
Citation: Fan, Y.; Wang, H.; Xie, L.;

Hu, N.; Yang, J. Armature Structure

Optimization of Annular Multipole

Solenoid Valves Based on

Electromagnetic Force Distribution.

Actuators 2023, 12, 54. https://

doi.org/10.3390/act12020054

Academic Editor: Jose Luis

Sanchez-Rojas

Received: 3 December 2022

Revised: 14 January 2023

Accepted: 20 January 2023

Published: 26 January 2023

Copyright: © 2023 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/).

actuators

Article

Armature Structure Optimization of Annular Multipole
Solenoid Valves Based on Electromagnetic Force Distribution
Yu Fan 1,2,3 , Haonan Wang 1 , Liangtao Xie 1 , Nao Hu 1,2,3 and Jianguo Yang 1,2,3,*

1 School of Naval Architecture, Ocean and Energy Power Engineering, Wuhan University of Technology,
Wuhan 430063, China

2 National Engineering Laboratory for Marine and Ocean Engineering Power System, Electronic Control
Sub-Laboratory for Low-Speed Engine, Wuhan 430063, China

3 Key Laboratory of Marine Power Engineering and Technology Granted by MOT, Wuhan 430063, China
* Correspondence: jgyang@whut.edu.cn

Abstract: To improve the dynamic response speed of high-speed solenoid valves in electric fuel
injection systems of marine diesel engines, a numerical simulation model of the solenoid valve is
described in this paper. The accuracy of the simulation model was verified on the test bed of the
solenoid valve. The effect of the punch position and the size of the dynamic response of the solenoid
valve were investigated by using the distribution law of the electromagnetic force in the armature.
The results of the test showed that armature drilling in the inter-yoke zone can optimize the solenoid
closing response time, but it has little impact on the solenoid opening response time. From this
rule, two groove schemes were further designed. Through comparison and calculation, it can be
concluded that the fan groove scheme is better than the trapezoidal groove scheme, and that the
opening and closing response times of the solenoid valve should be targeted in order to multi-target
optimize the fan groove geometric parameters and the armature thickness. The results show that
after optimization, the weight of the motion part is reduced by 21.6%, the opening response time of
the solenoid valve is reduced by 11.1%, and the closing response time is reduced by 30.0%. While
reducing the oil film damping of the armature motion, the overall dynamic response characteristics
of the solenoid valve are improved.

Keywords: solenoid valve of annular pole column; dynamic response; electromagnetic force; distribution
law; armature structure optimization design

1. Introduction

Due to its high thermal efficiency, strong adaptability, safe operation, and high de-
pendability, high-power diesel engines are frequently employed in ship, heavy vehicle,
and engineering machinery industries. With stricter regulations on fuel consumption and
emissions, many advanced technologies, such as turbocharging [1,2], exhaust gas recir-
culation [3,4], advanced combustion chambers [5–7], advanced combustion mode [8–10],
electronic high pressure fuel systems [11,12], and post-treatment technology [13], have
been applied to diesel engines. Electronic high-pressure fuel systems may not only increase
the atomization quality of the fuel in the cylinder, but they can also precisely manage the
fuel injection quantity and the injection timing, all of which can optimize the combus-
tion process. As a result, electronic high pressure fuel systems are extensively employed
and explored.

According to the injection control signals supplied by the electronic control unit (ECU),
the solenoid valve implements injection control in the common-rail system. The control
signals are converted in this procedure from electromagnetic to mechanical to liquid in
order to regulate the injector’s needle valve operation. The secret to precise control of
the injection time, the injection duration, and the multiple injections is therefore found in
the solenoid valve response characteristics. Previously, several academics have achieved
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significant advancements in the solenoid valve field. A pressure relief valve’s static and
dynamic performance was quantitatively examined by Maiti et al. [14]. To increase the
magnetic force, Tao et al. [15] modified the structure’s characteristics and used several
soft magnetic materials. Studies on the effects of driving current and voltage on the
static electromagnetic force of a solenoid valve were conducted by Topcu et al. [16] and
Nitu et al. [17], respectively. Angadi et al. [18,19] investigated how an electronic circuit
affected a solenoid valve’s magnetic field and temperature field. Liu et al. [20–22] used
experimental and computational approaches to investigate the effects of current, air-gap,
and a flat contact surface on the electromagnetic field of a solenoid valve. The impact of a
solenoid valve’s structural factors on its static electromagnetic properties was investigated
by Lan et al. [23] and Sun et al. [24]. Gao et al. [25] used simulation to study the flow within
a ball valve, and discovered that the valve opening significantly affects cavitation. The
inner flow of a control valve in a common rail fuel system and a unit pump system were
investigated by Xia et al. [26] and Qiu et al. [27], respectively. There are two cavitation
regions: the conical region and the downstream of the conical region, according to a study
by Qiu et al. [28] of the dynamic flow behaviour during the process of reducing pressure in
a control valve for electronic unit pump systems (EUPs).

