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Abstract: This paper proposes an electromagnetic suspension with an electromagnetic actuator, which
can improve the riding comfort and stability of the vehicle without changing the safety of traditional
MacPherson suspension. First, the electromagnetic suspension structure is introduced, and the
principle of the proposed actuator is described in detail. Second, a magnetic flux density model of a
single PM ring (permanent magnetic ring) and a magnet assembly are built, and a theoretical analysis
of the magnetic flux density is carried out for comparison. Then, the magnetic flux distribution of the
magnetic field is simulated and analyzed using the finite element method (FEM), and is compared
with theoretical and other experimental data. Finally, a vehicle dynamics model with 7 DOF is
built, and vehicle simulations based on the fuzzy PID algorithm are carried out on a C-grade road
surface and a deceleration strip. The theoretical results and simulation analyses of the FEM indicate
that compared with the MacPherson suspension, the root mean square values of the acceleration
of centroid acceleration for the electromagnetic suspension are increased by 59.08% and 33.34%,
respectively, on a C-grade road surface and a deceleration strip, and other physical quantities have
also been improved. The structure and characteristics of the proposed electromagnetic suspension
that improve the riding comfort of the suspension and enhance the stability of the MacPherson
suspension are feasible.

Keywords: electromagnetic suspension; quasi-parallel magnetic field; magnetic characteristics;
electromagnetic actuator

1. Introduction

The rapid growth in the number of vehicles, driven by the development of transporta-
tion and the improvement of people’s quality of life, has attracted increasing attention
on body vibration and tire wear. This concerns not only the safety and integrity of the
goods transported by automobiles but also the riding comfort and handling stability of the
vehicle [1]. As a key component of the vehicle’s body, the chassis not only supports the
vehicle but also accepts the thrust generated by the engine, ensuring the normal operation
of the vehicle [2,3]. Suspension systems, as key components of automobile chassis, have
garnered significant research interest.

Suspension systems play a key role in supporting the vehicle body and ensuring the
comfort, stability, and safety of vehicles. The research and development of comprehen-
sive suspension system performance is a key factor affecting vehicle performance, body
direction and attitude control, handling stability, and the driving and riding experience.
McPherson-independent suspension, widely used in the front suspension of modern cars,
has several shortcomings, including small brake resistance, weak suspension stiffness, poor
stability, and a noticeable turning roll. Therefore, designing a high-performance automobile
suspension system can fundamentally improve the performance of an automobile [4,5].
Suspension systems are developing towards the direction of lighter weight, smaller volume,
faster responses, more stable running state, and greater safety and reliability. With the
development of cities and increasing road pressure, vehicles, particularly their suspension
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systems, are more susceptible to problems [6]. The performance of a suspension system
mainly depends on the response ability of its actuator or the motor-to-road conditions.
Therefore, it is of great significance to research and discuss automobile suspension systems
and their related components.

Compared with passive suspension systems, semi-active suspension systems can
change the damping of shock absorbers by controlling the input of a single variable so as
to adapt to different road conditions [7-9]. At present, there are two types of adjustable
shock absorbers in semi-active suspension systems, which differ in terms of the amount of
control they exert. One adjusts the damping size of the damper solenoid valve by adjusting
the effective area of the throttle, but this method cannot avoid suspension system noise
and stability and reliability problems. The other adjusts the spring rigidity of the whole
shock absorber by changing the spring stiffness of the variable spring, but this may produce
bumps during the driving process.

Because there are no components with controllable forces installed in the system, a
semi-active suspension system cannot control the stiffness of the spring. Therefore, research
on semi-active suspension is greatly limited, and the improvement of vehicle performance
when using this suspension type is also greatly limited [10].

In recent years, researchers have designed various active suspension systems, includ-
ing those with rack and pinion rotating motors [11-14], ball screw mechanisms [15-18],
hydraulic actuating quarter-car active suspension systems [19], and electromagnetic suspen-
sion [20-22], among others. With the development of electromagnetic control technology
and PM material, electromagnetic suspension as a new type of suspension structure has
become of interest for researchers, such as traditional hydraulic dampers with a linear
motor [23], mechanisms with a ball screw mechanism and two one-way clutches [24],
coreless linear tube actuators with a special topology [25,26], electromagnetic and hydraulic
suspensions [27], and rotating semi-active electromagnetic variable stiffness devices [28],
and so on. They use these mechanisms instead of the dampers or springs of traditional
suspensions, or even both can be used. However, safety was not considered in the event of
suspension failure or power failure.

Suspension using a motor, magnetorheological fluid damper [29,30], and suspension
using an electromagnetic actuator are examples of active electromagnetic suspension. Com-
pared with the first two types of active suspension, electromagnetic actuator suspension
is simpler and more efficient in terms of its structure, performance, magnetic force, pro-
cessing, and so on. An electromagnetic actuator can greatly improve the reaction speed
of a suspension system, and thus, it has become the research focus of more and more
scholars [31,32]. In addition, electromagnetic actuators also have the advantages of simple
system configuration, fast response speed, and energy recycling, and as a result, they are
more and more widely used.

