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Abstract—Electromagnetic active suspension system is considered to have improved stability and better dynamic 
response, compared to the hydraulic active suspension system. This paper proposes an electromagnetic suspension 
system, comprising of a linear switched reluctance motor and a passive spring. The magnetic and electric characteristics 
of linear motor are studied using FEA method. The sprung mass acceleration and related force applied by the actuator are 
investigated under different road disturbance. Simulation results demonstrate that the proposed active suspension system 
has good dynamic response and better ride comfort. 
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1. Introduction 

The fundamental function of a vehicle suspension 
system is to maintain good contact between the wheels 
and the road surface, which is responsible for the holding 
capability and stability of the vehicle. Meanwhile, there 
exists another basic need for suspension system that 
related to ride quality. Human are susceptible to the 
discomforts of vibration and shocks induced by the road 
irregularities. However, the ride comfort and handling 
capability are considerably contradictory issues. It is 
difficult to achieve simultaneously a high performance of 
ride and handling under all driving conditions. The 
performance of conventional passive suspension systems 
is not satisfactory, since it is designed by considering a 
tradeoff between them. 

In order to provide better dynamic characteristics, 
active suspension systems have been proposed and 
applied over the past decades, as the development of 
industrial technology and control method. Currently, two 
types of active suspension are mainly used: hydraulic and 
electromagnetic. Hydraulic suspension systems offer a 
higher force density, but also have a high system time 
constant. The limited bandwidth is proved to be 
insufficient for road irregularities with higher frequency. 
The shortcoming of hydraulic system is overcome by 
electromagnetic suspension systems with sufficient 
bandwidth actuator. Furthermore, the electromagnetic 
actuator can work in the generator mode and recover the 
energy back to the battery.[1] In general, the 
electromagnetic suspension systems can achieve better 
dynamic performance than any other suspension systems. 

An electromagnetic suspension system comprises of an 
electromagnetic actuator and a mechanical spring. Several 
types of actuator have been presented by earlier 
researchers and companies. Linear brushless permanent 
magnet (LBPM) motor was proposed in [2, 3], and Bose 
Company applied a multi-phase alternating current (AC) 
electric motor in their suspension system. However, linear 
switched reluctance actuator (LSRA) has never been 
proposed to apply in active suspension systems. The 
LSRA has simple structure and free of permanent magnet, 
thus it is less expensive and more suitable for tough 
working environment.[4] 

This paper is organized as follows. Section 2 presents 
the description of active suspension system, and analyzes 
the effect of system parameters. In section 3, a new 
tubular LSRA is proposed and the design is verified by 
FEA. In section 4, the control methodology of the whole 
system is studied, and performances are compared and 
evaluated by simulation. The conclusion is presented in 
section 5. 

2. Suspension System Descriptions 

In order to simplify the analysis of active suspension 
system, quarter car model is used, which is shown in Fig 
1. Although the roll and pitch behaviors are eliminated, 
the fundamental performance of suspension system can 
be evaluated by adjusting the system parameters. 

2.1 Passive Suspension System 

Conventional passive suspension, as shown in Figure 1(a) 
consists of a linear spring that supporting the sprung mass 
and a damper dissipating the energy generated by the 
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movement. The tire is modeled as a spring of high 
stiffness that acting on both unsprung and sprung mass. 
The parameters of the quarter vehicle suspension are 
presented in Table 1.  

   
     (a) Passive           (b) Hydraulic active       

 
  (c) Electromagnetic active 

Figure 1: Quarter vehicle suspension model 

The dynamic motion can be represented by the 
following equations: 

( ) ( )s s s s us s s usm x k x x b x x+ − + − =&& & & 0

0

   (1) 

( ) ( ) ( )us us s s us s s us t us rm x k x x b x x k x x− − − − + − =&& & &  

(2) 

Where sm  and  are the sprung mass and 

unsprung mass, 

usm

sx  and usx  are the displacements of 

respective masses, sk  and  are the spring stiffness, tk

sb  is the damper coefficient and rx  represents the road 

disturbance. 

2.2 Active Suspension System 

The quarter model of hydraulic suspension system and 
the electromagnetic suspension system are shown in 
Figure 1(b) and (c), respectively. The hydraulic active 
suspension is passive suspension with an addition of 

actuator between the sprung mass and unsprung mass. [5]     
The passive damper is replaced by an actuator in the 
electromagnetic suspension system.  