The majority of the work presented above looked at the effects of structural factors
or driving current’s effects on electromagnetic properties and utilizing simulation and
experiment to study the dynamic behaviour of a solenoid valve. However, the toroidal E-
type solenoid structure was usually chosen by the subjects of these experiments. Due to the
high circulation injection volume in high-power diesel engines, the solenoid should have
both high flow and rapid response characteristics. Nevertheless, the solenoid valve flow
capacity and reaction speed are frequently at odds; greater flow necessitates an increase in
the valve flow area, which causes mass movement or an increase in spool travel, hurting
the solenoid valve quick response characteristics.

In response to this contradiction, the author’s team previously designed an annular
multi-pole solenoid valve (AMPSV) [29], which has the advantage over the traditional
ring-mounted E-type solenoid valve in that the coil is wound on several poles with a
specific gap between each pole. This helps the fan heat the coil and allows for a higher
drive current. The idea of the various contributions of various areas of the armature to the
size of the electromagnetic force is proposed in this paper, and the distribution law of the
electromagnetic force on the armature is analysed. Based on this law, the optimal design of
the armature structure of the solenoid valve is carried out to provide a technical reference
for the designers.

2. Structure and Principle of AMPSV and Test Bench
2.1. Structure and Principle of AMPSV

Using a marine, low-speed, small cylinder diameter, two-stroke diesel engine, common
rail type, electronically controlled injection system as the application object, the solenoid
valve design for the injection control of an electronically controlled hydro-boost injector,
the principle is shown in Figure 1. In the case where the solenoid valve is installed on
the injector, control hole A is connected to the injector control chamber. In the case where
the solenoid valve is de-energized, the control servo oil is connected to control port A
through the solenoid valve P port. In the case where the needle valve control chamber
is at high pressure, the needle valve is closed under the control chamber pressure and
spring pre-pressure. In the case where the solenoid valve is energized, the solenoid valve
spool moves, the control port A is connected to the return port T, the needle valve control
chamber pressure drops, and the needle valve is under the high-pressure fuel in the needle
valve chamber. The needle valve is lifted under the action of high-pressure fuel in the
needle valve cavity to achieve fuel Injection.
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Figure 1. Injector structure diagram. 1—Valve cover; 2—Static core; 3—Valve housing; 4—coil;
5—Armature; 6—Oil inlet; 7—Oil return port; 8—valve body; 9—Right cushion block; 10—Right
cone valve element; 11—Control port; 12—Outer valve core; 13—Left cone valve element; 14—Return
spring; 15—Left cushion block.

In the upper right corner of Figure 1 is a structure of AMPSV. Its working principle is
that the armature and the outer spool are laser-welded into a whole, forming the solenoid
valve motion parts. In the case where the solenoid valve is not energized (in the initial
state), there is no electromagnetic suction, and the outer valve core fits closely with the
proper inner cone valve core under the action of the reset spring. The return oil inlet is
not connected with the control port, while the control port is connected with the oil inlet
port. At this time, the oil pressure of the oil inlet is equal to the oil pressure of the control
inlet. As shown in Figure 2a, with the solenoid valve energized, the armature and the
outer valve core will move to the left of the reset spring under the electromagnetic suction
until the outer core inlet seat, and the left cone is pressed. Figure 3 shows Annular pole
electromagnet and moving parts.

Figure 2. The structure of solenoid valve and solenoid valve in on and off working state. 1—Valve
cover; 2—Static core; 3—Valve housing; 4—coil; 5—Armature; 6—Oil inlet; 7—Oil return port; 8—valve
body; 9—Right cushion block; 10—Right cone valve element; 11—Control port; 12—Outer valve core;
13—Left cone valve element; 14—Return spring; 15—Left cushion block.
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Figure 3. Annular pole electromagnet and moving parts.

2.2. Test Bench
2.2.1. Static Electromagnetic Force Testing Device

The static electromagnetic force test setup is shown in Figure 4, where the parameters
of the sensors used are shown in Table 1.

Figure 4. The static electromagnetic force test stand.

Table 1. Sensor parameter.

Sensor Name Sensor Type Measurement Range Sensitivity Precision (%) Output Voltage (V)

Current Sensor Hall magnetic
balance type 0~100 A 0.1 V/A 0.1 0~10

Displacement Sensors Eddy current type 0.36~1.36 mm 8.99 V/mm 0.1 0~10
Force Sensor Piezoelectric type 0~5.00 KN 3.57 PC/N 0.09 0~10

Test principle of the test stand
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The static electromagnetic force is transmitted to the force transducer through the
bracket, and the force sensor tests the magnitude of the electromagnetic force.

2.2.2. Solenoid Valve Dynamic Characteristics Test Bench

With a high-speed high-flow solenoid valve as the test object, the solenoid valve test
table structure is shown in Figure 5. The whole test bench includes a high-speed high-flow
solenoid valve, drive circuit, high-performance data acquisition card (NI-PCI-7851R) and
industrial control computer, etc. IPC sends the input control signal to the drive circuit. The
drive circuit is converted to a corresponding set current signal according to the control
voltage signal.