Integrating control methods into active suspension systems can significantly enhance
their performance. In [33], the semi-active suspension of automotive magnetorheological
fluids was controlled by a fuzzy control algorithm, and the overall performance of the
suspension was improved. In [34], a semi-active 1/4 suspension with three degrees of
freedom utilizing a magneto-rheological shock absorber was controlled by a hybrid fuzzy
and fuzzy PID controller. In [35], a fuzzy PID controller was applied in a half vehicle active
suspension system to enhance the vibration levels of the vehicle chassis and passenger seat.
Therefore, the fuzzy PID control algorithm combines the advantages of fuzzy control and
PID control, which makes it suitable for research on controlling electromagnetic suspension.
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This paper aims to make up for the ride comfort and stability of the vehicle without
changing the safety of the McPherson suspension. In this paper, we propose an electromag-
netic suspension structure that can improve the stability and ride comfort performance of
vehicles and make up for the defects of the McPherson suspension. Firstly, the structure of
the proposed suspension is introduced, and its principle is described in detail. Secondly, the
magnetic flux density model of a single PM ring and a magnet component is established,
and the theoretical analysis of the magnetic flux density is carried out. Then, the magnetic
flux distribution of the magnetic field is analyzed via the two-dimensional finite element
method, and the magnetic flux density is simulated via finite element analysis. Finally,
a vehicle dynamics model with seven degrees of freedom is established, and a vehicle
simulation on C-grade roads and a deceleration strip is carried out based on the fuzzy PID
algorithm. After improving the MacPherson suspension system, active control, four-wheel
ride comfort, and stability issues were studied with C-grade roads and a deceleration strip.

2. Structure and Principle

The proposed structure of the electromagnetic actuator uses a 1/4 MacPherson-type
independent suspension system, as shown in Figure 1a. The electromagnetic actuator is
inserted into the gap between the hydraulic damper and the spring, the coil assembly of
the electromagnetic actuator is connected with the upper cover, and the magnet assembly
of the electromagnetic actuator is connected with the cylinder tube of the hydraulic damper,
as shown in Figure 1b. The spring, electromagnetic actuator, and hydraulic damper are
connected in parallel. The magnet assembly adopts a double-layer PM magnet ring form,
and the coil assembly moves in the air gap of the magnet assembly. Compared to the
magnet assembly, the coil weighs less; the coils are connected to the upper cover of the
shock absorber, which facilitates connection to the vehicle’s internal circuit. Consequently,
the electromagnetic suspension can be controlled by inputting a current to resolve the
disadvantages of the MacPherson-type independent suspension. In this application, it is
necessary to maintain a safe distance between the electromagnetic actuator and the spring.
When the spring compresses to its lowest point, the distance between the upper cover and
lower cover is longer than the axial distance of the electromagnetic actuator, which means
that it can avoid the strike of the upper cover and the lower cover at the compression limit.
A characteristic of this electromagnetic suspension is that it does not change the structure of
the MacPherson suspension. It not only ensures the safety of the MacPherson suspension,
but it also improves the stability of the MacPherson suspension.

Shock absorber
Electromagnetic actuator

Figure 1. Cont.
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Figure 1. Structure of the electromagnetic suspension system. (a) 1/4 MacPherson-type independent
suspension. (b) Electromagnetic shock absorber.

The structure of the proposed electromagnetic actuator is shown in Figure 2. The
coil assembly involves a group of coils moving along the axis of the actuator. The magnet
assembly consists of the outer wall, six small PM rings, and six large PM rings for radial
magnetization, heat-dissipated rings, and a fixed plug. Each PM ring is composed of eight
identical pieces, and their material is Nd-Fe-B, and the PM rings are magnetized inside as
the S pole and the outside as the N pole. The outer wall and the fixed plug are used to fix
the PM rings. The heat-dissipated ring is used for dissipating heat between two PM rings
to avoid the phenomenon of heat accumulation. The fixed plug plays a role in fixing the
PM rings and heat-dissipated rings. Large PM rings and small PM rings are placed side by
side; the magnet assembly can generate a quasi-parallel magnetic field.

. Coil bobbin
Coil array

_— Fixed plug

Outer wall\

Large PM rings\

_— Small PM rings

| Heat-dissipated ring

Figure 2. Structure of the magnet assembly.
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2.1. Design of the Electromagnetic Actuator

For electromagnetic actuators, it is necessary to achieve a compact size and a large
magnetic force. The influence of the height and radial length of large/small PM rings
and the height of coils on the magnetic force of the proposed actuator was analyzed
using orthogonal experimental methods. As shown in Table 1, height and radial length
of large/small PM rings and the height of coils were determined as three factors for the
orthogonal experimental method, with each factor having three levels. The simulation
parameters are that the coercivity of the PM ring is 868 KA /m and the residual magnetic
flux density of the PM ring is 1.38-1.44 T. The Lg (3% x 3?) size optimization simulations of
the actuator by the orthogonal experiment method are shown in Table 2.

Table 1. Factors and levels in the orthogonal experiment method.

Height of Large/Small PM Radial Length of Large/Small Height of Coils
Level Rings (mm) PM Rings (mm) (mm)
A B C

1 10.5 10 5.5

2 11.5 11 9.5

3 12.5 12 12.5

Table 2. Lg (3% x 3?) size optimization simulations of the actuator by the orthogonal experiment method.
Height of Large/Small Radial Length O.f Height of Coils Magnetic Force
Number PM Ri Large/Small PM Rings
ings (mm) (mm) N)
(mm)

1 Al Bl C1 156
2 Al B2 C2 171
3 Al B3 C3 156
4 A2 Bl 2 135
5 A2 B2 C3 159
6 A2 B3 C1 171
7 A3 Bl C3 165
8 A3 B2 C1 150
9 A3 B3 C2 180

The analysis by the orthogonal experiment method (Lg (3% x 32) size) is shown in
Table 3. As can be observed, the combination (A3B3C2) is the optimal parameters, which
are the height of large/small PM rings (12.5 mm), the radial length of large/small PM rings
(12 mm), and the height of coils (9.5 mm).

Table 3. Analysis by the orthogonal experiment method.

