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ABSTRACT In this study, a new hybrid electromagnetic actuator (HEMA) that integrates a cylindrical
permanent magnet linear synchronous motor and a hydraulic damper is proposed and designed to solve the
problem of poor reliability of a linear electromagnetic actuator. A modified skyhook control that matches the
structure of the HEMA is adopted, and the performance parameters are optimized. Then, the relationships
among structural parameters of the HEMA are analyzed using equivalent magnetic circuit method. On the
basis of these relationships, multiple alternative groups of structural parameters are obtained. Moreover,
finite element models are established in Ansoft Maxwell software. The structural parameters of the HEMA
are optimized and determined to produce the peak electromagnetic thrust force that the linear motor requires.
Finally, a prototype is developed on the basis of the optimized results for the bench test. Test results show that
the linear motor tracks the desired force effectively. In contrast to the passive damper, the body acceleration
and suspension working space of HEMA are decreased by 20.6% and 13.3%, respectively. The dynamic tire
load is increased by 16%, which is in a reasonable range. And compared with LEMA, the body acceleration
is increased by 2.73%, but the suspension working space and dynamic tire load are reduced by 1.1% and
38.1%. All the results above mentioned demonstrate that the HEMA can considerably improve the vehicle
dynamic performance.

INDEX TERMS Hybrid electromagnetic actuator, modified skyhook control strategy, optimal design,
experimental research.

I. INTRODUCTION
Traditional vehicle passive suspension systems cannot meet
the increasing requirements for riding comfort and driving
safety of vehicles. However, the active suspension can adjust
the stiffness and damping of suspension to obtain great riding
comfort and driving safety according to road conditions.
Thus, active suspension has become a new trend of devel-
opment. Moreover, the performance of actuators, which are
important components of an active suspension system, has
a direct influence on the functions of active suspension.
Simultaneously, given the rapid development of motor tech-
nology, many scholars have applied them in designing elec-
tromagnetic actuators for active suspension [1]–[3].
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At present, some scholars have designed rotary elec-
tromagnetic actuators using rotary motors. Montazerigh
designed a rotary electromagnetic actuator that combined a
rotary motor with a ball screw, applied it in the hybrid electric
vehicle, and studied the effect of the actuator on the perfor-
mance of suspension on the basis of a hybrid control strat-
egy that united skyhook and ground-hook control [4]–[6].
Singal also developed the same structure of actuator and
analyzed the possibility of self-powered suspension on the
basis of an adaptive skyhook control strategy [7]. Zuo adopted
rack-and-pinion and rotary motor for an actuator and ver-
ified its performance via simulation and test [8], [9]. The
aforementioned scholars have made considerable research on
the rotary electromagnetic actuator. However, when a rotary
motor is used for the actuator, an additional transmission
(i.e., rack and pinion/ball screw) is essential to convert the
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linear vibration into rotary motion, thereby complicating the
suspension system. Moreover, the inherent rotary inertia lim-
its the response capability to the high-frequency reciprocating
motion. In comparison with rotary motor, linear motor pos-
sesses a simple structure, elicits rapid response, and yields
large controllable bandwidth. Hence, some scholars have
introduced linear motors in suspension systems to design
linear electromagnetic actuators (LEMAs). Martins used a
two-phase axially magnetized cylindrical permanent magnet
(PM) linear motor to design a LEMA and conducted a test
to verify that the actuator could output active force required
by suspension [10]. Bart applied an electromagnetic actuator
made of PM brushless linear motor to MacPherson suspen-
sion of BMW 530i and conducted a test that showed that the
actuator could track the damping force of the passive suspen-
sion well [11]–[13]. Tang designed an electromagnetic actua-
tor using an axially magnetized PM synchronous linear motor
and analyzed the mechanism of the motor [14]. However,
when a single linear motor is used to replace the hydraulic
damper of traditional passive suspension, the reliability of the
suspension system cannot be guaranteed. That is, once the
supply power or control circuit is faulty, the active control
fails and the passive control works. Furthermore, the linear
motor is equivalent to an electromagnetic damper. However,
the damping force resulting from the eddy current effect
is ‘‘soft damping’’, which is considerably less than that of
the hydraulic damper, thereby affecting the performance of
suspension; thus, when the linear motor functions as an elec-
tromagnetic damper, it cannot attenuate the vibration rapidly.
To address the reliability-related problem, a few scholars
have introduced passive damping and constituted a ‘‘linear
motor–damper’’ hybrid electromagnetic actuator (HEMA).
Thus, adding a passive damper can improve the reliability
of the suspension system. Moreover, passive damping can
reduce the performance demand of suspension systems for
linear motors, such as, peak electromagnetic thrust force,
thereby reducing the output power of linear motors and
achieving energy reduction. Babak used a linear motor that
adopted a double-layer PM to design an electromagnetic
actuator that could increase eddy current damping [15]–[17].
Asadi integrated a linear motor and a hydraulic damper in
designing a HEMA; this HEMA placed the linear motor
inside the hydraulic damper to replace the piston assem-
bly, in which base damping was provided by the hydraulic
damper [18]–[20]. Moreover, the linear motor was used to
regenerate the vibration energy. However, this structure was
complex and difficult to develop. Furthermore, given that the
linear motor was inside the hydraulic damper, the perfor-
mance of PM would be affected by the high temperature of
the hydraulic oil, thereby possibly influencing the functions
of the actuator.

