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Abstract

The electromagnet is the most used driving device for hydraulic
valves; especially the proportional electromagnet with constant
force characteristics is the basis for the excellent control
performance of hydraulic valves. However, the constant force
characteristics of the proportional electromagnet are related to
many parameters and are difficult to obtain. In view of the above
problems, this paper designs a proportional electromagnet for
driving hydraulic valves with the goal of constant force
characteristics, with the minimum variance of the output
electromagnetic force in the working range as the condition.
Firstly, this paper introduces the working principle of
proportional electromagnets and establishes the model of
electromagnetic force. Then, the influences of the basin bottom
radius, the guide angle width and the basin mouth depth on the
constant force characteristics of the electromagnet were studied
by the finite element method (FEM). Their values are found
respectively to give the electromagnet constant force
characteristics. Finally, the test bench of the electromagnet was
built, and its constant force characteristics and output
characteristics were continuously tested. The results show that
the test results of the output electromagnet force are highly
consistent with the simulation results and have constant force
characteristics. Related research deepens the understanding of
how the key parameters affect the constant force characteristics,
and helps designers optimize these parameters to develop new
structures, which have certain practical engineering values.
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1. Introduction

A hydraulic valve is a kind of hydraulic component with high
power density, which is widely used in a variety of heavy
equipment and intelligent equipment [1-4]. Controlling the
movement of the valve core to change the working state of the
hydraulic valve changes the pressure and flow of the hydraulic
system [5,6]. The driving modes of the hydraulic valve include
electromagnetic drive, motor drive, and hydraulic drive.
Electromagnetic drive has the characteristics of simple structure,
high reliability, and low cost [7,8], and is the most common
driving mode of the hydraulic valve [9].

The electromagnetic force of the switching electromagnet
fluctuates greatly with the displacement in the working range.
The mechanical vibration and impact noise generated by this
electromagnet are large, and it is not easy to control the position
[10]. An important difference between the proportional
electromagnet and the ordinary electromagnet is that the
electromagnetic force of the armature is not affected by its
displacement and has an approximately horizontal displacement—
electromagnetic force characteristic. The electromagnetic force is
approximately constant in the working range of the armature,
which is only related to the coil current. This phenomenon is
called the constant force characteristic [11,12].

The proportional electromagnet is the basis for the continuous
adjustment of the hydraulic valve. The output electromagnetic
force by the electromagnet is controlled by changing the coil
current, to continuously and proportionally control the
movement of the valve core and use the reset spring to push the
valve core back to its initial position. Xie et al. [13] used the
FEM to simulate the proportional electromagnet for shock
absorbers. By optimizing the parameters such as the basin mouth
depth and the magnetic isolation ring inclination angle, the
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constant force characteristics of the proportional electromagnet
were improved, to continuously control the displacement of the
proportional electromagnet valve core to adjust the pressure and
flow of the hydraulic valve. Xu et al. [14] designed a
proportional electromagnet for electromagnet-driven shock
absorbers. They established an accurate model of a proportional
electromagnet composed of a pilot valve and a safety valve. This
model serves as a valuable tool for optimizing system design.
Wei et al. [15] used a proportional electromagnet to drive the
spool of a proportional pressure-regulating valve. The effects of
orifice diameter, spring stiffness, and viscous damping
coefficient on the stability and pressure of the spool were
studied. The pressure was controlled by changing the coil
current. Ledvon et al. [16] used a proportional electromagnet to
drive the spool of the proportional directional valve and tested
the static and dynamic characteristics of the proportional
directional valve. Wang et al. [17] established two-dimensional
and three-dimensional magnetostatic finite element analysis
models of proportional electromagnets. They designed a static
multi-objective optimization strategy based on a genetic
algorithm to improve the static thrust of the actuator by
optimizing the structural parameters of the actuator. Yuan et al.
[18] designed a new type of proportional electromagnets for a
pneumatic proportional directional valve and tested the
displacement—electromagnetic force characteristics to ensure the
unique automatic reset ability of the valve core. Yuan et al. [19]
conducted a study on the pole shoe structure of a proportional
solenoid actuator and conducted a detailed analysis of the impact
of six different magnetic materials and geometric parameters on
the constant force characteristics. Ercan et al. [20] designed and
manufactured a proportional electromagnet for heavy vehicle
braking system, analyzed the influence of key dimensional
parameters on the force—displacement characteristics, and
determined the optimal size. The static and dynamic
characteristics of the electromagnet were studied theoretically
and experimentally by Maxwell, but the displacement—force
characteristic test curve of the electromagnet was not seen in the