Value Name Height of Coil, Thickness of Coil, Height of Soft Iron Ring;
(mm) (mm) (mm)

Kjy 543 516 537

Kj» 525 540 546

Kj3 555 567 540

Kijp1 181 172 179

Kip2 175 180 182

Kip3 185 189 180

R; 10 17 3

Primary and secondary order B>A>C

Optimal levels A3 B3 C2
Optimal combination A3B3C2

Note: Ky (k =1, 2, 3) is the sum of the simulation results with the same level k in the j"h column. Kjy is the mean
value of the simulation results with the same level k in the j column. R; is the range of Kjy.
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2.2. Sizes and Principles of the Electromagnetic Actuator

According to Section 2.1, the dimension mark and magnetic flux in the air gap are as
shown in Figure 3. Figure 3a,b, respectively, show sectional views in the radial direction
and in the axial direction. The magnetic flux is emitted from the N pole of the small PM
rings through the air gap, the coils, and the coil bobbin. Then, it is gathered at the S level
of the large PM ring. This structure for dual PM rings can generate magnetic flux in the
same direction as the air gap, which is equivalent to increasing the magnetic focusing effect.
Six groups of the dual PM rings generate magnetic flux in the same direction within the
air gap. When the coils move in the axial direction, they cause as much magnetic flux as
possible. The size parameters of the electromagnetic actuator are shown in Table 4.

IE| - Magnetic flux
L S pole in the air gap

N pole

AL _]A
4

Hwhole

Dcmax
Dbmax

Figure 3. Dimensional drawing. (a) Sectional view in the radial direction. (b) Sectional view in the
axial direction.
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Table 4. Size parameters of the electromagnetic actuator.

Size Parameter Description (Ur‘lli::hrlﬁm)
H. Axial length of the coils 9.5
Hy, Axial length of the PM ring 12.5
Hy,y Axial length of the heat-dissipated ring 3

Hyhole Axial length of the actuator 96

Dnole Outside diameter of the actuator 80.6
D cmax Outside diameter of the coils 62.3
Demin Inside diameter of the coils 56.6
Dsimax Outside diameter of the small PM rings 52.6
Dsin Inside diameter of the small PM rings 40.6
Dyax Outside diameter of the large PM rings 76.6
Dimin Inside diameter of the large PM rings 64.6

3. Model and Analysis of the Magnetic Field

In the electromagnetic actuator, the magnetic field in the air gap of the stator is the
main factor for improving performance. The homogeneity of the magnetic field in the air
gap along the actuator’s axial direction decides the stability and linearity of the actuator’s
thrust force. The magnetic flux density in the air gap decides the thrust force of an actuator
and the ride comfort of a vehicle. First, the model of the magnetic flux density in an air gap
is built, and the characteristic of the magnetic field is theoretically analyzed.

3.1. Magnetic Flux Density Model of a Single PM Ring

To analyze the quasi-parallel magnetic field in the air gap between the PM ring arrays
and the inner wall of the actuator, the mathematical model of the magnetic flux density of
the magnet field is built in the y direction according to the Ampere molecular circulation
hypothesis, as shown in Figure 4. When the positive direction of the magnet field is +y
direction, the spatial magnetic field is equivalent to the magnetic field generated by Surface
Currents 1 and 2 [36,37].

Surface current 2

y Surface current 1
0 P \\~‘\\\\‘\\)
> 0, T P(Xy) Box
" E 0 g i
: )6 B B
n Q(ab) ¥ °

Figure 4. Schematic diagram of the magnetic field of a single PM ring.

A schematic diagram of the magnetic field of a single PM ring is shown in Figure 4.
The description of the variables in the formulas is shown in Table 5. The magnetic flux
density formula at point P(x, y) in the y direction can be expressed as follows [38-40]:

Boy = —B, cos 0 1)

where

_mokv o o YD
B, = 2m,9—arcsm( . )
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The magnetic flux density By11 and By 1o generated by the surface currents 1 and 2 can
be expressed as (2) and (3) [41-43]:

_ b2 poko
By11 *fel o sin 6 db

2
oko 1/2 y+1/2
= B¢ [arctan (¥ —7.73) — arctan( ;{—h/z )]
0 ko
Byo = —Jp, 2 505 cos 6 db
k. y+1/2 1/2 (3)
= 2 arctan( +h/2) - arctan(th/z)]
where " w2
_ X— — _ x—
"= "coso y db (cos6) (11/9
+1/2
61 = arctan ( £ —73) 02 =arctan (3 Y 73 )
Table 5. Variable table.
Variable Description
Q(a, b) Horizontal and vertical coordinates of any current source
P(x,y) Horizontal and vertical coordinates of any point in a plane
j Ring number from left to right, j = 1-6
01, 0> Angle between the upper and lower points of surface current 1
0 Angle between the line of point Q and point P and the horizontal line
r Distance between point Q and point P
Byi1 Magnetic flux density of surface current 1
B2 Magnetic flux density of surface current 2
By Magnetic flux density of large PM rings
By> Magnetic flux density of small PM rings
By Magnetic flux density of the PM ring array

3.2. Magnetic Flux Density Model of the Magnet Assembly

To analyze the magnetic fields of two groups of PM ring arrays, the magnetic flux
density of the PM ring array By in the air gap can be expressed as (4) [43]:

By = By + B2
4
Byj = z Byt Z By W
_ Hoko y—1/2 _ Hok y+1/2
By = > arctan(x_ G=1)-(h+3) —h/2) o arctan(x_ G=1)-(h+s) —h/2) 5)
ok y+1/2 _ ok y—1/2
Byjp =~ arctan(x_ (j—l)-(h+s)+h/2) - arctan(x_ (j—l)-(h+s)+h/2) (6)

3.3. Theoretical Analysis of Magnetic Flux Density

According to the magnetic flux density model of the actuator’s magnet assembly, the
magnetic flux density was calculated by (4) in the middle of the air gap and along the
whole axial length of 90 mm. The calculated results of the magnetic flux density of each
PM ring and the superimposed magnetic flux density of the six PM ring arrays are shown
in Figure 5. The results of each PM ring are shown as a normal distribution curve, the
superimposed magnetic flux density B, is shown as regular fluctuations, and its value
varies between 51.73 and 788.49 mT.