Figure 5. Solenoid valve test bench.

The current sampling part collects the current signal of the output circuit, compares
the collected current signal and the set current signal, enlarges the error between the two
signals through the hardware PID control process, and the amplified error signal is given
to the voltage pulse control chip (TL494). In the case where there is an error between the
two, the chip will change the output voltage duty cycle to change the output current, until
the error between the two reaches the set error, so that the output current signal can be
controlled by setting the current signal. After lowering the action of the solenoid valve coil,
the solenoid valve is fully open to maintain the solenoid valve open state. In the case where
the solenoid valve needs to be reset, the output current signal is directly reduced to 0 A, and
the solenoid valve is reset under the action of the spring force. During the operation of the
solenoid valve, monitor the armature displacement of the armature with the eddy current
displacement sensor installed on the valve body, and transmit the armature displacement
signal to the industrial control computer, for display and data preservation. Because the
solenoid valve moves fast, the CZ600 type of electric eddy current displacement sensor
with a high response frequency is selected to measure the armature of the solenoid valve
displacement signal. The maximum response frequency is 10 kHz, the linear range is
0.30~1.36 mm, and the measurement error is not more than 1.00%.

3. Finite Element Model and Validation
3.1. Mathematical Model

Figure 1, the moving parts are subject to the electromagnetic suction force, the spring
pretension force and the friction force, respectively, and their resultant force is:

F = Fs − Fm − Ff − F1 (1)

The maximum displacement of the outer spool is 0.32 mm, the spring stiffness is
80.0 N/mm, and the pretension force of the reset spring is 150 N. Because the external valve
spool works in the servo hydraulic oil, its lubrication conditions are good, the damping k is
set to 20 N/(m·s−1), the friction of the movement process F = kv. Because the left and right
cone spool are equal in diameter, the left and right fluid pressure of the external spool are
offset. The hydraulic oil contacted by the armature is the solenoid valve leakage hydraulic
oil, and the pressure P is 0.20 MPa. Because the right-side area of the armature is greater
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than the area of the left side area, the left and right force areas of the moving parts are SL
and SR, respectively. Because the left and right areas of the armature are equal, the actual
action area of the moving parts is the ring area of the blue shadow part in Figure 6.

Figure 6. Solenoid valve moving parts.

The armature is forced to the right by the pressure of the mixture. Because the armature
hole is the through hole, the area difference behind the front of the armature is not affected
during the movement process of the solenoid valve.

F1 = FR − FL = (SR − SL)·p =
π(132 − 102)

4
× 0.2 = 10.8(N) (2)

According to the structural characteristics of this electromagnet, its working magnetic
circuit is mainly composed of an electromagnetic core, an air gap (including working gap,
residual gap) and an armature. The designed electromagnetic magnetic induction strength
is between 7000 and 12,000 Gs, the magnetic permeability of soft magnetic materials such
as DT4C is more than 10,000 times that of air permeability, and the magnetic resistance
of the iron core is very small compared with the air gap of the same geometric size. The
magnetic resistance is mainly concentrated in the air gap.

The reluctance of the magnetic path is:

Rm ≈ Rδ =
l

µ0·S
=

2δ

µ0·S
(3)

µ0 is the air magnetic conductivity at 1.25 × 10−6 H/m. According to Equation (3),
the size of the magnetic resistance (air gap magnetic resistance) of the magnetic circuit is
inversely proportional to the cross-sectional area of the magnetic circuit, and is directly
proportional to the length of the magnetic circuit (the air gap width of the electromagnet is
δ). When the electromagnetic magnetic field is not saturated, the air gap magneto resistance
is the main part of the electromagnetic magnetic resistance.

The electromagnetic force equation is shown below:

Fm =
Φ2

2µ0·S
=

(I·N)2

2µ0·S·R2
m

=
µ0·S·(I·N)2

8δ2 (4)

If the magnetoresistance of conductive magnets such as the static iron core and arma-
ture is ignored, it is known from Equation (4) that the electromagnetic suction is inversely
proportional to the square of the air gap width δ. As the air gap width increases, the
electromagnetic suction will decrease rapidly. At the same time, with the increase in the air
gap width δ, the electromagnetic ferromagnetic road magnetic leakage will also increase,
further reducing the electromagnetic suction.

When the solenoid valve is on

Fm − Fs − kv− F1 = m
d2x

dtopen2 (5)
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topen =
x m

Fm − Fs − kv− F1
d2x (6)

When the solenoid valve is closed

Fs − Fm − kv− F1 = m
d2x

dtclosed
2 (7)

tclose =
x m

Fs − Fm − kv− F1
d2x (8)

From Equations (5) and (6), the opening and closing time of the solenoid valve stroke
is related to the moving armature mass, the electromagnetic suction, the reset spring
pretension force and the motion resistance.