paper.
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Through investigation, it is found that a proportional
electromagnet with constant force characteristics is the basis for
the excellent control performance of hydraulic valves. However,
the constant force characteristics are related to many parameters,
require special design, and are difficult to obtain. Many
researchers have analyzed the factors that affect the constant
force characteristics of proportional electromagnets but have not
established a criterion for judging the constant force
characteristics. In addition, the electromagnetic force is tested
discretely, continuous testing curves of displacement—force and
current—force characteristics of proportional solenoid valves are
rare in previous literature. In this paper, the proportional
electromagnet is designed under the condition of the minimum
variance of the electromagnetic force under the rated current in
the working range of the armature, the influence of the key
structure on the constant force characteristics of the
electromagnet is analyzed, and the constant force characteristics
and output characteristics were continuously tested. The related
research deepens the understanding of how the key parameters
affect the constant force characteristics and helps designers to
design these parameters to develop new structures, which have
certain practical engineering value.

The rest of this paper is structured as follows. Section
2 introduces the structure and the working principle of the
proportional electromagnet. The mechanism of the constant force
characteristics of the proportional electromagnet is explained in
detail and the mathematical model of the electromagnetic force
is established. Section 3 mainly uses the FEM to analyze the
influence of the key structure on the constant force
characteristics of the electromagnet. In Section 4, the test bench
of the electromagnet is built to test the constant force
characteristics and output characteristics. Section 5is the
conclusion of this paper.
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2. Structure and Working Principle of

Proportional Electromagnets
2.1. Structure of Proportional Electromagnets

The electromagnet mainly comprises a coil, coil skeleton,
electromagnet shell, electromagnet inner cylinder, magnetic
isolation ring, armature, limit ring, pole shoe, and valve core.
The structure diagram of the electromagnet is shown in Figure 1.
The armature is outside the valve core and is integrated with an
interference fit. The valve core slides with the inner wall of the
electromagnet inner cylinder and the pole shoe. The
electromagnet inner cylinder, magnetic isolation ring, and pole
shoe adopt interference fit. The electromagnet shell,
electromagnet inner cylinder, armature, and pole shoe use
materials with magnetic conductivity. The magnetic isolation
ring has the magnetic isolation ability and is installed between
the electromagnet inner cylinder and the pole shoe. The limit
ring is set outside the valve core and is located between the
armature and the pole shoe to prevent the armature from being
too close to the pole shoe, resulting in a surge of electromagnetic
force on the armature. The green and red lines are wires.

-+ Wires

~ail skeloto N
Coil skeleton + Electromagnet shell

* Electromagnet inner cylinder
+ Coil
* Magnetic isolation ring

(a) (b)

Valve core «
Armature -

Limit ring <
Pole shoe «

Figure 1: Structure diagram of electromagnet. (a) Electromagnet structure
plane diagram. (b) Electromagnet structure stereogram.

2.2. Working Principle of Proportional Electromagnets
By controlling the coil current, the output electromagnetic force
by the electromagnet overcomes the spring force to continuously

and proportionally drive the valve core. The magnetic circuit
diagram of the proportional electromagnet is shown in Figure 2,
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the green line represents armature displacement and the dotted
line indicates the magnetic flux path. When the current is applied
to the coil, the coil generates a magnetic potential and forms two
circuits of ¢h1 and ..
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Figure 2: Magnetic circuit diagram of proportional electromagnets.