Actuators 2023, 12, 203

9 of 25

—e—Byl By4
1200 —=—By By2 —<—By5
—v—By3 By6

1000

Magnetic flux density (mT)

Displacement(mm)

Figure 5. Theoretical results of magnetic flux density.

4. FEM Analysis of the Magnetic Field
4.1. FEM Analysis Model

To compare with the magnetic field theory model, a 2-D FEM analysis on the magnetic
field and magnetic flux density was conducted using a magnetic field analysis software
program. A half 2-D FEM model was built with the same dimension parameters as in
Table 4, since the structure of the actuator is axisymmetric. In the FEM model, the remanence
Br of the permanent magnet was 1.38-1.44 T, and the coercivity was —876 KA /m.

4.2. FEM Analysis on the Magnetic Field

Based on the cylinder coordinate system, the electromagnetic actuator is simulated
to obtain the magnetic density and magnetic flux trend by FEM. The simulation adopts a
cylindrical coordinate system. The axle of the actuator is z-axis, shown in Figure 6, and the
same graphical scales of 0-100 mm are used. The result of the FEM analysis clarifies the
characteristics of the quasi-parallel magnetic field for the actuator using PM ring arrays.
Since the S pole of the large PM rings is parallel to the N pole of the small PM rings in the
air gap of the electromagnetic actuator, there is less magnetic flux leakage. The magnetic
flux is nearly parallel in the air gap and its distribution is relatively even in the air gap
except for the two ends. This proves that when it moves in the air gap, the coil moves
through, cutting the parallel magnetic flux.

Assumption: Each coil has a diameter of 1 mm and a current of 0.8 A is applied. After
applying direct current to each coil, the eddy current loss in the simulation is approximately
3 W. Figure 6 shows the simulation structure of the electromagnetic actuator at 0.04 s.

Figure 6a shows the FEM simulation results for the magnetic flux density. From the
legend on the left, the magnetic flux density ranges from 4.9979 x 10~ T to 2.500 T. From
the magnetic flux density results in the radial direction, it can be seen that the magnetic flux
density in the air gap between the large PM rings and the small PM rings is about 550 mT,
and the magnetic flux density at both ends is about 670 mT. The magnetic flux density
of the large and small heat-dissipated rings is about 1.9 T. The magnetic flux density of
the heat-dissipated rings in the middle of the same-size PM rings in the axial direction is
relatively large.
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Figure 6b shows the FEM simulation results in the direction of magnetic flux. From
the legend on the left, the magnetic flux density for the direction of magnetic flux ranges
from 4.9979 x 1073 T to 2.500 T, which is the same as in Figure 6a. The results show that the
magnetic flux between the large PM rings and the small PM rings is perpendicular to the
axial direction of the electromagnetic actuator, and the directions of the multiple magnetic
fluxes are parallel to each other. There will be divergence at the edge of each PM ring.
Therefore, a magnetic field will be generated at the heat-dissipated rings. In theoretical
calculations, the edge effects of the PM rings are assumed to be 0 mT, and this is reflected
in the FEM simulation.

Figure 6¢ shows the FEM simulation results of the magnetic flux trend. From the
legend on the left, the magnetic flux distribution for the magnetic flux trend ranges from
—2.214 x 107# T t02.024 x 10~* T. The results show that the parallel magnetic field between
the large PM rings and the small PM rings is visible, and the magnetic flux in the large
heat-dissipated rings and the small heat-dissipated rings is repulsive; in the simulation
boundary, due to the inevitable phenomenon of magnetic leakage, the magnetic flux must
exist outside the electromagnetic actuator.

BLteslal
2, SEREe +AEE

. 2, 26565 +20A
2. 1149e+@280
1. 9642 +EEA
1. 8135e+080
1. 66285+
1. 5178 +B0E
1. 36135 +008
1. 21065 +a6E
1.0599e+280
9, @923-081
7. 56525-881
5. @752e-0E1

4. 571le-8@1
3 @641-AA1
1. 557A&-A01
4. 9979883

et
Time =004s
Speed =0.200000m_per_sec I
Position =8.000000mm 0 50 100 (mm)
BLtes1al f
2, SO0EE +AEEA 4 —
. 2. 26562+BEE e
2, 1149 +aEA
1. 964 Ze+@@0
1. 81355 +aE8
1. 66265 +088 ==
1. 51205 +08a e P
1. 3613 +B08 :;/W
1. Z1BEe+BE8 ]
1. A599 +aEA
9.0923e-881 ]
7.5852e-BA1 A
6.07825-081
4, 5714=-@E1 ]
3. @641e-BE1 a&z
1. 557@e-281 ==
Y4, 9979=-283 ——
%b
“—
jt%ﬂtk
4 e -
S
e
\\nﬁ__//
Time =0.04s
Speed =0.200000m_per_sec L
Fosition =8.000000mm 0 100 (mm)

(b)

Figure 6. Cont.



