic force are studied. The
simulation results are shown in Figure 12.

As is shown in Figure 12(a), with the increase of the
depth of the basin mouth l, the tail inflection point of the
displacement-force characteristic curve of the proportional
electromagnet gradually moves toward the right, and the
effectiveworking space of the armature increases (x ≤ 2mm),
but with the increase of l, the value of the electro-
magnetic force in the working space decreases gradually.
Figure 12(b) shows that the electromagnetic force of the
armature in the effective travel interval decreases with the
displacement, and the smaller the depth of the basin mouth
is, the steeper the displacement-force characteristic curve
is [25].When the depth of the basin mouth is equal to 4.1 mm,
the displacement-force characteristic of the armature is the
best in the effective travel interval, but the electromagnetic
force is the smallest in the travel interval, whose mean value
is about 78 N.

B. INFLUENCE OF THE SLOPE OF THE MAGNETIC
ISOLATION RING ON ELECTROMAGNETIC FORCE
Taking the structural parameters of the basin opening depth
l = 3.9 mm, the chamfer length of the convex platform

FIGURE 12. Influence of the basin mouth depth on electromagnetic force
characteristics: (a) Displacement interval 0-4mm; (b) Displacement
interval 0-2mm.

σ = 0 mm and radial clearance between armature and guide
sleeve δ = 0.3 mm as the research object, the influence of
the slope of the magnetic isolation ring on electromagnetic
field θ is further studied. The simulation results are shown
in Figure 13.

It can be seen from the Figure 13(b) that within the working
range of armature (0 ∼ 2mm), the slope θ mainly affects the
slope of the electromagnetic force, and the electromagnetic
force curves under different influences almost intersect at
the same point. When θ = 33◦, the electromagnetic force
decreases gradually in the working range, and the difference
value between the maximum value and the minimum value
reaches 8 N. When θ increases gradually, the displacement-
force characteristics of electromagnetic force gets improved.
When the slope θ is greater than 35◦, the electromagnetic
force increases first, and then decrease with the changes of
displacement; when θ = 35◦, the electromagnetic force has
better displacement-force characteristics in the first half of
the working interval, and the value of the electromagnetic
force in the second half decreases slightly.

C. INFLUENCE OF THE CHAMFER LENGTH OF THE
CONVEX PLATFORM ON ELECTROMAGNETIC FORCE
The influence of the chamfer length of the convex plat-
form σ on electromagnetic force is further studied by taking
the structural parameters of the depth of the basin mouth
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FIGURE 13. Influence of the slope of the magnetic isolation ring on the
displacement-force characteristics: (a) Displacement interval 0-4mm;
(b) Displacement interval 0-2mm.

l = 3.9 mm and the slope of the magnetic isolation ring
θ = 35◦ as research object. The simulation results are shown
in Figure 14.

Figure 14(a) shows that with the increase of the chamfer
length of the convex platform σ , the electromagnetic attrac-
tion of the armature at the displacement of 2 mm gradually
increases, and then with the increase of the displacement,
the electromagnetic force drops sharply. From Figure14(b),
it can be found that when σ = 0.2 mm, the levelness of
electromagnetic attraction of the armature is the best in the
working range, and the difference value between the maxi-
mum and minimum electromagnetic force is only 1 N in the
working range of the armature.

D. INFLUENCE OF THE RADIAL CLEARANCE BETWEEN
ARMATURE AND GUIDE SLEEVE ON
ELECTROMAGNETIC FORCE
After the above simulation analysis, the structural parameters
of the basin mouth are obtained: the depth of the basin mouth
l is 3.9 mm, the front slope of the magnetic isolation ring θ
is 35◦, and the chamfer length of the convex platform σ is
0.2 mm. The influence of the radial clearance between the
armature and the guide sleeve on the electromagnetic attrac-
tion δ will be further investigated [26]. Taking δ = 0.3 mm,

FIGURE 14. Influence of the chamfer length of the convex platform on
displacement-force characteristics: (a) Displacement interval 0-4mm;
(b) Displacement interval 0-2mm.

FIGURE 15. Influence of the radial clearance on displacement-force
characteristics.

0.32 mm, 0.34 mm and 0.36 mm as test value respectively,
the simulation results are shown in Figure 15.

It can be revealed from the Figure 15 that the radial clear-
ance between armature and guide sleeve δ mainly affects
the mean value of electromagnetic attraction on armature,
and the change of δ will not affect the displacement-force
characteristics of electromagnetic force. The bigger the arma-
ture δ is, the smaller the electromagnetic force is. When
δ = 0.3 mm, F reaches 82 N, when δ = 0.36 mm, F is
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FIGURE 16. Displacement-force characteristics.

only about 74 N. When δ increases by 0.02 mm on average,
the electromagnetic force of the armature decreases by about
2 N in the working space. Therefore, in order to meet the
requirements of the design, the radial clearance between the
armature and the guide sleeve δ should not be greater than 0.3
mm.

E. VERIFY THE IMPROVED MODEL
Considering the displacement-force characteristics and the
force mean value in the working space, the key structural
parameters of the proportional electromagnet [27], [28] are
finally determined. The depth of the basin mouth l is 3.9 mm,
the slope of the magnetic isolation ring θ is 35◦, the chamfer
length of the convex platform σ is 0.2 mm, and the radial
clearance between armature and guide sleeve δ is 0.3 mm.

When the coil current l is set as 0.3A, 0.6A, 0.9A
and 1.2A respectively, the electromagnetic force is param-
eterized and simulated, and the simulation results of the
displacement-force characteristics are shown in Figure 16.
The displacement-force characteristic curves are approxi-
mately horizontal under different driving currents, and the
distribution is symmetrical.