Thus, on the basis of the current research results and
related problems, the present study proposes a new HEMA
that integrates a linear motor and a hydraulic damper. The
linear motor is placed outside the hydraulic damper to reduce
the difficulty of development. In comparison with LEMA,

this new HEMA can realize the effect of energy saving and
improve the reliability of the suspension system. Moreover,
to verify the effectiveness of this new HEMA, a prototype is
developed on the basis of the optimization of performance
and structural parameters, and a bench test is conducted on it.

The remainder of this paper is organized as follows.
Section 2 proposes the structural scheme of the HEMA.
Section 3 adopts the modified skyhook control strategy
for the HEMA to optimize its performance parameters.
Section 4 deduces the relationships on the main size param-
eters of the HEMA on the basis of equivalent magnetic cir-
cuit method and optimizes the structural parameters of the
HEMA with the goal of electromagnetic thrust force using
Ansoft Maxwell software. Section 5 conducts the tests of
characteristic and active control on the actuator prototype.
Section 6 presents the general conclusions.

FIGURE 1. Schematic of HEMA.

II. STRUCTURE OF HEMA
Figure 1 shows the schematic of the newly designed HEMA.
HEMA is mainly composed of a hydraulic damper and
a linear motor. The type of hydraulic damper is ordinary
double-cylinder hydraulic damper. The linear motor is a
cylindrical PM linear synchronous motor, which comprises
a primary part (stator) and a secondary part (mover). The
primary part mainly includes iron poles, PM, and external
conductor tube. The bottom cover of the external conductor
tube is connected with the limit tray of the hydraulic damper,
which can make the primary part of the linear motor fixed.
Meanwhile, the secondary part includes winding coils, wind-
ing casing, and an internal cylinder. The internal cylinder
is connected with a piston rod through a flange cover, and
graphite-containing bearings are placed on the top and bottom
of the internal cylinder, thereby ensuring that the secondary
part of the linear motor can follow the movement of the piston
rod.

The design of the HEMA includes the following aspects:
1) The PM of the HEMA is axially arranged to obtain a

gap flux density higher than that obtained in PM arranged
in radial direction [21]–[23]. Moreover, this arrangement has
a simpler structure and lower manufacturing cost than the
Halbach magnetization. The adjacent PM are separated from
highly conductive pole pieces. N42H Nd–Fe–B is used as the
PM material, whose remnant flux density is 1.2672 T and
coercive magnetic field intensity is 924480 A/m.