Actuators 2023, 12,203 11 of 25

AlWh/m] f
2.8210e-004

. 1. 624@e-00Y4
1. 3666-004
1.1136e-0aY

. 5842e-005
B.B323e-0@5

3. uBm3e-0RS

9. 2840006

| -1.6235¢-085
-4, 17556-805

-6, 7274e-0B5

-9, 2793e-0a5

-1, 1831e-a04

-1, 4383e-004 | | |
-1.6935e-0@Y4 | [
-1, uETe-BAY - || | —
-2, 2839e-00% G A 18

1T

[T

[

il

I
3
A

Time =0.04s
Speed =0.200000m_per_sec
Position =8.000000mm

0 50 100 (mm)

(©)

Figure 6. FEM analysis of magnetic field for half of the actuator. (a) The magnetic flux density.
(b) The direction of magnetic flux. (c) The trend of magnetic flux.

4.3. FEM Analysis of the Magnetic Flux Density

To compare with the theoretical results of the magnetic field model, the superimposed
magnetic flux density of the magnet assembly was also analyzed using the 2-D FEM model.
The FEM analysis results in Figure 7 clarify the characteristics of the quasi-parallel magnetic
field for the magnet assembly using PM ring arrays. The positions of the axial air gap of the
PM ring arrays were analyzed, which is the same as the theoretical calculation positions.

Curve By is the magnetic flux density of the PM ring arrays in the axial air gap. Curve
Byl to curve By6 are the magnetic flux densities of six magnetic rings from the lower to
upper cover. In an air gap magnetic field, the magnetic flux density is roughly in the range
of 100 mT-650 mT. Compared to the theoretical result curves, these curves roughly exhibit
an irregular sinusoidal shape. At the axial center of the permanent magnet, the magnetic
flux density is the highest. At the axial center of the heat-dissipation ring, the magnetic
flux density is the smallest. The theoretical calculation curve trend is consistent with the
FEM simulation curve trend, with a slightly lower peak magnetic flux density at the middle
magnetic rings. The irregular shape of the curve may be due to the consideration of eddy
current losses, edge effects of magnets, and other factors in the FEM simulation.

800 - ——Byl ——By4
——By ——By2 By5

/l: 7004 —— By3 —— By6
E
> 600 - /\
2
S 500- N
o
% 400
S 300+
7]
S
S 200+
=

100 -

0 T

0 20 40 60 80 100
Displacement (mm)

Figure 7. Simulation results of magnetic flux density.
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To verify the curve trend of theoretical results and finite element results, the PM
arrangement in [44] is similar to that used in this paper. Reference [44] studied an electro-
magnetic actuator for an active suspension (as shown in Figure 3 of [44]), which uses a
single-layer magnetic ring array. The arrangement of magnetic poles is that the outer side
is N pole, the inner side is S pole, and each magnetic ring is composed of eight same pieces.
The magnetic flux (as shown in Figure 3 of [44]) is emitted from the N pole of the PM rings,
passes through the air gap, the outer and inner walls, and then returns to the S pole of the
PM rings. This paper adopts a double-layer magnetic ring array, in which the N poles of
the small magnetic rings are in face of the S poles of the large magnetic rings in the air gap.
Each magnetic ring is also composed of eight same pieces.

In the air gap, compared with the magnet ring array (as shown in Figure 6 of [44]),
adding a layer of magnetic ring array will increase the magnetic flux density of the air
gap. The theoretical and finite element results of the magnetic ring array are compared and
analyzed with the experimental results, as shown in Figure 8. The magnetic field trends
of the three curves are consistent, and each curve owns six peaks at the same position.
This can prove the correctness of the magnetic flux density trend of the theoretical model
derived in this paper. Due to the same position of six peaks, the magnetic flux density will
increase as the volume of the magnet rings increases. The experimental results of magnetic
field density in [44] are approximately in the range of 50-200 mT, and the theoretical and
simulation results of magnetic field intensity in this paper are approximately in the range
of 100-650 mT. Therefore, the arrangement of the magnet ring array in this paper with a
large magnetic flux density in the air gap is superior to that in [44].
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Figure 8. Three results of magnetic flux density.

4.4. FEM Analysis on Magnetic Force

Based on the magnetic field characteristics of the electromagnetic actuator, it is neces-
sary to analyze the magnetic force characteristics of the electromagnetic actuator, as shown
in Figure 9. The magnetic force characteristics are divided into the current-magnetic force
characteristics and the displacement-magnetic force characteristics.

The current-magnetic force curve is shown in Figure 9a. The current range is —1.8 A to
1.8 A, and the magnetic force range of the electromagnetic actuator is —219.8 N to 220.9 N.
The current-magnetic force characteristic curve passes through the origin [0,0]. When the
current is 1 A, the magnetic force is 122.2 N. When the current is —1 A, the magnetic force
is —122.0 N. The slope of the current force curve is approximately 122.2.

The displacement-magnetic force curve is shown in Figure 9b, which is the displacement—
magnetic force curve when the currentis 0.5 A, 1.0 A, and 1.5 A, respectively. With increasing
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displacement, the magnetic attenuation is 0.187 N/mm. When the current is 1.0 A and
1.5 A, the magnetic attenuation is 0.376 N/mm and 0.618 N/mm, respectively.
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Figure 9. Simulation results of magnetic force characteristics. (a) The current-magnetic force curve.
(b) The displacement-magnetic force curve.

5. Vehicle Simulation Based on the Fuzzy PID Algorithm

To obtain the dynamic characteristics of the electromagnetic suspension, a seven-DOF

dynamics model of the whole vehicle was established, and then the fuzzy PID simulation
analysis was carried out.