The current-force characteristics of the proportional elec-
tromagnet are studied by selecting the position of the arma-
ture with 1 mm displacement and setting the current of the
exciting power source to change from 0 to 1.2 A [29]. Fig-
ure 17 depicts that the calculated and simulated curves of the
current-force characteristics almost coincide with each other,
which shows that the proportional electromagnet model has
good current-force characteristics and the values of relevant
parameters are rational.

V. DYNAMIC CHARACTERISTIC ANALYSIS
When the proportional electromagnet is electrified, the arma-
ture moves in a straight line in the guide sleeve. The magnetic
field, force, energy and speed are all defined as functions of
time [4]. The ampere turns of the proportional electromagnet
are variables in the whole process. The transient simulation
analysis of the proportional electromagnet is conducted in
Ansoft Maxwell software.

FIGURE 17. Current-force characteristics.

The motion of armature under the excitation of step sig-
nal is a kind of suction motion, which includes the time
period of suction-touch stage and suction-move stage [30].
The suction-touch stage is generally expressed by the touch
time, which refers to the time taken by the coil from the
beginning of the excitation voltage to the time when the
current increases exponentially to the attract current (attract
current: The current when the electromagnetic force is equal
to the initial resistance of the armature). The change of the
current and magnetic field is more complicated after entering
the movement stage. With the movement of the armature,
the air gap reluctance changes significantly. Back electro-
motive force produced by the self-inductance of the coil
counteracts the original electromotive force and inhibits the
further increase of current; when the coil current increases
to a certain extent and then stops growing or even slightly
decreasing. When the armature moves to the specified posi-
tion [31], and stops moving, and then the air-gap reluctance
does not change, the coil current rises to a steady-state current
again in accordance with the new exponential growth mode.
Hence, the movement time of armature is often less than the
stability time of magnetic field and electromagnetic force.

The electromagnetic force-time characteristic curves
under different voltage excitation conditions are shown in
Figure 18. When the excitation voltage is 24 V, the steady-
state value of electromagnetic force is 82 N and the stable
time is about 40 ms. When the excitation voltage is 8 V,
the steady-state value of the electromagnetic force is about
20 N, and the steady-state time is close to 100 ms. The above
analysis demonstrates that the larger the excitation voltage is,
the larger the steady-state electromagnetic force is, the shorter
the triggering time and moving time of armature is. From a
single curve, when the excitation voltage is obtained, the elec-
tromagnetic force increases first, then decreases, and then
continues to increase to a stable value. The larger the voltage
is, the more obvious the trend of current increases first and
then decreases. That is because with the increase of magnetic
field intensity, the electromagnetic force overcomes the load
force, and the armature begins to move at that time, which
results in the production of the back electromotive force in
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FIGURE 18. Force-time transient characteristics.

FIGURE 19. Current-time transient characteristics.

the coil, thus restraining the growth of the magnetic force.
When the armature stops moving, the magnetic potential
will be established continually in the magnetic circuit, and
the electromagnetic force will increase gradually until the
magnetic field is stable, and then the electromagnetic force
will be not change.

The current-time characteristic curve under different volt-
age excitation conditions [32] is shown in the Figure 19. The
change trend of the current with time is consistent with that
of electromagnetic force. The larger the voltage is, the shorter
the time for current to reach stable state is, and the larger the
current flows through the coil. When the excitation voltage is
24 V, the current stability time is about 40 ms and the steady-
state current is 1.2 A.

The influence of the excitation voltage on the displacement-
time characteristics of the proportional electromagnet is
shown in Figure 20. It can be revealed from the figure that
when the armature weight, load force, motion damping and
coil resistance are determined, the larger the coil voltage is,
the shorter the time of armature movement is. The shortest
time of armature movement under the excitation voltage
of 24 V is about 5 ms, and the longest time of armature
movement under the excitation voltage of 8 V is about 20 ms.

The influence of the excitation voltage on the velocity-time
characteristics of armature is shown in Figure 21. It can be
revealed from the figure that with a higher voltage, the arma-
ture moves to its peak speed faster. When the excitation

FIGURE 20. Displacement-time transient characteristics of the armature.

FIGURE 21. Velocity-time transient characteristics of the armature.

voltage is 8 V and 12 V, the armature movement velocity is
smaller and fluctuated. This is because the electromagnetic
force under the low voltage condition is smaller, which is not
enough to completely suppress the load resistance.

VI. CONCLUSION
In this paper, the influence of the structural parameters of
the proportional electromagnet on the displacement-force
characteristics of the proportional electromagnet is studied.
The improved parameter model is verified and the dynamic
characteristics simulation of themodel is also carried out. The
main conclusions are summarized as follows:

(1) With the increase of the depth of the basin mouth,
the effective travel of the proportional electromagnet
increases, and the mean value of the electromagnetic force
in the working space decreases; the larger the radial clear-
ance between armature and guide sleeve is, the smaller the
electromagnetic force in the effective travel is.

(2) When the depth of the basin mouth is 3.9 mm, the slope
of the magnetic isolation ring is 35◦, the chamfer length
of the convex platform is 0.2 mm, and the radial clear-
ance is 0.3 mm, the proportional electromagnet has good
displacement-force and current-force characteristics, which
can meet the general application requirements of the shock
absorber.
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(3)When the armature weight, load force, motion damping
and coil resistance are determined, the larger the coil voltage
is, the shorter the time of armature movement is. The short-
est time of armature movement under the excitation voltage
of 24 V is about 5 ms.
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