The magnetic circuit ¢h, penetrates the working atmosphere from
the pole shoe basin bottom, enters the armature axially, and then
passes through the electromagnet inner cylinder, the magnetic
conduction channel in the coil skeleton and the electromagnet
shell, and returns to the pole shoe to form a circuit. Because the
magnetic isolation ring is made of copper with low permeability,
the magnetic circuit ¢h, rarely enters the electromagnet inner
cylinder through the magnetic isolation ring and merges with the
magnetic circuit ¢p1 to form a loop, and most of them enter the
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armature through the inclination angle on the pole shoe and
converge with the magnetic circuit ¢:. Since the magnetic field
line is always closed along the path with the smallest
magnetoresistance and has the tendency to shorten the closed
path, the armature has a downward trend due to the
electromagnetic force. Because of the effect of magnetic
circuit ¢p1, the pole shoe basin bottom produces an axial
downward electromagnetic force Fe1to the armature. The
downward movement of the armature will reduce the magnetic
resistance on the magnetic circuit ¢h1. The closer the armature is
to the pole shoe basin bottom, the greater the axial
electromagnetic force Fep is. When the armature moves to the
position where it fits with the pole shoe basin bottom, the axial
electromagnetic force Fei rises sharply, which needs to be
avoided in practical applications. Therefore, a limit ring is
installed in the design to prevent the armature from moving to
this position. Because of the magnetic circuit ¢, the inclination
angle on the pole shoe generates an electromagnetic
force Fe; with an axial component on the armature. When the
armature is far away from the pole shoe basin bottom, the
magnetic line of force mainly passes through the magnetic
circuit ¢p2, and the electromagnetic force Fe; has an increasing
trend when the armature is close to the pole shoe basin bottom.
When the armature is close to the pole shoe basin bottom, the
magnetic circuit ¢»1 has a shunt effect on the magnetic circuit ¢,
and the electromagnetic force Fe, will decrease. In addition, the
armature is close to the pole shoe basin bottom, which makes the
angle between the electromagnetic force Fe; and the axial
direction too large and reduces the axial component of the
electromagnetic force Fe;. Through the superposition of these
two electromagnetic forces, the total electromagnetic force F. of
the armature is formed. In the working range of the armature, the
electromagnetic force Feis not affected by the change in the
displacement of the armature s, and remains constant, as shown
in Figure 3.
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g Working range

of the armature Final electromagnetic force F,
Axial electromagnetic force F,,

Axial component of the electromagnetic force F,

Electromagnetic force

Displacement of the armdturc:
Figure 3: Electromagnetic force of proportional electromagnets.
2.3. Mathematical Model of Electromagnetic Force

There are usually three methods for calculating electromagnetic
force, namely the empirical equation method, magnetic circuit
segmentation method, and finite element method (FEM). The
following will use the magnetic circuit segmentation method to
analyze the electromagnetic force.

The coil can be simplified as a series structure of
resistance R and inductance L, and the equivalent circuit is
shown in Figure 4.

Figure 4: The equivalent circuit of the coil.

According to Kirchhoff’s voltage law, the circuit model of the
coil can be expressed by Equation (1):
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_pade_ a
u—1R+dt—1R+Ldt 1)
where U is the coil voltage, ¢ is the main magnetic flux
linkage, 1 is the coil current, R is the coil resistance, L is the coil
inductance, and t is time.

The magnetic circuit can be compared with the circuit. To
maintain a certain magnetic flux in the magnetic circuit, there
must be a certain magnetomotive force. The magnitude of the
magnetomotive force is equal to the product of the current and
the number of turns, that is, the number of ampere-turns.
According to the magnetic circuit Ohm’s law, the equation can
be obtained:

@=N-1/XR, (2

where ¢ is the magnetic flux, N is the number of turns of the
coil, and ZR. is the total reluctance of the magnetic circuit. In the
calculation of magnetoresistance, the magnetic circuit
segmentation method is usually used to analyze the magnetic
circuit of the electromagnet. The magnetic circuit analysis
diagram of the electromagnet is shown in Figure 5, and the
structural parameters of the electromagnet are shown in Figure 6.
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Figure 6: Structural parameters of electromagnet.
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Each magnetoresistance after magnetic circuit separation is
calculated by the calculation equation of magnetoresistance, and
then the total reluctance of the magnetic circuit is calculated
according to the series and parallel relationship of reluctance
shown in Figure 5. The general equation of magnetoresistance is
[21,22]:

R, == 3)

UuSe

where Re is  the magnetoresistance, L. is the length of the
medium, Se is the cross-sectional area of the medium, and u is
the permeability of the medium.

Magnetoresistance Ry is the reluctance generated by the non-
working air gap between the armature and electromagnet inner
cylinder. As shown in Figure 5, the air gap is filled with oil and
can be expressed by Equation (4):

3—T2

- Mo Te(r2+13) (12—5)

Ry (4)

where r; is the radius of the armature, rz is the inner radius of the
electromagnet inner cylinder, |, is the air gap length between the
armature and electromagnet inner cylinder, and uois the oil
permeability.

