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For Vehicle suspension systems, needs for high force density and ease of design 

made hydraulic actuating systems commercially viable but inefficient, with 
bandwidth requirement very small. With active electromagnetic suspension 

system, the lapse of providing adequate bandwidth is compensated. The 

governing differential equations of displacement interactions in both spatial and 
time domains were used and CEFLT algorithms employed in the stability 

analysis. An optimum for reduction of the electromagnetic actuating force acts 

as trade-off for given vehicle-road terrain parameters. System instability occurs 

when the value is decreased and stability is maintained when increased. 

Keywords: Vehicle suspension system, bandwidth, CEFLT algorithms, electromagnetic actuating 
force. 

 

1. Introduction 

Effective suspension systems should be able to 

provide trade-offs between the safe handling, 

maximum traction and passenger comfort. For 

this to be achieved, modern suspension systems 

rely on various types of springs, shock 

absorbers, control arms, and other components 

like actuators, sensors, etc. For any type of 

suspension system used on the vehicle, 

however, the tires should be made to rise and 

fall, relative to the body. It must be able to allow 

the springs and shocks to reduce bumps and road 

shock, and that the suspension is able to allow 

the springs and shocks to absorb the energy of a 

bump for a smooth ride while not allowing 

uncontrolled movement of the tyres. The 

suspension is to handle movements caused by 

vehicle acceleration, braking, and cornering. 

The spring must be able to safely carry the 

weight of the vehicle, since the failure of a 

spring does not only affect the ride height for the 

cornering of the vehicle, the spring's ability to 

carry weight will now be gone, thus resulting in 

a very rough road ride and increase in the loads 

and stresses placed on other components [1-3]. 

Irrespective of the type, suspension system 

carries the weight of the vehicle. Through the 

springs and other suspension components, the 

weight of the vehicle and its occupants is 

transferred to the wheels and tyres. Not only is 

the vehicle weight a load, but the additional 

forces of cornering, braking, accelerating, and 

negotiating every bump and dips in the road are 

applied to the suspension and tires. Engineers 

must balance weight carrying, ride control, 

comfort and handling when a vehicle is being 
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designed.  

The role of suspension in an all-terrain vehicle 

can be broadly classified as performance-

oriented (handling) and comfort-oriented (ride). 

The comfort oriented goals include isolation of 

shocks and vibration from road undulations and 

performance-oriented goals are to maintain 

durability, agility and speed of the vehicle on all 

kinds of challenging terrains. Vehicle vibration 

which affects ride comfort and vehicle body 

acceleration was studied in [4, 5].  

The design of linear H-infinity suspension 

controllers served for robust control was used to 

achieve an optimal control system. A multi-

objective uniform-diversity genetic algorithm 

(MUGA) was used with a diversity preserving 

mechanism for Pareto optimization of 5-degree-

of-freedom vehicle vibration model in [6] to 

address vehicle constraints such as vertical 

acceleration of seat, vertical velocity of forward 

tire, vertical velocity of rear tire, relative 

displacement between sprung mass and forward 

tire and relative displacement between sprung 

mass and rear tire. 

Due to the high force density, ease of design, 

maturity of technology, and commercial 

availability of the various parts, hydraulic 

systems are commonly used in body control 

systems. There is the example of antiroll control 

(BMW-ARC) system developed by BMW and 

achieved by placing a hydraulic rotary actuator 

in the center of the antiroll bar at the rear of the 

vehicle [7].  

All commercial body control systems use 

hydraulics to provide the active suspension 

system to improve vehicle roll behavior and ride 

control. However, the system is still considered 

inefficient due to the required continuously 

pressurized system, relative high system time 

constant (pressure loss and flexible hoses), 

environmental pollution due to hose leaks and 

ruptures, where hydraulic fluids are toxic, and 

mass and intractable space requirements of the 

total system, including supply system, even 

though it mainly contributes to the sprung mass. 

In fact, hydraulic systems have already proved 

their potential in commercial systems with 

regard to active roll control (ARC) since the 

bandwidth requirement is very small (order of 

hertz), but concerning reduction of road 

vibrations, the performance of the hydraulic 

system is insufficient [8]. 