2) The mover is slotless. This design increases the thick-
ness of air gap, thereby reducing the magnetic flux density to
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make the thrust force ripple smaller than a slotted one. This
feature can meet the high dynamic performance requirements
of suspension systems.

The working principle of the proposed HEMA is as
follows. The upper part of the actuator is connected to the
vehicle body through the piston rod. Meanwhile, the bottom
part is connected with an axle through the lifting lug. When
the vehicle is running, the relative movement between the
vehicle body and the axle occurs, thereby making the piston
rod of the actuator move up and down in a straight line. Then,
the secondary part of the linear motor that is associated with
the piston rod moves along with the piston rod. The primary
part is fixedly connected with the hydraulic damper and does
not move. Hence, relative motion occurs between the PM
of the primary part and the winding coils of secondary part.
On the basis of the law of electromagnetic induction, the lin-
ear motor is equivalent to a generator. The induced electro-
motive forces are generated in the winding coils. Meanwhile,
on the basis of Lenz’s law, the electromagnetic damping
force is generated while generating the induced electromotive
force. The actuator operates in the mode of energy regener-
ation. In addition, when the three-phase alternating current
is inputted into the winding coils and a relative movement
occurs between the vehicle body and the axle, which makes
the relative motion between the PM of the primary part and
the winding coils of the secondary part occur, the linear motor
is equivalent to a motor and provides electromagnetic thrust
force on the basis of Ampere’s rule. The electromagnetic
thrust force of the linear motor changes by adjusting the input
current. Accordingly, the active force output by HEMA also
changes. The actuator also operates in active control mode.

III. PERFORMANCE PARAMETER
OPTIMIZATION OF HEMA
The force produced the HEMA mainly includes the electro-
magnetic thrust force of the linear motor and the damping
force of the hydraulic damper. The electromagnetic thrust
force provided by the linear motor has a direct influence
on the structural parameters of the HEMA. In addition, the
damping force is related to the type of hydraulic damper
(passive damping coefficient), which also affects the struc-
tural parameters of the HEMA. Thus, the electromagnetic
thrust force and passive damping coefficient must be con-
firmed to optimize the structural parameters of the HEMA
in Section 4.

When the new HEMA is used for electromagnetic sus-
pension (EMS) and the EMS operates in the active control
mode, the HEMA outputs the force used for active control.
Therefore, the modified skyhook control strategy for the
EMS equipped with HEMA is proposed to determine the
electromagnetic thrust force and passive damping coefficient.
In comparison with the traditional skyhook control strategy,
the EMS introduces a passive damper, and its dynamic model
is shown in Figure 2(a).

As shown in Figure 2, when the modified skyhook con-
trol strategy is used for the EMS equipped with HEMA,

FIGURE 2. Dynamic model of the suspension system: (a) ideal model,
(b) actual model.

the hydraulic damper of HEMA acts as a passive damper,
and the linear motor is used to track the skyhook damping
force. The actual dynamic model of 1/4 EMS based on mod-
ified skyhook control strategy is shown in Figure 2(b).

On the basis of Figure 2, the dynamic equations are repre-
sented as{

msz̈s = −ks (zs − zu)+ FM
muz̈u = ks (zs − zu)− kt (zu − zr )− FM

(1)

Filtered white noise [24] is used as road input and is
expressed as

żr = −2π f0zr + 2πn0
√
Gq (n0) v · w (2)

where ms is the sprung mass; mu is the unsprung mass; ks
is the spring stiffness; kt is the tire stiffness; f0 is the cutoff
frequency; n0 is the spatial frequency; Gq(n0) is the road
roughness coefficient; v is the vehicle speed; w is the white
noise; and FM is the force produced by HEMA, which can be
expressed as

FM = −cskyżs − cs(żs − żu) (3)

where csky and cs are the skyhook and passive damping,
respectively.

Table 1 shows the system parameters.

TABLE 1. System parameters.