Magnetoresistance R; is the reluctance generated by the working
air gap between the pole shoe basin bottom and the front surface
of the armature. As shown in Figure 5, the air gap is filled with
oil and can be expressed by Equation (5):

li—s
R, =—2°> 5

27 wom(r3-rP) ®)
where 1 is the maximum length of the front surface of the
armature from the pole shoe basin bottom, and r is the radius of

the valve core.

Magnetoresistance Rz is  an  irregular  magnetoresistance
generated by the air gap between the armature and the inclination
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angle on the pole shoe. With the displacement of the armature, it
is difficult to express the reluctance with an accurate
mathematical equation.

Magnetoresistance R4 is the total magnetic resistance of
magnetic conductive materials such as pole shoe, armature,
electromagnet inner cylinder, part of coil skeleton, and
electromagnet shell. Due to the tight connection between the
various parts, the magnetic flux leakage phenomenon is small,
and the permeability of the magnetic material is larger than that
of the oil, so the value of R, can be ignored.

After obtaining the reluctance of each part in the magnetic
circuit, according to the series and parallel relationship of the
reluctance shown in Figure 5, the total reluctance of the
magnetic circuit can be calculated as Equation (6):

Rz'R3

ZR6=R1+ +R4, (6)

Assuming that the magnetic energy stored in the electromagnet
is used to drive the movement of the armature, the expression of
the electromagnetic force on the armature is:

2 2
F = 0 @ )

© = Shos | 2mon(r3—12)

where S is the magnetic flux cross-sectional area of the working
air gap.

According to Equation (7), the magnitude of the electromagnetic
force is proportional to the square of the magnetic flux. To keep
the electromagnetic force of the armature from being affected by
the displacement of the armature, it is necessary to keep the total
magnetoresistance of the electromagnet constant during the
movement of the armature. The calculation of
magnetoresistance Ry and Rz is  relatively  easy, but for
magnetoresistance Rs, the calculation is very complicated, and
there is no mature calculation theory at present. Therefore, this
paper uses the FEM to analyze in Section 3.
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3. Parametric Analysis of Key Parameters of
Electromagnet

The FEM discretizes and solves each component in the solution
area of the electromagnet. The obtained electromagnetic force
result is more accurate than the other two calculation methods,
which is an effective means to study the electromagnetic force
[3]. Using the FEM, the results of magnetic flux cloud and
electromagnetic force can be obtained, and the influence of
different structures on the electromagnetic force—displacement
curve can be quickly analyzed by parameterization [23-25].
Maxwell 19.4 software is practical electromagnetic force
analysis software. Based on Maxwell’s differential equation and
finite element discrete method, the results of magnetic flux cloud
diagram and electromagnetic force can be obtained, and the
influence of different structures on the electromagnetic force—
displacement curve can be quickly analyzed by parameterization.

3.1. Simulation Settings
(1) Solver type

Because the purpose of this simulation is to solve the static
electromagnetic force, the static magnetic field solver is used to
analyze the electromagnet. Because the electromagnet is an
axisymmetric structure, to shorten the calculation time, the
Maxwell 2D module is used for simulation research.

(2) Model

From Figure 1, the electromagnet designed in this paper is an
axisymmetric structure. To improve the simulation efficiency,
reduce the calculation workload, and save the simulation time,
the axisymmetric model is established to solve the problem.
Ignoring the non-metallic materials in the electromagnet,
merging and simplifying some parts with the same function [26],
the simulation model of the electromagnet with z as the axis is
established as shown in Figure 7.
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(a) (b)

Figure 7: Electromagnet finite element simulation model and meshing. (a)
Electromagnet finite element simulation model. (b) Electromagnet meshing.

The material selection of each part of the electromagnet is shown
in Table 1.

Table 1: Material selection table for each part of the electromagnet.

Part Material
Electromagnet shell 1215 steel
Pole shoe 1215 steel
Electromagnet inner cylinder 1215 steel
Part of the coil skeleton 1215 steel
Armature 1215 steel
Magnetic isolation ring Copper

Caoil Copper

1215 steel is a magnetic material, and copper is a material with low
permeability.