Table 1: Suspension System Parameters 

Parameter Value 

Sprung mass 400kg 

Unsprung mass 50kg 

Spring stiffness 20000N/m 

Damper coefficient 1000N/m/s 

Tire stiffness 180000N/m 
 

The dynamic equations of active suspensions are: 

( ) ( )s s s s us s s usm x k x x b x x u+ − + − =&& & &    (3) 

( ) ( ) ( )us us s s us s s us t us rm x k x x b x x k x x u− − − − + − = −&& & &   

(4) 
Where u is the active force generated by actuator. The 

damping coefficient is set to zero when analyzing the 
electromagnetic suspension. 

Considering the following state variables 

1 s usx x x= −  Suspension deflection 

2 sx x= &       Sprung mass velocity 

3 us rx x x= −  Tire deflection 

4 usx x= &      Unsprung mass velocity 

We can obtain the state space equation   

rX AX Bu Lx= + +& &           (5) 
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2.3 System Parameters Effect 

From the dynamic equations, the open loop transfer 
functions are obtained. The effect of system parameters is 
investigated by looking at the bode plot.  

The transfer function from road vertical velocity to 
sprung mass acceleration, suspension deflection and tire 
deflection are: 

( )s t s s

r

x k s b s k
x d

+
=

&&

&
                  (6) 

s us t s

r

x x k m s
x d
−

= −
&

                  (7) 

3 2( ) ( )us r us s us s s us s s

r

x x m m s m m b s m m k
x d
− + + + +

= −
&

s   (8) 

Where d is the system characteristic polynomial. 
4 3

2
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         (9) 

 
(a) Acceleration response 

 
(b) Suspension deflection response 

 

(c) Tire deflection response 

Figure 2: Effect of damping coefficient 

In order to demonstrate the effect of damper, the 
resultant Bode plots for five damping coefficients are 
shown in Figure 2. In each plot, two peaks occur at the 
body natural frequency and wheel natural frequency. [6]It 
can be seen from the Figure 2(a), as the suspension 
damping coefficient decrease, the sprung mass 
acceleration response is deteriorated at low frequencies. 
The suspension deflection is improved obviously around 

two natural frequencies with increased damping 
coefficient, as is shown in Figure 2(b). The effect on tire 
deflection is illustrated in Figure 2(c) that reduced tire 
deflection is obtained between the two natural frequencies 
with smaller damper, while the responses at two 
frequencies become worse. 

The effect of spring stiffness is examined in Figure 3, 
by comparing five curves of increasing stiffness. The plot 
in Figure 3(a) shows the response of sprung mass 
acceleration. The isolation of vibration is increasingly 
improved as the spring stiffness is decreased. However, 
the suspension deflection at low frequencies is becoming 
severe, as shown in Figure 3(b) and (c).  

 

(a) Acceleration response 

 
(b) Suspension deflection response  

 

(c) Tire deflection response 

Figure 3: Effect of spring stiffness 

3. Linear Switched Reluctance Actuator 

3.1 System Specification 

In order to design a linear switched reluctance actuator 
for suspension system, the suspension specification 
should be identified, according to the road irregularities 
and requirement by ride quality. Human will feel dizzy 
and seasick when subjected continuously to the 
acceleration between 0.5 and 1Hz. The sensitive 
frequency increases as the amplitude getting larger. 
Moreover, human body is also sensitive to frequencies 
from 18Hz to 20Hz. [7]The suspension displacement is 
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determined to have long enough stroke for coping with 
most road irregularities. The specification of suspension 
systems are listed in Table 2. 

Table 2: Specification of Suspension System 

Specification Value 

Maximum Force 4000N 

Continuous Force 1000N 

Maximum displacement 0.1m 

Maximum speed 1m/s 

3.2 Tubular LSRA Design 

 
(a) 

 
(b) 

Figure 4: Configuration of TLSRA 

The Tubular LSRA consists of four identical 
three-phase linear switched reluctance actuators, as 
shown in Figure 4. The stator and translator are laminated 
with silicon steel plates, and connected to the vehicle 
body and the wheel, respectively. In order to reduce the 
weight of translator, the phase windings are installed on 
the stator. Thus the translator is free of coils and 
permanent magnet that would not add too much weight 
on sprung mass. The windings of the same phase are 
connected in series. Only one converter is required, and it 
is relatively stationary to the stator. The mechanical 
parameters are listed in Table 3.  