F1 = 10.8 N, Fs = 150 N, ((since the external spool operates in the servo hydraulic oil,
the damping k is set to 20 N/(m·s−1))) From the (6) and (8) Equation, topen and tclosed are
inversely proportional to Fs, and are directly proportional to m. It can be concluded that the
opening and closing time can be reduced by reducing the armature mass or increasing the
electromagnetic force, but the electromagnetic suction has a certain relationship between
the iron mass and the armature, so it is necessary to explore the specific relationship
between the electromagnetic force and the armature mass so as to change the armature
mass reasonably.

3.2. Finite Element Model and Basic Settings

The ANSYS Maxwell software simulates the action of the solenoid valve and estab-
lishes a three-dimensional finite element model of the solenoid valve as shown in Figure 7.
The excitation of the coil is provided by an external circuit, as shown in Figure 8.

Figure 7. Three-dimensional finite element model of the solenoid valve.

Figure 8. The coil excitation adopts the external circuit.
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3.2.1. Define the Material Properties and Movement Settings

DT4C is a ferromagnetic material; its BH curve is shown in [24] and its saturation
magnetic induction intensity is about 1.6~1.7 T. Specifically, µ is the absolute permeability of
the DT4C material, and µ1 is the permeability of the vacuum, at a value of 4π × 10−7 H/m.

The material of the coil is set as copper, the relative permeability is set to 1, the
conductivity is 5.71 s/m; the static core and armature materials are set as electrical pure
iron, the conductivity is 1107 s/m; the armature region material is hydraulic oil, the relative
permeability is 1; the solution domain is set to air, and the relative permeability is 1.

The armature movement is set as a straight movement along the negative direction
of the Z axis, the working air gap is 0.42 mm, the residual air gap is 0.10 mm, the mass of
the armature is 26.00 g, the movement stroke is 0.32 mm, in addition, the total mass of the
external valve core should be 56 g. The spring pretension force received when the solenoid
valve is not opened is 150.00 N, and the damping k is set to 20.00 N/(m·s−1).

3.2.2. Boundary Conditions, Incentive Source, Grid Section and Solution Setting

Considering the eddy current effect of armature and static iron core, set the coil turns
of a single pole to 20 to create a coil containing the coil winding excitation source. The coil
excitation is provided by an external circuit, as shown in Figure 8.

Internal grid dissection was used to set the maximum grid size of the armature, static
core and coil as 3.60 mm, 4.2 mm for the motion domain, and 8.00 mm for the solution
domain. The final total number of grids obtained is 98,445.

With a 3D transient electromagnetic field solver, the simulation steps were set to 0.1 ms
and 16 ms, respectively, and the solution results of each substep were recorded.

3.3. Model Test Validation

As can be seen from Figure 9, in the solenoid valve spool opening (i.e., armature
working air gap) 0.20~0.35 mm range, the maximum deviation of the static electromagnetic
suction force of the solenoid occurs in the 18~34 A current interval. The actual excitation
current of the solenoid valve is closed-loop control; its excitation current control target is a
peak current in the range of 45~50 A, and a maintenance current in the range of 4.0~6.0 A.
The 18~34 A current range is located in the transition area of the sudden change of the
excitation current from peak current to maintenance current, which has less influence on
the solenoid valve control; the model deviation is small in the range of peak current and
maintenance current, the maximum deviation is 5.0%, and its error is within the range
allowed by the project.

Figure 10 shows the comparison of the passing test and the calculation results. The
measured opening response time of the solenoid valve is 1.9 ms, the calculated value is
1.8 ms, the error is 5%; the closing response time is 1.9 ms, the calculated value is 2.1 ms,
and the error is 9.5%. The error is due to the difference between the calculation circuit and
the actual driving circuit, the response speed is faster and the circuit delay is shorter. The
trend of the solenoid valve can verify the accuracy of the model.
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Figure 9. Comparison of simulated and experimental values of static electromagnetic suction force
under different working air gaps.

Figure 10. Comparison of calculated and experimental results.
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4. Effect of Armature Punching on Dynamic Response of Solenoid Valve and
Electromagnetic Force
4.1. Explore the Distribution Law of Armature and Electromagnetic Force

According to the model calculation, the armature model has a great influence on
the electromagnetic force and the response time of armature, and further solves the 3D
simulation of the instantaneous electromagnetic field of the solenoid valve with ANSYS
Maxwell simulation software. In order to simplify the model and improve the calculation
efficiency, considering that the ring electromagnetic magnetic loop mainly consists of static
iron core, coil and armature. The model removes the external valve core. At the same
time, considering that the magnetic circuit and structure are axial symmetry, the calculation
results of the solenoid valve 1/6 model shown in Figure 11 are compared with the whole
model. The opening response is consistent, although the closing response difference is
4.8%. This error was caused by the fact that the grid number of the full model was 98,445
and the change to the 1/6 model resulted in a grid number of 16,535, not 1/6 of the full
model. This error is small and the calculation time is reduced from 5 h 34 min to 36 min,
which can meet the accuracy requirement of the analysis and calculation. Subsequently,
the 1/6 model is used to carry out the design research of the solenoid valve armature.
According to the model calculation, the armature motion of the solenoid valve at the
t = 2.0 ms moment is dense in the inter-yoke area and sparse in the magnetic yoke area.
Similarly, the electromagnetic force is mostly distributed in the inter-yoke area of the
armature, but less in the magnetic yoke area.