(3) Boundary

The static magnetic field solver contains a variety of boundary
conditions, among which the balloon boundary condition is the
most commonly used one. The balloon boundary avoids a large
solution area and reduces the calculation workload, so it is
determined that the balloon boundary condition is used in this
model.
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(4) Excitation

In the static magnetic field solver, the excitation is selected as
the current source, that is, the number of ampere-turns. The
number of turns of the drive coil used is 420, the resistance of
the coil is 4.7 Q, and the current of the input coil is up to 2.0 A.

(5) Mesh division

When the static magnetic field solver is solved, it has the
function of adaptive mesh generation. If the mesh generation of
the model is not fine enough, the calculation results are not
convergent. The system will automatically encrypt the mesh of
the key areas to obtain a better mesh generation effect.
Electromagnet meshing is shown in Figure 7.

(6) Parameters

The solution parameter is set as the electromagnetic force of the
electromagnet, which is defined as Force, and the motion type of
the electromagnet is Move.

3.2. Parametric Simulation of Proportional
Electromagnets

By analyzing the working principle of the proportional
electromagnet, the shape of the pole shoe can change the
direction of the magnetic circuit in the air gap. The design of the
pole shoe is a key part of the magnetic circuit design of the
electromagnet, and it is the key to whether the electromagnet has
constant force characteristics.

The following content will take the constant force characteristics
of the electromagnet as the goal. The sensitivity analysis of the
key parameters affecting the constant force characteristics of the
electromagnet on the pole shoe, namely the basin bottom
radius rs, the guide angle widthls, and the basin mouth
depth I, will be carried out. The initial values of the structural
parameters of the electromagnet are shown in Table 2.
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Table 2: Initial values of the structural parameters of the electromagnet.

Parameter Parameter Value/mm
Valve core radius r1 1.50

The radius of the armature r2 3.25

The internal radius of electromagnet inner | 4.00

cylinder r3

Basin bottom radius ra 4.10

The maximum length of the front surface of the | 2.10
armature from the pole shoe basin bottom |1

The air gap length between the armature and | 5.00
electromagnet inner cylinder |2

Guide angle width I3 0.10

Basin mouth depth I4 1.90

To fully understand the electromagnetic force of the armature at
different positions, the simulation range of the armature is set to
2.0 mm, that is, the front surface of the armature is 0.1 mm
nearest to the pole shoe basin bottom. The parameterization
analysis of each parameter is carried out under the working
condition of 2.0 A, and the structural parameters that give the
electromagnet constant force characteristics are determined.
Because the electromagnetic force is not constant in the working
range, there will be small fluctuations. To accurately study the
constant force characteristics, this paper will use the variance of
the electromagnetic force of the armature in the working range as
a quantitative index to evaluate the constant force characteristics.
The calculation equation of electromagnetic force variance is:

1 —
5% = n ?zl(Fei - Fe)z (8)

The variance reflects the degree of data fluctuation. In the
working range of the armature, the smaller the variance of the
electromagnetic force, the smaller the influence of the
displacement of the armature on the electromagnetic force of the
armature, that is, the closer the electromagnet is to the constant
force characteristic.

(1) The influence of basin bottom radius r4

Keeping Is and ls unchanged as the initial values, r. is selected as
3.8 mm, 3.9 mm, 4.0 mm, 4.1 mm, and 4.2 mm respectively to
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simulate the electromagnetic force of the armature. The influence
of ryon the electromagnetic force of the armature is shown
in Figure 8, and the influence ofrson the variance of the
electromagnetic force in the working range is calculated as
shown in Figure 9.

30

—e—r,~4.2 mm
25

——r,~4.1 mm

—v—7r,~3.9 mm
15

fessssss SN

Electromagnetic force F, (N)

0 L 1 1 1 1 1 L 1 L |
00 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
Displacement of the armature s (mm)

Figure 8: Influence of rs on electromagnetic force.
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Figure 9: Influence of rs on the variance of electromagnetic force.
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It can be seen from Figure 8that the influence of ryon the
electromagnetic force of the armature is obvious. The larger
the r4, the smaller the fluctuation of the electromagnetic force of
the armature, that is, the smaller the influence of the
displacement of the armature on the electromagnetic force of the
armature. With the increase in the displacement of the armature,
the electromagnetic force of the armature increases first, then
decreases, and then increases. When the displacement of the
armature is small, the electromagnetic force of the armature is
greatly affected by the electromagnetic force Fe;. When the
displacement of the armature increases to a certain value, the
electromagnetic force of the armature is greatly affected by the
electromagnetic force Fe1. The electromagnetic force F. of the
armature is the result of the superposition of the electromagnetic
force Feaand the electromagnetic force Fe;.  Through the
observation of Figure 8, the armature displacement of 0.3~1.3
mm is selected as the working range of the armature.