Thus, with electromagnetic suspension system, 

the disadvantages of a hydraulic system can be 

taken care of. This is as a result of the system 

producing a relatively high bandwidth (tens of 

hertz), and there is no need for continuous 

power, ease of control, and absence of fluids. 

Linear motion can be achieved by an electric 

rotary motor with a ball screw or other 

transducers to transform rotary motion to linear 

translation. However, the mechanism required 

to make this conversion introduces significant 

complications to the system. These 

complications include backlash and increased 

mass of the moving part due to connecting 

transducers or gears that convert rotary motion 

to linear motion (enabling active suspension). 

More important, they also introduce infinite 

inertia, and therefore, a series suspension, e.g., 

where electromagnetic actuation is represented 

by a rotary motor connected to a ball screw 

bearing, is preferable. These direct-drive 

electromagnetic systems are more suited to a 

parallel suspension, where the inertia of the 

actuator is minimized [9]. 

Meanwhile, the cited papers and most other ones 

in literature present various models ranging 

from those representing passive as well as semi-

active and active suspension systems. The 

actuating force is either generated by hydraulic, 

pneumatic or even electromagnetic system, but 

usually fixed to both the sprung and unsprung 

masses; however, the suspension system 

proposed in this paper is only attached to the 

unsprung mass component of the quarter part of 

a four wheel vehicular system.  

Also, majority of control analysis used in 

previous papers are based on artificial 

intelligence (AI) and mainly not considering the 

spatial domain of balancing change in force 

requirement of the actuator. Our proposed 

system takes into account the wave requirement 

of generating the needed electromagnetic 

actuating force and, applies complex 

exponential Fourier-Laplace transforms 

(CEFLT) solution technique to analyses the 

problem. 

All of the components of the suspension system 

must work together to provide the proper ride 

quality and handling characteristics expected by 

the driver and passengers. Each component is 

engineered to work as a part of the overall 

system. If one part of the system fails, it can lead 
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to faster wear or damage to other components. 

Therefore, a complete understanding of each 

component and how it functions as part of the 

whole suspension system is critical.  

This article introduces the stability analysis of 

the active electromagnetic suspension system, 

and the section that follows presents the theory 

of the suspension system with subsections 

modelling the static configuration, the actuator’s 

force generation and dynamics of the system. 

Following that, are the sections of stability 

analysis, results and discussion, conclusion and 

lastly the references. 

2. Theory of the Suspension System 

A suspension system carries the weight of the 

vehicle and serves the purpose of providing 

proper car handling and comfort of the 

occupants. By means of the springs and other 

suspension components, the total weight of a 

vehicle and its occupants is transferred to the 

wheels and tyres. The mechanisms of a 

magnetically-supported active suspension 

system are shown schematically in Fig 1. These 

comprises of an assembly of springs, shock 

absorbers, an actuator and linkages that 

connects a vehicle to its wheels. The tyre-road 

reaction per unit depth is signaled by a sensor 

and transmitted to the electromagnetic actuator 

for an action. 

2.1. Static of suspension system 

When a car is stopped or packed at a spot, the 

suspension mechanism will work so as to 

provide a balance for the vehicle. In this case, 

the free-body diagram of the quarter part of the 

vehicle is as shown in Fig 2. The magnetic 

actuator works to compensate for the loss of 

comfort and control that result from a wheel side 

that enters into a gallop or a pothole. It is the 

weight of the wheel and suspension components 

that travels into the pothole or climbs onto the 

bump-hill. Therefore, the governing equation 

for the system in its static equilibrium is given 

by: 

 

  RzgmyFykykk

gmyyk

a 



2211212

1211
 

0 t      (1) 

where, are spring and tyre stiffness constants 

respectively,  

21,cc  are damping coefficients of the shock 

absorber and the tyre respectively, 

21 , yy  Displacements of the quarter body parts’ 

sprung and unsprung masses respectively, 

21,mm  Quarter body masses of sprung and 

unsprung bodies respectively, 

aF  Electromagnetic actuating force, 

R  Tyre reaction per depth against the road 

profile, 

z  Wheel displacement as a result of the road 

profile 

 
Figure 1: Schematic diagram of a magnetically-actuated 

active suspension system. 