5.1. Vehicle Dynamics Model

The pitch and roll characteristics of the whole vehicle are analyzed through the seven
DOF dynamics model. The seven-DOF dynamics model based on fuzzy PID control is
shown in Figure 10, and its parameters and descriptions are shown in Table 6. Based
on the dynamics model of the passive suspension of the whole vehicle, electromagnetic
suspension actuators are introduced at the four shock absorbers, and the magnetic forces
Fia, Fi, Fic, and F;p are generated.
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Figure 10. Seven-DOF dynamics model based on fuzzy PID control.

Table 6. Variable table for seven-degree-of-freedom vehicle suspension.

Variable

Description

Xp
My
0

CsC

Displacement of body centroid
Mass of body centroid
Pitch angle
Roll angle
Distance from the center of mass to the front axle
Distance from the center of mass to the rear axle
1/2 front track
1/2 rear track
Mass of the left front wheel
Mass of the right front wheel
Mass of the left rear wheel
Mass of the right rear wheel
Displacement of the left front wheel
Displacement of the right front wheel
Displacement of the left rear wheel
Displacement of the right rear wheel
Stiffness of the left front wheel
Stiffness of the right front wheel
Stiffness of the left rear wheel
Stiffness of the right rear wheel
Stiffness of the left front wheel spring
Stiffness of the right front wheel spring
Stiffness of the left rear wheel
Stiffness of the right rear wheel
Left front wheel damping coefficient
Right front wheel damping coefficient
Left rear wheel damping coefficient
Right rear wheel damping coefficient
Left front wheel road displacement
Right front wheel road displacement
Left rear wheel road displacement
Right rear wheel road displacement
Left front wheel spring mass displacement
Right front wheel spring mass displacement
Left rear wheel sprung mass displacement
Right rear wheel sprung mass displacement
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According to the dynamics model of the whole vehicle with seven DOF, the dynamics
model of the whole suspension system is established using Newton’s law. The seven
DOF are centroid acceleration, pitch angle acceleration, roll angle acceleration, and vertical
displacements of four wheels. Then, the vertical displacements of the four wheels can be
expressed by Equations (7)—(10), and the centroid acceleration, pitch angle acceleration,
and roll angle acceleration can be expressed by Equations (11)-(13), respectively. The
seven-DOF dynamics model is as follows, and the physical quantities in Equations (7)-(13)
can be seen in Figure 10.

MypaXwa = kea(Xga — Xwa) +Ksa(Xpa — Xwa) + Csa(¥pa — Xwa) + Fia 7)

MypXwB = kB (XgB — XwB) + ksB(Xpp — XwB) + CsB(Xp — XwB) + Fip 8)

Myckwe = kic (Xge — Xwe) + ks (Xpc — Xwc) + csc (Xpc — Xwe) + Fic 9

mypXwp = kip (Xgp — *wp) + ksp (Xpp — Xwp) + ¢sp (%50 — ¥wp) + Fip (10)

mpXy = csa(%wa — Xpa) +ksa(Xwa — Xpa) + CsB (Xwp — Xpp) + ksp(XwB — Xpp) + ¢sc (Ywe — Xpe) (11)

+ksc (Xwe — Xpc)+6sp (Ywp — Xpp) + ksp (XwD — Xpp) + Fia + Fig + Fic + Fip

Ipé = [CSC (xw.C - be) + kSC(wa - xhC) + Fic +¢p (XwD - ijD) .+ ksD(wa - be) + FiD} b (12)
—[esa(Xwa — %pa)  +ksa(Xwa — xpa) + Fia + s (YwB — Xp) + ksp(Xwp — Xp5) + Fip] - a

L= [csa(twa — %pa) + ksa(¥wa — Xba) + Fia — csB(%wB — XbB) — ks (Xws — xbB) — Fip] - tf (13)
+[ese (*we — Xbe) + kse (Xxwe — xpe) + Fie — ¢sp (¥wbd — %bp) — ksp (¥wD — Xbp) —Fip] -
where
Xpa =Xp—a-0+tr-@ Fia=kia-Ia
xpp=xp—a-0—tr-¢ Fp=kp-Ip
XpC :xb+b-9—0—tr~q) FiC :kiC'IC
Xpp=xp+b-0—t,-¢ Fp=kp-Ip

Vehicle parameters are shown in Table 7.

Table 7. Vehicle parameters.

Parameters (Unit) Value Parameters (Unit) Value
ms (kg) 1836 csp4 (N/(m/s)) 1800
Mmypa (kg) 50 csg (N/(m/s)) 1800
myp (kg) 50 csc (N/(m/s)) 2000
Mye (kg) 50 ¢sp (N/(m/s)) 2000
Myp (Kg) 50 kia (N/m) 230,000
I, (kg'm?) 3411 ki (N/m) 230,000
I, (kg'm?) 676 kic (N/m) 230,000
ksa (N/m) 57,000 kip (N/m) 230,000
kg (N/m) 57,000 a (m) 1.455
ksc (N/m) 64,000 b (m) 1.514

kep (N/m) 64,000 t; (m)/t, (m) 0.805
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Centroid acceleration
Set value

5.2. Fuzzy PID Control Algorithm

The fuzzy PID control block diagram is shown in Figure 11. The external disturbance
of the vehicle suspension system is road excitation. The centroid acceleration is set to
0 mm/s?, and the input of the fuzzy controller is the deviation e and the variation of the
deviation ec. Based on fuzzy control rules, PID parameters are adjusted online to meet
different requirements for PID parameters with different deviations e and incremental
deviations ec. The simulation employs a variable-step solver with a maximum sampling
step of 0.01 s, utilizing the Ode45 solver algorithm. The simulation is set to run for a
duration of 5 s. The actives of the simulation are centroid acceleration, acceleration of the
roll angle, acceleration of the pitch angle, dynamic deflections for four wheels, and dynamic
loads for four wheels.