From Figure 9, r4 has an obvious influence on the variance of the
electromagnetic force on the armature. In the working range, the
larger the rs, the smaller the variance of the electromagnetic
force on the armature. The selection of rsis based on the
minimum variance of the electromagnetic force received by the
armature in the working range. When r4 is 4.2 mm, the variance
of the electromagnetic force received by the armature is 0.13 N2.

(2) The influence of guide angle width I3

Keeping |, unchanged as the initial values, rs is 4.2 mm, and I3 is
selected as 0.05 mm, 0.1 mm, 0.6 mm, and 1.1 mm respectively
to simulate the electromagnetic force of armature. The influence
of I on the electromagnetic force is shown in Figure 10, and the
influence of I3 on the variance of electromagnetic force in the
working range is shown in Figure 11.
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Figure 10: Influence of I3 on electromagnetic force.
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It can be seen from Figure 10 that the influence of Ison the
electromagnetic force of the armature is obvious. In the working
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range, the smaller thels, the smaller the fluctuation of the
electromagnetic force of the armature, that is, the smaller the
influence of the displacement of the armature on the
electromagnetic force of the armature.

It can be seen from Figure 11 that in the process of I3 changing
from 0.1 mm to 0.6 mm, the variance of the electromagnetic
force of the armature changes greatly, and the changes from 0.05
mm to 0.1 mm and from 0.6 mm to 1.1 mm are relatively small.
In the working range, the smaller the I3, the smaller the variance
of the electromagnetic force on the armature. The selection
of Iz is based on the minimum variance of the electromagnetic
force in the working range. Although the variance of the
electromagnetic force received by the armature is the smallest
when I3 is 0.05 mm, considering the processing difficulty of the
pole shoe and the durability of the electromagnet, and when I3 is
0.05 mm and 0.1 mm respectively, the variance of the
electromagnetic force received by the armature is not much
different, so Is is selected as 0.1 mm.

(3) The influence of basin mouth depth I4

Keeping rsis 4.2 mm, I3 is 0.1 mm, and I, is selected as 1.7 mm,
1.8 mm, 1.9 mm, 2.0 mm, and 2.1 mm respectively to simulate
the electromagnetic force of armature. The influence of I, on the
electromagnetic force of the armature is shown in Figure 12, and
the influence of I, on the variance of the electromagnetic force in
the working range is shown in Figure 13.
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Figure 13: Influence of 14 on the variance of electromagnetic force.

It can be seen from Figure 12 that the influence of I, on the
electromagnetic force of the armature is limited. In the working
range, the smaller thels;, the smaller the fluctuation of the
electromagnetic force of the armature. Figure 13 shows
that I, has little effect on the variance of the electromagnetic
force on the armature. In the working range, the variance of the
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electromagnetic force on the armature is the smallest when | is
1.8 mm. The selection of l4 is based on the minimum variance of
the electromagnetic force received by the armature in the
working range, so I, is selected as 1.8 mm.

After the sensitivity analysis of r4, I3, and l4, the values that give
the electromagnet constant force characteristics are
determined. rsis selected as 4.2 mm, lsis selected as 0.1
mm, |4 is selected as 1.8 mm.

3.3. Electromagnetic Force Simulation

Based on the key parameters of the electromagnet determined
above, the coil current is setto be 0.5 A, 1.0 A, 1.5 A, and 2.0 A,
respectively, and the armature is in the initial position (s= 0
mm). The distribution of the magnetic field line and the
magnetic induction intensity of the electromagnet are simulated.
The distribution of the magnetic field line and the magnetic
induction intensity at different input currents are obtained as
shown in Figure 14.

(@) I=05A (b)I=10A

(©)1=15A (d)y1=20A

Figure 14: The distribution of magnetic field lines and magnetic induction
intensity when different currents are input. (A stands for magnetic flux and B
stands for magnetic induction).
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It can be seen from Figure 14 that the closer to the coil and the
larger the input current is, the denser the distribution of the
magnetic lines is and the greater the magnetic induction in
intensity is. The distribution of magnetic field lines on the
electromagnet inner cylinder, armature, and pole shoe is denser
than that of the electromagnet shell, and the magnetic induction
intensity is also significantly larger than that of the
electromagnet shell, which is caused by the larger cross-sectional
area of the electromagnet shell.