 
Figure 2: Free-body diagram of the static forces of a 

quarter part when the vehicle is stationary. 
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It can be observed that from Eqn. (1), the quarter 

weight of the car body is taken care of by the 

spring while that of the unsprung mass is cared 

for by tyre springs and the levitating force from 

the actuator. The system generates 

electromagnetic fluxes required to raise the 

vehicle’s unsprung masses at the affected 

quarter side. 

2.2. Analysis of actuator’s force 

In a magnetic or electromagnetic system, B  

denotes the magnetic flux density, while the 

magnetic flux m  is expressed by [10]: 

  dSm B
     (2)

 

If a positive test charge q  moving with a 

velocity v through a point in the magnetic field 

experiences a deflecting force, mF , then, the 

force due to the magnetic field is be given by: 

BvF  qm      (3)
 

When the velocity of the moving charge is 

inclined at an angle   with the magnetic field 

intensity, Eqn. (3) becomes: 

sinqvBFm 
    (4)

 

Passing current I  through the conductor of 

length l , and dtIq  , 
dt

dl
v  , therefore, Eqn. 

(4) can be written as: 

sinBIlFm 
     (5)

 

As the system can be arranged in such that the 

magnetic force for the actuator produces 

maximum values, i.e., when 
2


  , then the 

work done by the actuator force in lifting or 

lowering the unsprung mass of the suspension 

system can be given by: 

22 dyFdyBIlW aa 
   (6)

 

and aW lifts or lowers the actuator’s sleeve or 

piston with a displacement dz , hence, the 

actuating force F  is given by: 

dz

dy
FF a

2
     (7)

 

2.3. Dynamic of suspension system 

The free-body diagram of the suspension system 

during motion is now considered and shown in 

Figure 3. This comprises of the inertia, the 

damping, spring and actuating forces. The 

arrangement is that of a two – degree-of-

freedom system and, the governing equations of 

motion can be given by: 

𝑚1𝑦̈1 +  𝑐1(𝑦̇1 − 𝑦̇2) +  𝑘1(𝑦1 − 𝑦2) = 0 

𝑚2𝑦̈2 + 𝑐2𝑦̇2 + 𝑘2𝑦2 − 𝑐1(𝑦̇1 − 𝑦̇2) − 

𝑘1(𝑦̇1 − 𝑦̇2) + 𝐹𝑎𝑦2
′ = −𝑅𝑧  ∀ 𝑡  > 0 (8) 

subject to Eqn. (1) the initial conditions: 

𝑦1(𝑧, 0) = 𝑓(𝑧)

𝑦2(𝑧, 0) = 𝑔(𝑧)
} ∀ − 𝑎 ≤ 𝑧 ≤ 𝑎 

𝑦̇1(𝑧, 0) = 𝑦̇2(𝑧, 0) = 0 ∀ − 𝑎 < 𝑧 < 𝑎 

𝑡 ≤ 0      (9) 

and, the following boundary conditions; 

 

  







atay

tay

,

0,

2

1

      

0tat             (10) 

where C  is determined by the quarter weight of 

the car and the stiffness constant of spring. 

 
Figure 3: Free-body diagram of forces 

3. Stability Analysis 

In this section, the complex exponential Fourier-

Laplace transforms (CEFLT) algorithms [11] is 

to be used in analysing the system in its 

frequency domain. In this respect, the initial and 

boundary conditions are not assumed but 

deduced from the governing differential 

equations (1). Therefore, the integral transforms 
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are defined as follows: 

If, 

    

   
 








0
,

,,

a

a

zist

i

ii

dzdtetzy

tzysY




           (11) 

then, 

    

   
 












0

1

,

,,

a

a

zist

i

ii

dsdesY

sYtzy





            (12)
 

where 

  
 










azaz

azaszY
sY

i

i
,0

,
,1   

2,1i                (13) 

3.1. Analysis of initial and boundary 

conditions 

Recall from Eqn. (1) which can be written in 

matrix form as, 





























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
























Rzgm

gm

y

y

Fy

y

kkk

kk

a

2

1

2

1

2

1

211

11

0

00

          (14)

 

where   2,10'  izyy ii . On applying Eqns. 