Figure 11. Electromagnet model.

Figure 12 shows the armature magnetic induction strength and the electromagnetic
force distribution at t = 2.0 ms. In fact, the same law is in force in other moments of
the solenoid valve, indicating that the contribution of each part of the armature to the
electromagnetic force is different, and very different, for the optimization design of the
armature structure behind provides ideas.

Figure 12. Armature magnetic induction strength and electromagnetic force distribution (t = 2.0 ms).
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4.2. Effect of Armature Punching on the Response Time of the Solenoid Valve

Figure 13 shows the static electromagnetic force distribution. The main contribution
of the static electromagnetic force is in the central region of the armature of the magnetic
yoke area, while the inter-yoke area contributes less to the static electromagnetic force.

Figure 13. Distribution of Static electromagnetic force.

Figure 14 shows the two punching schemes. Figure 14a shows the magnetic yoke area
punching, and Figure 14b shows the inter-yoke area punching. The parameter variable for
the punch is the hole radius r0.

Figure 14. Punching scheme.

The centre distance from the centre of the armature is h0, the opening response time of
the solenoid is topen, and the closing response time of the solenoid is tclosed. The relationship
between the punching radius and position of the yoke area and the dynamic response of
the solenoid valve is shown in Table 2.

Concerning the relationship between the punching radius and the mass of the moving
part armature, the w value is the reduced mass fraction of the moving part (i.e., the armature
plus the external valve core) after drilling. Through the calculation of the armature hole’s
diameter and punching position, as shown in Table 2, the punching in the yoke zone has no
effect on the dynamic response of the solenoid valve. In the magnetic yoke interval area, the
aperture of the hole has a great influence on the dynamic response of the solenoid valve. As
the punch diameter increases, the solenoid opening response time increases and the closing
response time decreases. For the same aperture, the punching position has basically no
effect on the solenoid valve opening/closing response, as shown in Figure 15. The colour
of the bubbles in this diagram represents topen. The size of the bubbles represents tclosed.
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Table 2. Relationship between the drilling radius and position of the yoke area and the dynamic
response of the solenoid valve.

r0/mm ho/mm w/% topen/ms tclosed/ms

0.0 12.0 0.00 1.7 2.1
1.0 10.0 0.89 1.8 2.1
1.0 12.0 0.89 1.8 2.1
1.0 14.0 0.89 1.8 2.1
1.0 15.0 0.89 1.8 2.1
1.3 10.0 1.41 1.8 2.1
1.3 12.0 1.41 1.8 2.1
1.3 14.0 1.41 1.8 2.1
1.3 15.0 1.41 1.8 2.1
1.5 10.0 1.79 1.9 2.1
1.5 12.0 1.79 1.8 2.1
1.5 14.0 1.79 1.8 2.1
1.5 15.0 1.79 1.8 2.1
1.8 12.0 2.55 1.8 2.0
1.8 14.0 2.55 1.8 2.1
1.8 15.0 2.55 1.8 2.1
2.0 12.0 3.04 1.8 2.0
2.0 14.0 3.04 1.8 2.1
2.0 16.0 3.04 1.8 2.1

Figure 15. Overall relationship of inter-yoke area perforation.

In particular, when h0 = 13 mm, the solenoid closing response time decreased 33.3%
compared to the open, while the opening response increased by only 11.7% and the overall
response time decreased by 13.2%, as shown in Figure 16.

Figure 16. The relationship between the bore size and the dynamic response of the solenoid valve.
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5. Armature Design Scheme and Optimization
5.1. Armature Design Scheme

Based on the punching of Figure 14, further design of the two slotting schemes is
performed as shown in Figure 17. A trapezoidal groove is opened in each of the six yoke
regions of the armature to form the slot scheme A—trapezoidal groove of Figure 17a. The
r1 and r2 are the outer and inner radius of armature in mm. L4, L5 are upper and bottom
lengths of trapezoidal grooves in mm. L0, L1, L2 are described in Figure 17a in mm. A
similar fan-shaped slot is opened in each of the six yoke regions of the armature to form
the slot scheme B on Figure 17b. The r3 is the radius of the armature annular outer circle
in mm after the grooving. The description of L3 is shown in Figure 15b, all in mm. Other
parameters are the same as in Scheme A.

Figure 17. Slotting solutions for armatures.