Table 3: TLSRA Parameters 

Specification Value(mm) 

Stator pole width 16.667 

Stator slot width 33.333 

Translator pole width 27.667 

Translator slot width 47.333 

Yoke thickness 16.667 

Stator pole height 45 

Translator pole height 18 

Stack length 80 

Air-gap 0.8 

3.3 Design Verification 

To verify the design of TLSRA, two-dimensional finite 
element analysis (FEA) is used. Since the TLSRM is 
composed of four identical sections, the FEA can be 
simplified to analyze only one section. Figure 5 shows the 
flux linkage versus current at different translator positions 
between unaligned and aligned positions. The force 
profile at different currents and positions is shown in 
Figure 6. The position of 0mm represents the unaligned 
position, and the force reaches the largest value at an 
intermediate position.  

 

Figure 5: Flux linkage curves 

Figure 7 shows the magnetic flux density distributions 
at position that generate largest force and the aligned 
positions. It can be seen from Figure 7(b) that there is 
severe local saturation in both pole corner in the low 
overlap position. 
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Figure 6: Force curves 

 

(a) 

 
(b) 

Figure 7: Magnetic flux density 

4. Controller Design and Simulation Results 

In order to study the feasibility and evaluate the 
performance of the proposed suspension system, a control 
scheme is developed and simulated with the whole 
system. The control scheme has an outer loop to track the 
position reference of sprung mass and an inner loop to 
trace the required force for actuator. The controller block 

diagram is shown in Figure 8. A LQR optimal controller 
is designed to obtain the required force. The LQR is a full 
state feedback controller with an aim to minimize a 
quadratic cost function. [8] 

Considering the system state space model in equation 
(5), the quadratic cost function can be defined as:                 

( )
0

1min ( ) ( ) ( ) ( )
2

T TJ x t Qx t u t Ru t dt
∞

= +∫    (10) 

Then the feedback control that minimizes the cost is 
u KX= −           (11) 
Where K is given by 

1 ( )TK R B P t−=                 (12) 

And P is found by solving the continuous time Riccati 
differential equation 

1( ) ( ) ( ) ( ) ( )T TA P t P t A P t BR B P t Q P t−+ − + = − &   (13) 

Since the mechanical time constant is much bigger than 
that of electrical current, the electromagnetic variables 
can be considered as constant when the mechanical 
variables are mainly discussed. [9] The electromagnetic 
force of LSRA can be approximately described as 

21( , )
2

k
k k

dL
kf x i i

dx
=          (14) 

Where kf  is the electromagnetic force generated by 

phase k, kdL dx is the inductance change rate of phase 

k.  

Based on this assumption, a winding excitation scheme 
for LSRA is followed to generate the active force. As 
shown in Figure 8, the scheme comprises a force 
distribution function (FDF) and force-current generation 
functions. The FDF is applied to calculate the reference 
force for each phase at specific position, and the 
force-current generation function that derived from 
equation (14) is used to obtain the phase current 
reference. 
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Figure 8: Controller block diagram 

Simulations are performed in the Matlab/Simulink 
environment with the system parameters shown in Table I. 
Responses of sprung mass and suspension deflection at 
10rad/second and 100rad/second sinuous disturbance are 
demonstrated in Figure 9 and Figure 10, respectively. The 
corresponding control forces are shown to illustrate the 
feasibility of the actuator. The sprung mass accelerations 
are improved significantly compared to the passive 
suspension. However, under the optimal control, the 
suspension deflection can not be reduced considerably at 
the same time. It becomes even worse than passive 
suspension at low frequency disturbance.    

 

(a) Sprung mass acceleration 

 
(b)Suspension deflection 

 
(c) Active force 

Figure 9: System response at 10rad/s disturbance 

(Dashed line: passive, solid line: Active) 

 
(a) Sprung mass acceleration 

 
(b) Suspension deflection 

 

(c) Active force 

Figure 10: System response at 100rad/s disturbance 

(Dashed line: passive, solid line: Active) 

5. Conclusion 

Improved ride quality and road holding capability are 
based on high performance suspension system. In this 
paper, the suspension parameters effects on system 
performance are examined, and we proposed an 
electromagnetic active suspension system that composed 
of linear switched reluctance actuator and mechanical 
spring. The design of LSRA is verified and optimized by 
FEA. Finally, the suspension system is simulated under 
the optimal control. Enhanced performance is achieved 
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by evaluating the response of sprung mass acceleration 
and suspension deflection. 
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