(11) and (12) to Eqn. (14) and solving 

simultaneously, the response signals in the 

spatial domain, are given by: 

   
1

1
21 0,0,

k

gm
zyzy 

            (15)

 

and see Eqn. (16). 

From Eqn. (15), it can be seen that when the 

actuator’s sleeve z  is on the zero mark (i.e.

0z ), displacement signal  0,1 zy  is a sole 

product of comparing the weight of the car body 

with the spring constant of the suspension spring 

for the quarter side under consideration. This is 

showing that the sprung spring 1k  is the 

component that is supporting the car body at 

rest. From Eqn. (16), however, the displacement 

signal  0,2 zy  has limiting values of az   and 

with 0z ,   00,2 zy . 

3.2 Analysis of the dynamic model of 

suspension system 

The response of the suspension system as the 

vehicle tours a road terrain as described by the 

governing equations can now be determined on 

applying Eqns. (11) and (13) to Eqn. (8), and 

solving the system simultaneously. The 

resulting displacement signals in the frequency 

domains for both sprung and unsprung masses 

are given as (17) and (18).

 

  

  

      
 

0,

)16(

sinh
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



taza

Fak
k

zR
e

kFaFakkR
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F
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where 
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Eqns. (17) and (18) are further expanded to give, 
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Table 1: Values of suspension parameters 

Parameters Iron Nylon 

1m  450 kg Sprung mass 

2m  40 kg Unsprung mass 

1k  30 kN/m Spring stiffness 

2k  160 kN/m Tyre stiffness 

1c  2k Ns/m Shock damping coefficient 

2c  15 kNs/m Tyre damping coefficient 

 

4. Result and Discussion 

Firstly, analysis of the system’s static or initial 

configuration in spatial domain (while time t=0) 

i.e. before it is excited to move, is considered. In 

this case, it is possible that the vehicle is packed 

with any of its wheels inside a pothole or on a 

raised bump. The unsprung mass components 

are assumed to be flexible enough so as to 

maintain a comfortable standing position of the 

vehicle’s body. Secondly, the dynamic system 
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of the suspension mechanism is analysed in the 

frequency domains, to determine its stability. 

This is important because the actuating force is 

allowed to control only the unsprung mass 

without touching the sprung mass directly. 

4.1 Result of the static analysis 

Depending on the parking condition of the 

vehicle, a wheel that is not parked on a levelled 

surface will demand a measurable amount of 

force to keep it balanced. And as shown in Fig 

4, the car parked (at 0t ) on a levelled ground 

i.e. when 0z returns zero deflection of the 

unsprung mass (i.e.   02 zy . However, the 

case is different with the sprung mass deflection 

since the spring does the work of carrying the 

weight of the vehicle. Figure 4(a) demonstrates 

almost linear relationship between the 

deflection of the masses and actuator 

displacements when the range of values of the 

actuator’s sleeve is closer. It means that the 

space between the levelled ground and the tyre 

centre is low. On another hand, a departure of 

linear relations between z and  zy2  is 

illustrated by Figure 4(b) as the range of values 

of z increases for the given parameter. The 

range of z for which Figures 4(a) and 4(b) were 

plotted are given for (a) as –0.2<z<0.2 and for 

(b) as -0.3<z<0.3. 