Scheme A The relationship between the armature mass m and the parameters of the
trapezoidal groove is:

mA = sA × h0 × ρ (9)

sA = s0 − s1 (10)

s0 = π(r2
1 − r2

2) (11)

s1 = 6× 1
2
× (L3 + L4)× (r1 − L0 − L1) (12)

L4 =
2L0 − 4L1 − 11.2√

3
+ r1 (13)

L5 = r2 −
4L1 + 2L2√

3
(14)

where mA is the mass of armature in g; h0 is the thickness of armature in mm; ρ is the
density of armature material is 7.87 × 10−3 g·mm−3; SA, S0, and S1 are the cross-sectional
area of the armature after slotting, cross-sectional area of the armature before slotting, and
cross-sectional area of the six trapezoidal grooves in mm2, respectively.

5.2. Comparison of the Two Slotting Schemes and the Armature Structure Optimization

Through simulation calculation, it has been found that the solenoid valve dynamic
response of Scheme B is generally better than that of Scheme A. The armature structure
is optimized with scheme B as the slotted scheme below. The thee targets of parameter
optimization are the solenoid valve opening response time(topen), the closing response
time(tclosed), and the electromagnetic force size (F5ms) at the closing time of the control
signal. The mass of the armature is closely related to the geometry of the armature. Due
to structural constraints, the outer and inner circle radii r1 and r2 have been determined.
The armature thickness h0, the sector slot geometry parameter L3, and r3 are selected as
the three parameters to be optimized for optimization. To select the range of armature
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thickness, the relationship between different armature thicknesses and the solenoid valve
dynamic response was calculated as shown in Figure 18. The thickness of the armature
is less than 2.6 mm and the opening response is 1.9 ms; once it is greater than or equal to
2.6 mm, the opening response speed of the solenoid valve is increased, and the closing
response time will extend with the increase in the armature thickness. Considering that
the armature opening will increase the magnetic circuit magnetic resistance, it is possible
to reduce the opening response speed of the solenoid valve, and the calculated armature
thickness is selected as [2.6, 3.0].

Figure 18. Effect of armature thickness h0 on the dynamic response of the solenoid valve.

In order to select the parameter range of the armature fan groove, the relationship
between the slotted parameters L3, r3 and the dynamic response of the solenoid valve is
calculated by parametrization, as shown in Table 3.

Table 3. Relationship between slotting parameters and dynamic response of solenoid valve.

L3/mm r3/mm topen/ms tclosed/ms

2.0 8.0 Can’t open ——
2.0 10.0 2.1 0.9
2.0 14.0 1.6 1.4
2.0 18.0 1.6 1.9
3.0 10.0 2.0 1.1
3.0 14.0 1.6 1.6
3.0 18.0 1.6 1.9
4.0 10.0 1.9 1.2
4.0 14.0 1.6 1.8
4.0 18.0 1.6 1.9
5.0 10.0 1.9 1.5
5.0 14.0 1.6 1.9
5.0 18.0 1.6 1.9

It is found that when L3 is certain, the opening response time of the solenoid valve
decreases first and then increases with the increase in r3. The solenoid valve closing
response time tends to increase with the increase in r3. When r3 is certain and a small
value, such as 10 mm, the solenoid opening response time is short with the increase in
L3. However, when r3 is greater than 10 mm, the solenoid opening response time hardly
changes with the increase in L3. In terms of the closing response, when r3 is certain, the
opening response time of the solenoid valve increases with the increase in L3, but this trend
decreases as r3 increases. The parameter range of the open fan groove is selected by the
above rule, as shown in Table 4.
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Table 4. Parameter value range.

Parameters Range of Values

h0/mm 2.6~3.0
L3/mm 2.0~3.0
r3/mm 12.0~15.0

Use the optimization function of Maxwell, set the value range of parameters. Solve the
optimal solution of multiple objectives by optimizing the objective function Equations (15)–(17).
Sequential Non-Linear Programming (SNLP) is used to optimize the parameters to place
the target close to the set point. It approximately characterizes the FEM analysis results
using the response surface. Rapid optimization is achieved by approximation and mild
evaluation of the cost function. By calculating the function ‘X At Y Val’, the ‘Y At X Val’
function defines the time range, conditions, target and target weights, as shown in Table 5.

topen = XAtYVal(abs(Position), 0.32mm) (15)

tclosed = XAtYVal(abs(Position), 0)− 0.005s (16)

F5ms = YAtXVal(abs(Force_z), 0.005s) (17)

Table 5. Properties of the solved target.

Calculated Items Range Conditions Objectives Weights

topten 0~3 ms ≤ 1.5 ms 40%
tclosed 5~8 ms ≤ 1.5 ms 40%
F5ms — ≥ 177 N 20%

The function X At Y Val (abs(Position), 0.32 mm) indicates a time value when the
absolute value of the armature displacement is at 0.32 mm. To speed up the solution, with
an empirically selected time range of 0 to 3 ms, the function of t closed represents a time
value returned by the armature displacement at 0 mm. The difference lies in the time range
selected by X because the reset of the armature is made after the solenoid valve control
model is closed, so the 5 ms given by the control signal needs to be reduced after the
solution. Furthermore, in order to ensure that the solenoid valve can remain open until the
control signal is cut off, the F5ms can be greater than the solenoid valve needs to maintain
the open minimum electromagnetic force of 177 N.