When using the modified skyhook control strategy,
the electromagnetic thrust force of the linear motor is used
to track the skyhook damping force. A reasonable sky-
hook damping coefficient must be determined to identify
the needed electromagnetic thrust force. Thus, the root mean
square (RMS) values of body acceleration, dynamic tire load,
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suspension working space, and system energy consumption
are taken as evaluation indexes.

‖Aacc‖rms =

√
1
T

∫ T

0
‖z̈s‖2 dt (4)

‖Fdtl‖rms = kt

√
1
T

∫ T

0
‖zu − zr‖2 dt (5)

‖fsws‖rms =

√
1
T

∫ T

0
‖zs − zu‖2 dt (6)

Figure 3 shows the influence of skyhook damping coef-
ficient (csky) and passive damping coefficient (cs) on the
evaluation indexes. The skyhook damping coefficient ranges
from 0 Ns/m to 20000 Ns/m, whereas the passive damping
coefficient ranges from 500 Ns/m to 2500 Ns/m.

FIGURE 3. Effects of skyhook and passive damping coefficients on the
dynamic performance and system energy consumption: (a) body
acceleration, (b) dynamic tire load, (c) suspension working space,
(d) system energy consumption.

As shown in Figure 3, when the passive damping coeffi-
cient is fixed, the RMS of body acceleration decreases with
the increase of skyhook damping coefficient, system energy
consumption increaseswith the skyhook damping coefficient,
and dynamic tire load and suspension working space decrease
and then increase with the increase of skyhook damping
coefficient; when csky = 2000 Ns/m, the minimum value
is achieved. When the skyhook damping coefficient is set
as a fixed value, the RMS of body acceleration increases
with the passive damping coefficient (csky = 0 is expected),
dynamic tire load and suspension working space are opposite,
and system energy consumption decreases and then increases
with the increase of passive damping coefficient; when
cs = 1000 Ns/m, the minimum value is achieved. Thus,
csky = 2000 Ns/m and cs = 1000 Ns/m are set.

Figure 4 shows the electromagnetic thrust force outputted
by the HEMA when the skyhook damping coefficient csky is

FIGURE 4. Changes of the electromagnetic thrust force.

set as 2000 Ns/m and passive damping coefficient cs is set
as 1000 Ns/m.

As shown in Figure 4, when the linear motor tracks the
ideal skyhook damping force, the linear motor must provide
513 N of peak electromagnetic thrust force, and the average
electromagnetic thrust force is 136.4480 N. Hence, the peak
electromagnetic thrust force that the proposed HEMA must
provide is set as 520 N.

IV. STRUCTURAL PARAMETER OPTIMIZATION OF HEMA
On the basis of the structure of the proposed HEMA
(Section 1), a hydraulic damper is selected as a design
basis. Table 2 lists the structural parameters of the hydraulic
damper selected for HEMA on the basis of the optimized
passive damping coefficient (Section 2) and relevant industry
standards.

TABLE 2. Structural parameters of the hydraulic damper.

FIGURE 5. Main structural parameters of HEMA.

Figure 5 shows the main structural parameters of HEMA
that must be determined. l denotes the length between the
upper and the limit tray of the hydraulic damper. When the
hydraulic damper is in a static equilibrium position, l1 denotes
the length between the flange cover and the upper part of the
hydraulic damper is, l2 is the maximum bound stroke, and l3
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is the maximum rebound stroke. l4 is the axial length of the
PM, l5 is the axial length of the coils, τm is the thickness of
the PM, τp is the thickness of the iron pole, τ denotes the pole
pitch, τc is the thickness of the coil, and s represents the air
gap. r is the inner radius of the internal cylinder of the actuator
that is equal to the outer radius of the external cylinder of the
damper; r1 is the outer radius of internal cylinder of actuator,
r2 and r3 are the inner and outer radii of the coil, respectively;
r4 and r5 are the inner and outer radii of the PM, respectively;
and r6 is the outer radius of the external conductor tube.