To more intuitively observe the distribution of magnetic lines of
force and magnetic induction intensity of the armature at
different positions when the proportional electromagnet is
working, the proportional electromagnet of the armature at
different positions is simulated and analyzed below. When the
input current is 2.0 A, the distribution of magnetic lines of force
and magnetic induction intensity of the armature at different
positions is shown in Figure 15.

(€)s=15mm (d)s=2.0mm

Figure 15: Distribution of magnetic field line and magnetic induction intensity
of armature at different positions.
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Figure 15 again verifies the correctness of the above analysis of
the working principle of the proportional electromagnet.

When the armature is far away from the pole shoe basin bottom,
the magnetic line of force mainly passes through the magnetic
circuit ¢p2, the electromagnetic force Fezis larger, and the
electromagnetic force Fei is smaller. The downward movement
of the armature reduces the magnetic resistance on the magnetic
circuit ¢p1, and the electromagnetic force Fei becomes larger.
When the armature moves to the position where it will fit the
pole shoe basin bottom, the axial electromagnetic force Fe; rises
sharply. When the armature moves downward, the
electromagnetic force Fe; increases. When the armature is close
to the pole shoe basin bottom, the magnetic circuit ¢1 plays a
diversion role in the magnetic circuit ¢, and the electromagnetic
force Fe> will decrease. In addition, the armature is close to the
pole shoe basin bottom, and the angle between the
electromagnetic force Fe; and the axial direction is too large,
which also reduces the axial component of the electromagnetic
force Feo.  Through the superposition of these two
electromagnetic forces, the total electromagnetic force Fe of the
armature is formed. In the working range of the armature, the
electromagnetic force Feis not affected by the change in the
displacement s of the electromagnet and remains constant.

The coil current is set to 0.5 A, 1.0 A, 1.5 A, and 2.0 A
respectively. The electromagnetic force of the armature is
simulated, and the simulation results of the displacement—force
characteristics of the electromagnet are obtained, as shown
in Figure 16.
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Figure 16: Displacement—force  characteristic ~ simulation curve of
electromagnet.

From Figure 16, the electromagnet has perfect constant force
characteristics in the working range of the armature displacement
of 0.3~1.3 mm. In the working range of the armature, the
displacement of the armature is 0.8 mm, and the coil current is
set as a slope signal from 0 A to 2.0 A. The current—force
characteristics of the electromagnet are simulated, and the
simulation curve of the current—force characteristics of the
electromagnet is obtained. The electromagnetic force of the
armature under different currents is fitted, and the fitting curve
of the current—force characteristics of the electromagnet is
obtained, as shown in Figure 17.
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Figure 17: The current—force characteristic curve of electromagnet.

From Figure 17, the fitting curve of the current—force
characteristics of the electromagnet is highly consistent with the
simulation curve, and the R? is 0.998, which has met the actual
needs in engineering applications. The fitting expression of the
current—force characteristics of the electromagnet is obtained:

F, = 2.5 + 2.5I2 9)

4. Test Verification of Proportional

Electromagnets
4.1. Test Equipment

The electromagnetic force test bench is mainly composed of a
displacement sensor, force sensor, servo motor, power supply,
displacement controller, signal generator, fixture, and other
components. As shown in Figure 18, the displacement—force
characteristic curve and current—force characteristic curve of the
electromagnet can be tested respectively.
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Figure 18: Electromagnetic force test bench.

The electromagnet is fixed on the electromagnetic force test
bench by the fixture and is driven by a servo motor to move in
the vertical direction. The displacement controller controls the
position of the fixture and the electromagnet, which can test the
electromagnetic force when the armature is in different positions
and obtain the displacement—force characteristics of the
electromagnet. The signal generator can output signals of various
waveforms, provide various types of current for the coil, and
obtain the current—force characteristics of the electromagnet.

4.2. Test Scheme
(1) Displacement—force characteristic test

In the displacement—force characteristic test of the
electromagnet, the current of the coil is set to 0.4 A, 0.6 A, 0.8
A 10A 12A 14 A 16 A 18 A, 2.0 A respectively. The
displacement of the armature increases in the working range, and
the electromagnetic force is tested.