4.2 Result of the dynamic analysis 

The results of the stability analysis of the active 

electromagnetic actuating suspension system 

are presented. Illustrated in Figure 5(a) is the 

resonance occurrence at the lower system 

frequency with the sprung mass dynamics and 

stability of the body is sustained. It is 

demonstrated that the system responds quickly 

to any change on road terrain except with a 

situation of a longer stay that may make the 

vehicle frequency equal to one of system natural 

frequencies. Comparing a hydraulic actuating 

active system which has the limitation of 

producing a narrow bandwidth, the 

electromagnetic actuator generates enough 

bandwidth as depicted by the magnitude 

response in Figure 5(b). In this case the curve 

produces flat top, therefore generating a wider 

bandwidth. Figures 5(c) and 5(d) show the phase 

responses of the vehicle body and suspension 

system dynamics, respectively. Stability is 

supported with the phase angle decreasing and 

its values remaining between 0  and   as the 

frequency of the system increases. 

 
a. For -0.2<z<0.2 

 
b. For -0.3<z<0.3 

Figure 4: Varying the actuator displacement bounds. 

Vehicle body dynamics is essentially observed 

for stability, as its unstable conditions will 

create discomfort for passengers and damage to 

some delicate loads. Thus, Figure 6 depicts the 

Nyquist Plot for the sprung and unsprung mass 

systems and, a fine selection of parameters such 

that both the vehicle body  1Y  and the 

suspension  2Y  displacements are on stable 

pedestals. Although, for the given value of road-

wheel reaction, stability can be optimized 

further by varying the value of the 

electromagnetic actuating force. 

Figure 7 shows that the system may not be 

accepted to be stable, even though the 

suspension unit of it appears stable as shown in 

Figure 7(b). In Figure 7(a), the vehicle body is 

unstable; also the curve demonstrates the 

narrowing of the bandwidth as a result of trying 

to drive the actuator with a smaller amount of 

force. This is an important area too as greater 

force value requires higher no of turns of coil, 
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Figure 5: Magnitude and phase responses with mkNRkNFma a /20,3.15,3.0 

 

 

Figure 6: Nyquist Plots of  sY ,1   and  sY ,2   

 

Figure 7: Magnitude and phase responses with mkNRkNFma a /20,3.13,3.0 

which in turn increases the weight of the device. 

While the phase angles in Figures 7(c) and (d) 

are similar to those of Figures 5(c) and (d), the 

reality is that the system is not stable. This 

condition is further proved by showing with the 

system’s Nyquist Plot of Figure 8 that sprung 

mass dynamics turns out to become an unstable 

system. The cross-over frequency of the curve 
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for that vehicle body part of the system has 

actually enclosed point  01 j , a condition 

for instability. However, the suspension system 

demonstrates stability since it crosses the 

negative real-axis before the point. In this case, 

handling may be possible but passengers’ 

comfort has been distorted, hence there is a need 

for proper trade-off in the analysis. 

 

Figure 8: Nyquist Plots of  sY ,1   and  sY ,2   

5. Conclusion 

The stability analysis of an active 

electromagnetic suspension system has been 

investigated in this paper. It is found that wider 

bandwidth is needed for effective active 

suspension system in a vehicle. This is possibly 

provided by the use of an electromagnetic 

actuator, other than a hydraulic actuator that 

only provides larger actuating force but narrow 

bandwidth. It is also discovered that to optimize 

system stability, the electromagnetic actuating 

force can be varied for ranges of values of road-

wheel reaction for any given vehicle suspension 

parameters. Acceptable stability points are 

determined on frequency response and Nyquist 

Plots. 
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Nomenclature 

1k  : Spring stiffness constant, 

2k  : Tyre stiffness constant, 

1c  : Damping coefficient of the shock absorber, 

2c  : Damping coefficient of tyre, 

1y  : Displacement of the quarter parts of the 

sprung mass, 

2y  : Displacement of the quarter part of the 

unsprung mass, 

1m  : Quarter body mass i.e. the sprung mass, 

2m  : Quarter mass of the unsprung bodies, 

aF  : Electromagnetic actuating force, 

R  : Tyre reaction per depth against the road 

profile, 
z  : Wheel displacement on the road profile, 

m  : Magnetic flux, 

B  : Magnetic field vector, 

mF  : Deflecting force vector, 

aW  : Work done by the actuator 

CEFLT : Complex Exponential Fourier-

Laplace Transforms 

MUGA : Multi-objective Uniform-diversity 

Genetic Algorithm 

ARC : Active Roll Control 
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