The HEMA is designed on the basis of the hydraulic
damper; thus, several restrictions for the HEMA design exist.
When the hydraulic damper is in a static equilibrium position,
the maximum rebound stroke (l3) is 70 mm, the maximum
bound stroke (l2) is 50 mm, the length between the flange
cover and the upper part of the hydraulic damper (l1) is
70 mm. The length between the upper part and the limit
tray of the hydraulic damper (l) is 400 mm. After the linear
motor is integrated with the hydraulic damper, the sum of the
maximum axial length of PM (l4) and the maximum rebound
stroke and maximum bound stroke should not exceed the
length between the flange cover and the limit tray of the
hydraulic damper, that is l4 + l3 + l2 ≤ l1+l. Meanwhile,
to ensure that the area of coils does not exceed the magnetic
field on the process of movement, the sum of the maximum
axial length of coils (l5) and the maximum rebound stroke
and maximum bound stroke should not exceed the maximum
axial length of PM, that is l5 + l3 + l2 ≤ l4. In addition,
the maximum outer radius of the external conductor tube (r6)
is limited by 55 mm. Table shows the design restrictions of
HEMA.

TABLE 3. Design restrictions of HEMA.

However, Table 3 only gives the design restrictions. Thus,
the relationships among the main structural parameters of
HEMA must be determined by the equivalent magnetic cir-
cuit method [23]. Figure 6 shows the equivalent magnetic
circuit and the direction of the flux density, where Rm is the

FIGURE 6. Schematic of the equivalent magnetic circuit.

magnetic reluctance of the PM, Rp is the magnetic reluctance
of the iron pole, Rl is the magnetic reluctance of the external
conductor tube, Rs is the total magnetic reluctance of the
internal cylinder of the actuator and hydraulic damper, FC is
the magnetic motive force, g is the actual air gap, Dm is the
width of the PM, DZ is the total width of the field of coil and
PM, and d is the thickness of the external conductor tube.
Combined with main structural parameters of HEMA

in Figure 5, the relationships of the parameters can be
expressed as 

r4 − r3 = s
r4 − r2 = g
r5 − r2 = DZ
r5 − r4 = Dm
r6 − r5 = d

(7)

On the basis of the type of the previously selected hydraulic
damper, the outer radius of the external cylinder of the damper
(r) is 21 mm, and the thickness of internal cylinder of the
actuator is 4mm; thus, the outer radius of the internal cylinder
of the actuator (r1) is 25 mm. The thickness of the external
conductor tube (d) is 5 mm, and that of the winding casing is
2 mm; hence, the inner radius of the coil (r2) is 27 mm. The
relationships among the width of the PM (Dm), the total width
of the field of coil and PM (DZ), and the thickness of the PM
(τm) and pole pitch (τ ) can be obtained by using the method
of equivalent magnetic circuit together with Equation (7).
Accordingly, the relationships among the main structural
parameters of HEMA can also be obtained.
When using the equivalent magnetic circuit method,

the analysis is performed for only one pole pair. The iron pole,
internal cylinder of the actuator, and the damper are assumed
to have infinite magnetic permeabilities; thus, their magnetic
saturations and reluctances are neglected. Moreover, leakage
flux is assumed not to exist in the external conductor tube.
Thus, in combination with Figure 6, the relevant magnetic

field formulas yield the following:

FC = Hcτm
FC =

(
Rm + 2Rg

)
φg

Hc =
Br
µ0µr

Rm =
τm

µ0µr × Am
Rg =

g
µ0 × Ag

BgAg = BmAm

(8)

where Hc is the coercive magnetic field intensity, 8g is the
air-gap magnetic flux, Br is the remanent flux density, µ0 is
the permeability of vacuum, µr is the relative permeability
of PM, Am is the cross-section area of the magnet, Ag is the
lateral area of the pole, Bg is the air-gap flux density, and Bm
is the flux density of the PM.
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Am and Ag are expressed as
Am = π ×

[
(r2 + g+ Dm)2 − (r2 + g)2

]
Ag = 2π ×

(
d + Dm +

g
2

)
×

(
τ − τm

2

) (9)