(2) Current—force characteristic test
Taking the displacement of the armature at 0.8 mm, the current

of the coil is set to the triangular waveform shown in Figure 19,
and the electromagnetic force of the armature is tested.
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Figure 19: Current waveform of the coil.

4.3. Test Results

By testing the electromagnetic force

20 25

of the armature, the

displacement—force characteristic curve of the electromagnet is
shown in Figure 20, and the variance of electromagnetic force
under different currents is shown in Figure 21.
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Figure 20: Displacement—force characteristic test curve of electromagnet.
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Figure 21: The variance of electromagnetic force under different currents.

Figure 20 shows that in the armature’s working range, the
electromagnetic force is maintained at a level that is not affected
by the armature’s displacement. Figure 21 shows that the
variance of electromagnetic force under different currents is less
than 0.2 N2, its uncertainty is less than 0.005 N? and the
electromagnet has constant force characteristics. The
experimental results show that the proportional electromagnet
studied in this paper has better constant force characteristics than
previous studies.

Figure 22 shows the curve of the average electromagnetic force
under different currents in the displacement—force characteristic
test, and the red symbol is the error stick. The uncertainty of
electromagnetic force is the largest when the current is 2 A,
which is 0.4 N.
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Figure 22: The curve of the average electromagnetic force under different
currents.

Figure 23 shows the continuous test and simulation comparison
curve of the electromagnet’s current—force characteristic curve.
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Figure 23: Current—force characteristic test and simulation comparison curve
of electromagnet.
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Figure 23 shows that the electromagnetic force increases with
the increase in the coil current input, and the test results are
highly consistent with the simulation results. The test results for
the electromagnet’s displacement—force characteristic agree with
the simulation results. Through experimental comparison, the
current—force characteristic simulation and test results of the
proportional electromagnet obtained in this paper are more
accurate than previous research.

5. Conclusions

In this paper, the influence of the key structure on the constant
force characteristics of the electromagnet is analyzed. A
proportional electromagnet for driving hydraulic valves is
designed with the condition of the minimum variance of the
armature’s electromagnetic force in the armature’s working
range. The mechanism of the constant force characteristics of the
proportional electromagnet is explained in detail, the
mathematical model of the electromagnetic force is established,
and the electromagnet is simulated and analyzed. The following
conclusions are obtained:

(1) The influences of the basin bottom radius, the guide angle
width, and the basin mouth depth on the constant force
characteristics of the electromagnet were studied by the FEM.
The influence of the basin bottom radius on the electromagnetic
force of the armature is obvious. In the working range of the
armature displacement, the larger the basin bottom radius, the
smaller the influence of the armature displacement on the
electromagnetic force of the armature. The influence of the guide
angle width on the electromagnetic force of the armature is also
obvious. In the working range of the armature displacement, the
smaller the guide angle width, the smaller the influence of the
armature displacement on the electromagnetic force of the
armature. The basin mouth depth has a limited influence on the
electromagnetic force of the armature. In the working range of
the armature displacement, the smaller the basin mouth depth is,
the smaller the fluctuation of the electromagnetic force of the
armature is. Their values are found respectively to give the
electromagnet constant force characteristics. When the basin
bottom radius, the guide angle width, and the basin mouth depth
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are 4.2 mm, 0.1 mm, and 1.8 mm respectively, the electromagnet
has better constant force characteristics.

(2) The FEM simulation analysis of the designed electromagnet
is carried out, and the displacement—force characteristics and
current—force  characteristics simulation curves of the
electromagnet are obtained. The current—force characteristics of
the electromagnet are fitted, and the fitting curve is highly
consistent with the simulation curve. The fitting expression
is Fe = 2.51 + 2.512, and R? is 0.998, which can meet the actual
needs of engineering applications.

(3) The test bench of the electromagnet is built to test its constant
force characteristics and output characteristics. The continuous
displacement—force and current—force characteristics of the
proportional electromagnet were tested. The test results of the
displacement—force characteristics of the electromagnet show
that the electromagnetic force is not affected by the displacement
of the armature in the working range, and the designed
electromagnet has perfect constant force characteristics. The test
results of the current—force characteristics of the electromagnet
are highly consistent with the simulation results, which will lay a
foundation for the continuous control of the hydraulic valve. The
related research deepens the understanding of how the key
parameters affect the constant force characteristics and helps
designers optimize these parameters to develop new structures
with certain practical engineering values.
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