Y At X Val (abs(Force_z), 0.005 s) indicates the current electromagnetic force of the
solenoid valve when the control signal is cut off at 0.005 s.

After 55 iterations, a better solution was selected, as shown in Table 6 for the optimized
armature structure parameters. After the optimization, the armature has reduced the weight
of 12.1 g. After optimization, the opening response time of the solenoid valve is reduced
by 11.1%. The closing response time is reduced by 30%, and the electromagnetic force
drops by 1.0% when the control signal is closed, but it is still greater than the minimum
electromagnetic force of 177 N for keeping the solenoid valve open, as shown in Table 7.

Table 6. Comparison of parameters before and after optimization.

Parameters h0/mm L3/mm r3/mm m0/g

Before optimization 2.8 0 0 55.9
After optimization 2.8 2 14 43.8
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Table 7. Target comparison before and after optimization.

Parameters topen/ms tclosed/ms F5ms/N

Before optimization 1.8 2 261.5
After optimization 1.6 1.4 258.9

6. Analysis and Discussion

According to the previous calculation and analysis, the magnetic path of the annular
electromagnet is mainly distributed in the inter-yoke region of the armature, but a few
parts are also distributed in the yoke region of the armature. The slot in the magnetic yoke
area is bound to increase the magnetic resistance of the magnetic path, causing the increase
in the electromagnetic force to slow down, thus leading to the increase in the opening
response time of the solenoid valve, but the reduction in the armature mass will improve
the opening response speed of the solenoid valve. After the slot, it is difficult to determine
whether the opening response time of the solenoid valve is increased or reduced. In terms
of the closing response, because the control signal is closed, the armature slot increases the
magnetic resistance of the magnetic road and causes the electromagnetic force to decrease
the speeding up. In addition, the quality of the moving parts decreases after the armature
slot, and the closing response time of the solenoid valve will be reduced.

In order to analyze the mechanism of the improvement of the solenoid valve, a
comparative analysis of three groups was conducted. The characteristics of the groups are
shown in Table 8

Table 8. Comparison of group characteristics.

Solutions h0/mm Slotting Situation m0/g

A 2.80 Trapezoidal slot 49.00
B 2.80 Scalloped slot 43.80
C 2.80 No Slot 55.90

The first group is compared between A and B. A comparison of electromagnetic force
and armature displacement before and after optimization is shown in Figure 19. After the
armature slot was found, the electromagnetic force curves of A and B basically coincide
before 1 ms. There are two reasons: first, the distribution of the magnetic path in the
armature is mainly concentrated in the inter-yoke area, and the magnetic yoke slot area
has less influence on the magnetic path. Second, for the slotted part, the magnetic line will
bypass the slotted part to the nearby unslotted part, and the magnetic induction strength is
stronger than the unopened part near the slotted part. Comparison of the distribution map of
the magnetic induction before and after optimization is displayed in the following figure.

Figure 19. Comparison of electromagnetic force and armature displacement before and after optimization.
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At t = 1.0 ms, the armature magnetic induction strength is distributed, and after 1.0 ms,
the electromagnetic force tends to slow down, which is because the armature is already
saturated in parts of the inter-yoke area as shown in the DT4CB-H curve of the armature
material of Figure 20.

Figure 20. Comparison of armature magnetic induction distribution clouds before and after optimization.

In the case where the strength of the applied magnetic field is increased, the intensity
of magnetization of the armature increases slowly as shown in Figure 20—Comparison
of electromagnetic force and armature displacement before and after optimization. The
maximum electromagnetic force appears at 2.0 ms, but the maximum electromagnetic force
after the slot is 463.8 N, greater than the maximum electromagnetic force of the solenoid
valve outside the slot. The reason is that after the solenoid valve is opened, the loss of static
iron core vortex increases as the current rises. At t = 2.0 ms, the loss of static iron core is
307.0 W, while the loss of unslotted static iron core is 355.0 W, the iron loss decreases, the
rate of energy conversion increases, and the force of maximum electromagnetic increases.
As for the shorter opening response time of Scheme B when compared to Scheme A, the
main reason is that the mass of the motion parts in Scheme B decreases more, so the
armature motion t2 time is shorter, decreasing from 1.0 ms to 0.8 ms. Figure 21 shows the
solenoid valve response time of the comparison group. A_topen and A_tclosed respectively
indicates the open and close response times of solenoid for solution A. B_topen and B_tclosed
respectively indicate the open and close response times of solenoid for solution B. C_topen
and C_tclosed respectively indicate the open and close response times of solenoid for solution
C. From the comparison of A and C, the opening preparation time is the same, and the
reduction of the armature movement time indicates that the armature slot will increase the
magnetic resistance and lead to the slower growth rate of the electromagnetic force.