Different structural parameters can affect the magnetic
flux and flux density of air gap, thereby influencing the
performance of linear motor and the performance of HEMA.
Therefore, on the basis of Equation (8), the relationships
among the structural parameters, the magnetic flux, and flux
density of air gap are expressed as

φg =
Brτm

µ0µr
(
Rm + 2Rg

)
Bg =

Brτmµ0Hc(
2gBr + τmµ0Hc

Ag
Am

) (10)

On the basis of Equation (10), Figure 7 plots the influence
that the ratio of the thickness of the PM to the pole pitch
(τm/τ ) and that of the width of the PM to the total width of
the field of coil and PM (Dm/DZ) have on the magnetic flux
of air gap for a single pole pair with a pole pitch.

FIGURE 7. Influence of τm/τ and Dm/DZ on the magnetic flux of air gap.

As shown in Figure 7, when Dm/DZ is fixed, the magnetic
flux of air gap increases and then decreases with the increase
of τm/τ , and when τm/τ = 0.5, the maximum value is
achieved. Thus, when optimizing the structural parameters,
τm/τ = 0.5 is set to determine the thicknesses of the PM and
pole pitch. When τm/τ is set as a fixed value, the magnetic
flux of air gap increases with Dm/DZ.
For the HEMA in the passive operating mode, the linear

motor is equivalent to an electromagnetic damper, and dif-
ferent structural parameters can affect the equivalent damp-
ing coefficient of the linear motor, thereby influencing the
performance of HEMA. Thus, when coils are short-circuited,
the equivalent damping coefficient of the linear motor pro-
duced in a single coil is calculated by

C =
B2g × 2π (τ − τm)

(
d + Dm +

g
2

)
× (g− s)

ρ
, (11)

where ρ is the resistivity of copper.
On the basis of Equation (11), Figure 8 shows the influence

that the ratio of the width of the PM to the total width of the
field of coil and PM (Dm/DZ) has on the equivalent damping

FIGURE 8. Different values of DZ; influence of Dm/DZ on equivalent
damping coefficient.

coefficient of the linear motor for different total widths of the
field of coil and PM.

For similar total widths of the field of coil and PM,
the equivalent damping coefficient of the linear motor
increases and then decreases with the increase of Dm/DZ
(Figure 8). When τm/τ = 0.8, the maximum value is
achieved. In addition, the peak of equivalent damping coef-
ficient increases with DZ . However, given DZ = Dm + g,
the air-gap thickness (s) as a critical design parameter is set
to 1 mm due to manufacturing restrictions. Thus, the ratio of
the width of PM to the total width of the field of coil and PM
is set as 0.6, that is, Dm/DZ = 0.6.

Therefore, on the basis of the preceding series of analysis,
the relationships among the remaining structural parameters
can be expressed as

r3 = 26+ 0.4DZ
r4 = 27+ 0.4DZ
r5 = 27+ DZ
r6 = 32+ DZ
l5 = 8τ
τc = 8τ/18− 0.5
l5 = 8τ + 120,

(12)

where all units of parameters are expressed in mm.
As shown in Equation (12), the pole pitch (τ ) and the total

width of the field of coil and PM (DZ) must be determined
to obtain the main structural parameters of HEMA. Hence,
on the basis of the design restrictions of HEMA in Table 3,
the pole pitch cannot exceed 28.75 mm, and the total width
of the field of coil and PM should not exceed 23 mm. The
pole pitch influences the thickness of PM and the weight of
the primary part. Thus, the pole pitch should not be extremely
large, and the pole pitch takes the values of 16, 17, 18, 19, and
20 mm. Moreover, the total width of the field of coil and PM
can affect the outer radius of the HEMA; thus, it should not
be extremely large, so that it will not affect the equipment of
HEMA on the vehicle. Thus, the total width of the field of
coil and PM takes the values of 16, 17, 18, 19, and 20 mm.
On basis of the different values of τ and DZ, 25 groups of
alternative structural parameters of HEMA can be obtained.
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FIGURE 9. Changes in thrust force outputted by HEMA of 25 groups: (a)
peak electromagnetic thrust force, (b) constant electromagnetic thrust
force, (c) electromagnetic thrust force ripple.