Fuzzy control

Road excitation
— Kp| Ki| kd
k. r Acceleration of the roll angle

E Vehicle suspension
PID control system *| Acceleration of the pitch angle
> Dynamic deflections for four wheels |
Dynamic loads for four wheels

Figure 11. Fuzzy PID control block diagram.
5.3. Vehicle Simulation Results Based on Fuzzy PID under C-Grade Surface

Based on Matlab/Simulink simulation software, the fuzzy PID control simulation
analysis of electromagnetic suspension is carried out and compared with the passive
suspension. Three evaluation indicators of vehicle ride comfort are analyzed, namely
body acceleration, roll angle, and pitch angle. Take the C-grade road surface (as shown
in Figure 12) as the input road surface and set the vehicle speed to 20 km/h. The fuzzy
PID simulation parameters are adjusted and determined by the parameter setting method.
Therefore, the fuzzy PID control law is shown in Table 8. The PID control parameters are
kp = 1, ki =20, and kd =0.01.

0.05+
1 —— Awheel C wheel
0-04‘_ —— B wheel D wheel
0.034
0.02 /)1“
W |

Road excitation
on a C-grade road surface (m)

Figure 12. Road excitation on a C-grade road surface for four wheels.

The simulation results of centroid acceleration, acceleration of the roll angle, and
acceleration of the pitch angle based on the fuzzy PID controller are shown in Figures 13-15,
which show the simulation comparison results of three main evaluation indicators. The
trend of active suspension and passive suspension of the three curves is the same. The root
mean square (RMS) values of the centroid acceleration, acceleration of the roll angle, and
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acceleration of the pitch angle are 59.08%, 3.06%, and 3.54% higher than those of passive

suspension, respectively. The tracking response of these three curves is fast.

In the simulation results of vehicle body acceleration in Figure 13, there is a slight
delay, with a delay time of 0.05 s. The acceleration of roll angle curve is shown in Figure 14.
At 3 s, the peak value of the electromagnetic suspension is 0.012 rad /s? less than that of
the passive suspension. The acceleration of the pitch angle curve is shown in Figure 15. At
1.96 s, the maximum value of the electromagnetic suspension is 0.153 rad /s less than that

of the passive suspension.

Table 8. Control law on C-grade road surface for fuzzy PID algorithm.

Ec
u NB NM NS V4 PS PM PB
NB PB PB PM PM PS Z Z
NM PB PB PM PS PS Z NS
NS PM PM PS PS Z NS NS
E Z PM PM PS Z NS NM NM
PS PS PS V4 NS NS NM NM
PM PS V4 NS NM NM NM NB
PB V4 V4 NM NM NM NB NB
- — - Passive suspension
2'5'_ Electromagnetic suspension
)
E
c
Ke)
g
Q
©
3
<
2
Time (s)
Figure 13. Centroid acceleration on a C-grade road surface.
0.40
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&(; | Electromagnetic suspension
8 0.6
% 0.4 31
s | ,
<=3 0.2
5 .
c 004
8
E 1Al
T 024
[0]
3 .
<< -04-
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Figure 14. Acceleration of the roll angle on a C-grade road surface.
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Dynamic deflection for A wheel (m)

Dynamic deflection for C wheel (m)
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Figure 15. Acceleration of the pitch angle on a C-grade road surface.

The simulation results of the dynamic deflections for the four wheels are shown
in Figure 16. The simulation results of the suspension’s dynamic deflection for wheels
A, B, C, and D are analyzed. The simulation results show that the maximum dynamic
deflections of the electromagnetic active suspension are slightly lower than those of the
passive suspension, and the controller has good tracking performance. The suspension
dynamic deflections of wheels A, B, C, and D are 13.20%, 9.84%, 11.98%, and 16.42%,
respectively, which are lower than the corresponding root mean square (RMS) value of the
passive suspension.
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Figure 16. Dynamic deflections on a C-grade road surface for four wheels.
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The simulation results of the dynamic load for four wheels are shown in Figure 17.
The dynamic load is closely related to the tire operation life and the impact of road damage.
The simulation results show that the dynamic load of the four wheels of the electromagnetic
suspension is less than the dynamic load of the passive suspension, which can reduce the
impact of the tire on the road and the wear of the tire itself. The dynamic loads of the tires
for the electromagnetic suspension show partial attenuation near each peak. The RMS
values of the dynamic loads of wheels A, B, C, and D are 2.87%, 1.42%, 2.09%, and 5.04%
lower than those of the passive suspension, respectively.
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Figure 17. Dynamic loads on a C-grade road surface for four wheels.

5.4. Vehicle Simulation Results Based on Fuzzy PID under a Deceleration Strip Surface

Based on the simulation on a C-level road surface in Section 5.3, a road excitation
with a deceleration strip is introduced as shown in Figure 18. The deceleration strip
adopts a trapezoidal shape with an upper edge of 200 mm, a lower edge of 400 mm,
and a height of 30 mm. A fuzzy PID control simulation analysis was conducted on the
electromagnetic suspension and compared with the passive suspension with a vehicle
speed of 20 km/h. The fuzzy PID simulation parameters are adjusted and determined by
setting the parameters. The fuzzy PID control law is shown in Table 9. The PID control
parameters are k, = 0.8, k; = 50, and k; = 0.001. This simulation analysis can provide a
detailed analysis of the pitch and roll characteristics to showcase the advantages of the
electromagnetic suspension.
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Table 9. Control law with a deceleration strip for fuzzy PID algorithm.