Combined with A and C, the opening response time of both solenoid valves is 1.8 ms,
which indicates that the increased opening response time of the solenoid valve caused
by the armature slot is offset by the reduced starting response time of the solenoid valve
caused by the weight loss of armature slot motion parts. It is worth noting that after the
armature slot, the intensity distribution of armature magnetic induction appears stronger
near the slot than before the slot, which is also one of the reasons why the increase in
the offset magnetic resistance causes the slower opening response speed of the solenoid
valve. The dynamic response of the solenoid valve is analyzed from the perspective of
mass loss after armature opening. The comparative analysis of the third group, that is,
between scheme B and C, in the preparation reduction time of the solenoid valve is t3. The
armature preparation reduction time of scheme B is 0.2 ms less than that of C. The main
reason is the increase of magnetic resistance brought after slotting, which accelerates the
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reduction speed of electromagnetic force. In terms of the armature reset movement time
t4, the reset movement time of the armature of scheme B is 0.4 ms less than that of C as
shown in Figure 21. The reason is that the increase of the magnetic resistance brought
after opening the slot accelerates the superimposed effect of the reduction speed of the
electromagnetic force and the mass reduction of the moving parts.

Figure 21. Comparison group solenoid valve response time.

7. Conclusions

This study investigates and validates the electromagnetic force distribution law on the
APSV’s armature. Following a comparison and analysis of the two programs and the usage
of the electromagnetic force distribution law that was suggested to them, the following
conclusions can be drawn:
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distribution of magnetic density and magnetic force shows a dense distribution in the
inter-yoke area and a sparse distribution in the magnetic yoke region.
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Whether it is punched in the magnetic yoke area or the inter-yoke area, with a certain
punching radius, the distance between the hole center and the armature center has
less impact on the response of the solenoid valve.
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When punching in the inter-yoke yoke area, the punching aperture has a large impact
on the dynamic response of the solenoid valve. With the increase in the punching
diameter, the response time of the solenoid valve opening increases, but its increase is
not large. The closing response time is shortened, and the shortening range is large.
Without changing the circuit and other structural parameters, Solution B is better than
solution A.

During the opening stage of the solenoid valve, the weight reduction of the armature
and the accelerated magnetization speed in part of the armature can offset the adverse
impact of the increased magnetic resistance brought by the armature slot on the opening
response of the solenoid valve, and even reduce the opening response time of the solenoid
valve. During the closing stage of the solenoid valve, the slot of the armature increases the
magnetic resistance, which can speed up the decline speed of the electromagnetic force,
and the weight loss of the solenoid valve motion brought by the solenoid slot will reduce
the closing response time of the high-speed solenoid valve. After optimization, the weight
of the moving parts is reduced by 21.6%, the opening response time of the solenoid valve is
reduced by 11.1%, and the closing response time is reduced by 30.0%, which reduces the
oil film damping of the armature motion and also improves the overall dynamic response
characteristics of the solenoid valve.
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Nomenclature

F The combined force on the moving parts (N) r0 Perforation radius (mm)

Fs Resetting spring force of the resetting spring (N) r1, r2 Radius of outer and inner circle of armature (mm)

Fm Electromagnetic suction force (N) r3 Radius of the outer circle of the ring after slotting of the armature (mm)

Ff Friction force on the outer spool (N) Rm Magnetic circuit reluctance (A/Wb)

F1 Hydraulic pressure on the moving parts (N) Rδ Air gap reluctance (A/Wb)

FL, FR
Hydraulic pressure on the left and right sides of the S Magnetic circuit cross-sectional area (mm2)moving parts (N)

SL
Hydraulic pressure area on the left side of the SR Hydraulic pressure area on the right sides of the moving parts (mm2)moving parts (mm2)

k Damping factor (N/(m·s−1)) S1 Cross-sectional area of 6 trapezoidal slots (mm2)

v Instantaneous speed of the moving parts of the S0, SA Cross-sectional area of armature before and after slotting (mm2)solenoid valve (mm/s)

h0
Distance of the centre of the hole from the centre w Mass fraction reduced by moving parts after perforation (%)of the armature (mm)

I Coil current (A) Φ Magnetic flux of magnetic circuit (Wb)

L Maximum displacement of armature movement (mm) µ0 Air Magnetic Permeability (H/m)

l Length of magnetic circuit (mm) µ1 Magnetic permeability of vacuum (H/m)

L3, L4
Length of the upper and lower bottom of the

µ Absolute permeability of DT4C materialtrapezoidal slot (mm)

N Number of turns of coil ρ Density of armature material (g·mm−3)

AMPSV annular multi-pole solenoid valve F5ms The magnitude of the electromagnetic force at the moment the control signal is turned off (N)

topen Open response time (ms) tclosed Close response time (ms)
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