Different structural parameters affect the electromagnetic
thrust force output by HEMA [17]–[26]. Thus, the finite
element models are established in the Ansoft Maxell soft-
ware on the basis of the 25 groups of alternative structural
parameters. Then, the transient analyses of electromagnetic
force are performed on the established finite element models
with the goal of peak electromagnetic thrust force (520 N).

Figure 9 plots simulation results of Ansoft Maxwell of the
peak and constant electromagnetic thrust force outputted by
the HEMA and the electromagnetic thrust force ripple.

From Figure 9, the target requirements of the peak and
constant electromagnetic thrust force are considered, making
the pole pitch and total width of the field of coil and PM as
small as possible to reduce the volume and weight of HEMA;
this consideration can reduce the equipment difficulty of
HEMA on the vehicle. Moreover, the electromagnetic thrust
force ripple is also as small as possible. Consequently, the
optimized structural parameters among 25 alternative groups
can be obtained, that is, τ = 16 mm and DZ = 19 mm,
which correspond to the structural parameters. Table 4 shows
the optimized structural parameters of HEMA combined with
other known structural parameters.

TABLE 4. Optimized structural parameters of HEMA.

In view of the determined structural dimension of HEMA,
the theoretical peak thrust force that can be outputted by the
linear motor is 550 N (Figure 10), which can meet the control
requirements. Table 5 presents the theoretically achievable
basic performance of HEMA.

FIGURE 10. Electromagnetic thrust force.

TABLE 5. Theoretically achievable basic performance of HEMA.

Figure 11 shows the prototype of HEMA that is developed
based on the optimized results. In addition, to verify the effec-
tiveness of the hybrid electromagnetic actuator in improving
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FIGURE 11. Prototype.

the dynamic performances of the suspension system, a linear
electromagnetic actuator (LEMA) is designed, which repre-
sents the current active suspension.

V. BENCH TEST OF HEMA
A bench test, including characteristic and active control tests,
is conducted to test the performance of the prototype.

A characteristic test mainly evaluates the damping of
HEMA. When HEMA has no external resistance, the linear
motors are in a short-circuit state [27], that is, HEMA can
form a maximum damping force.

The damping characteristic test uses the sinusoidal
input as the excitation source. The amplitude is 50 mm.
Figure 12 shows the structural arrangement of the character-
istic bench test.

FIGURE 12. Arrangement of characteristic bench test.

Figure 13 shows the damping characteristic of HEMA at
different excitation frequencies (velocities).

An active control test is performed to verify the superior-
ity of HEMA in terms of dynamic performance. As shown

FIGURE 13. Damping force.

FIGURE 14. Random road excitation.

in Figure 15, an INSTRON 8800 CNC hydraulic servo vibra-
tion testing machine is utilized to simulate road excitation
(Figure 14), which is the same excitation as simulation
analysis. Six groups of springs are used to simulate tire
stiffness, and the body acceleration and suspension travel
are measured by the acceleration and displacement sensors,
respectively. The dynamic tire load can be measured directly

FIGURE 15. Structure of the active control bench test.

VOLUME 8, 2020 95775



X. Meng et al.: Optimal Design and Experimental Research on a New HEMA for Vehicles

by the force sensor equipped by the machine. The hardware
circuit of the combined filter is fabricated to transfer the
signal of body acceleration to the signal of body velocity that
will be inputted to the rapid prototyping controller based on
dSPACE. Thus, the desired skyhook damping force can be
obtained by the suspension controller. The linear motor is
driven by the motor controller to track the desired force.

FIGURE 16. Tracking effect of linear motor.