Ec

U NB NM NS z PS PM PB

NB PB PB PM PM PS z Z

NM PB PB PM PS PS z NS

NS PM PM PS PS z NS NS
E Z PM PM PS z NS NM NM
PS PS PS z NS NS NM NM
PM PS Vi NS NS NM NB NB
PB z z NM NM NM NB NB

0.03

0.02+

0.014

Road excitation with the deceleration strip (m)

=3
=}
=

2
Time(s)

Figure 18. Road excitation with the C deceleration strip for four wheels.

The simulation results of the centroid acceleration, acceleration of the roll angle, and
acceleration of the pitch angle based on a fuzzy PID controller are shown in Figures 19-21,
which show the simulation comparison results of the three main evaluation indicators. The
RMS values of the centroid acceleration, acceleration of the roll angle, and acceleration
of the pitch angle of active suspension are 33.34%, 4.82%, and 4.10% higher than those of
passive suspension, respectively.
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| 2011 a1s
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1.5+ h n v 8
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’
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o
ik

A8
o
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Figure 19. Centroid acceleration on a deceleration strip.
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Figure 20. Acceleration of the roll angle on a deceleration strip.

The centroid acceleration result shows that the tracking performance of acceleration is
good without any delay phenomena. At 2.13 s, the peak value of centroid acceleration using
electromagnetic suspension is 0.557 m/s? smaller than when using passive suspension. In
the simulation results of the acceleration of the roll angle, there is a slight delay, with a
delay time of 0.04 s. The peak values of the accelerations of the roll angle and the pitch
angle decreased by 0.319 rad/s? and 0.015 rad/s?, respectively.
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Figure 21. Acceleration of the pitch angle on a deceleration strip.



Actuators 2023, 12, 203

22 of 25

0.02

0.01

-0.01 4

Dynamic deflection for A wheel (m)

-0.02

The dynamic deflections of the four wheels of the vehicle are shown in Figure 22.
The RMS values of the dynamic deflection of wheels A, B, C, and D decreased by 21.26%,
21.40%, 25.01%, and 24.24%, respectively. When the rear wheels pass through the reducer,
the shock absorbers generate a downward dynamic deflection. After fuzzy PID control, the
dynamic deflections of the four dampers decrease by 0.0057 m, 0.0047 m, 0.0042 m, and
0.0026 m, respectively. The fluctuation of the rear wheel is delayed by 0.02 s relative to the
fluctuation of the front wheel. The dynamic deflections of the four wheels of the passive
suspension are —0.0148 m, —0.0155 m, —0.0127 m, and —0.0113 m, and it can be seen that
the difference between the maximum and minimum is 0.0042 m. The dynamic deflections
of wheels A, B, C, and D of the electromagnetic suspension are —0.0091 m, —0.0108 m,
—0.0085 m, and —0.0087 m, and it can be seen that the difference between the maximum
and minimum is 0.0023 m. These results indicate that electromagnetic suspension can be
effectively controlled on a deceleration strip or when braking, which makes up for the poor
stability of the MacPherson suspension.
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Figure 22. Dynamic deflections on a deceleration strip for four wheels.

The simulation results of the dynamic load for the four wheels are shown in Figure 23.
The RMS values of the dynamic loads of wheels A, B, C, and D are 11.43%, 11.91%, 14.91%,
and 15.03% lower than those of the passive suspension, respectively. When passing through
the deceleration strip, the dynamic loads of the front wheel tires are larger than those of the
rear wheel tires. The results show that when the vehicle passes through the deceleration
strip, the dynamic load of the tires can be reduced and the excessive friction of the tires can
be effectively prevented via the fuzzy PID control algorithm.
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Figure 23. Dynamic loads on a deceleration strip for four wheels.

6. Conclusions

This paper proposes an electromagnetic suspension that can ensure the safety of a
vehicle and improve the ride comfort and stability of the MacPherson suspension. This
suspension does not change the safety of the MacPherson suspension with embedding
an electromagnetic actuator. Once the electromagnetic actuator fails, the safety of the
electromagnetic suspension can be guaranteed.

This paper mainly studies its magnetic characteristics and fuzzy PID control. First,
an electromagnetic suspension is proposed, and its theoretical magnetic field model is
established and analyzed. Second, on the basis of the electromagnetic suspension system,
a FEM model is established, and the magnetic field, magnetic flux density, and magnetic
force are simulated and analyzed. Finally, on the basis of the fuzzy PID control algorithm,
a vehicle simulation analysis of the electromagnetic suspension is carried out. The results
show that the magnetic field trends of the theoretical results and the finite element results
are consistent via a comparison. The direction and the trend of the magnetic flux density
in the FEM simulation show that the magnetic fluxes are parallel to each other in the air
gap of the magnet assembly. Comparing the theoretical results, finite element results,
and experimental results in [44], the electromagnetic suspension proposed in this paper
owns a larger magnetic flux density in the air gap. At the same time, it can also prove
the correctness of the trend of the theoretical results and the feasibility of the proposed
electromagnetic actuator. Based on the fuzzy PID control algorithm, the vehicle dynamics of
the electromagnetic suspension are simulated. The simulation results show that compared
to a passive suspension system, RMS values of the acceleration, the acceleration of roll
angle, and the acceleration of pitch angle for the vehicle body are reduced by 59.08%, 3.06%,
and 3.54%, respectively, and the dynamic deflection of the four suspension systems and the
dynamic load of the four wheels are reduced. Therefore, this control algorithm is suitable
for an electromagnetic suspension system.
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In the future, we will build an experimental prototype of this electromagnetic actuator
for magnetic field and current experiments. At the same time, research is being conducted on
the stability and smoothness control of electromagnetic suspension with extreme road surfaces.
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