Figure 16 shows a good tracking effect of linear motor.
It can be seen that, the actual electromagnetic thrust force
outputted by the prototype can track the ideal skyhook damp-
ing force well; however, the peak electromagnetic thrust force
is less than the maximum ideal skyhook damping force.
Analysis yields four main reasons for the error as follows.
1) An error may exist on the process of measuring the sig-
nal of body acceleration due to the problem of the experi-
mental instruments. 2) During the development of HEMA,
the accuracy of manufacturing is insufficient because of the
problems of technologies and materials; hence, the peak elec-
tromagnetic thrust force is not reached in terms of theoretical
performance. 3) The designed combined filter circuit may
be problematic, which results in the error of obtained speed
signal. 4) The output electromagnetic thrust force fluctuates
during the test due to the edge effect of HEMA.

Figure 17 shows the dynamic performance of HEMA com-
pared with that of passive damper and LEMA from three
aspects, that is, body acceleration, dynamic tire load, and
suspension working space. Table 6 lists the RMS values of
these aspects. It can be seen that, in comparison with passive
damper, the body acceleration and suspension working space
of HEMA are reduced by 20.6% and 13.3%, respectively,
which means the ride comfort is improved. Although the
dynamic tire load is increased by 6%, it is in an acceptable
range according to the ‘‘3σ ’’ rule (‖Fdtl‖rms < 1/3(ms+mu)·
g, g is gravitational acceleration, which equals to 9.8 m/s2).
And when compared with LEMA, it can be seen that,
although the body acceleration is increased by 2.73%, the sus-
pension working space and dynamic tire load are reduced
by 1.1% and 38.1%. Hence, HEMA with modified skyhook
control can considerably improve riding comfort and main-
tain good contact between the wheels and the road. The
suspension working space is also in an acceptable range.

FIGURE 17. Dynamic performance comparison: (a) body acceleration,
(b) suspension working space, (c) dynamic tire load.

TABLE 6. Comparison of test results.

Fast Fourier transform is conducted on the preceding time-
domain results. Figure 18 shows the power spectral den-
sity of the three evaluation indexes. It can be seen from
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FIGURE 18. Comparison of results in frequency domain: (a) body
acceleration, (b) suspension working space, (c) dynamic tire load.

the figure that, HEMA can effectively improve the dynamic
performance on the body resonance area, and the dynamic
performance on the wheel resonance area is not deteriorated.

VI. CONCLUSION
This study integrates a hydraulic damper and a cylindrical PM
linear synchronous motor to design a new HEMA. The main
conclusions are obtained as follows.

(1) The modified skyhook control is used to match
the structure of HEMA. By analyzing the influences of
skyhook and passive damping coefficients on the vehicle

dynamic performance and system energy consumption,
the performance parameters of HEMA are optimized, and
the peak electromagnetic thrust force outputted by HEMA is
determined.

(2) The relationship between Dm and DZ and τm and τ
are obtained using the equivalent magnetic circuit method.
Then, the relationships among other structural parameters,
DZ and τ , are deduced. The appropriate values of DZ and
τ are selected to obtain 25 groups of alternative structural
parameters, from which the finite element models are estab-
lished for analysis. With the goal of peak electromagnetic
thrust force that the linear motor must produce, the structural
parameters of HEMA are optimized and determined.

(3) On the basis of the optimized results, a prototype of
HEMA is developed. The characteristic and active control
tests on the prototype are conducted. The results show that the
linear motor tracks the desired force effectively. In contrast
to the passive damper, the body acceleration and suspension
working space of HEMA are decreased by 20.6% and 13.3%,
respectively. The dynamic tire load is increased by 16%,
which is in a reasonable range. And compared with LEMA,
the body acceleration is increased by 2.73%, but the sus-
pension working space and dynamic tire load are reduced
by 1.1% and 38.1%, which proves that HEMAwith modified
skyhook control can considerably improve riding comfort and
maintain good contact between the wheels and the road, while
keeping the suspension working space in an acceptable range.
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