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Abstract- In this paper, we present the development, 
modelling, and simulation of two semi-active control 
strategies applied on a magnetorheological (MR) 
suspension for automotive applications.  A modified 
Sky-Hook strategy and a new control strategy based 
on the inversion of the Energetic Macroscopic 
Representation of the MR suspension are 
considered. A special scaled-down test bench is 
designed and manufactured to characterize the MR 
damper. Simulation results of both control strategies 
are shown and discussed especially from electrical 
energy consumption point of view as this is one of 
the key criteria for the design of new vehicles. 
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1. Introduction  
In the automotive field, suspensions are designed to 
satisfy several conflicting requirements, such as 
adequate ride quality, road holding, and handling 
and control characteristics within the limited 
clearance space [1]. Active suspensions seem to be 
the best compromise between comfort and road 
holding. However, these suspensions are still rare, 
because of their complexity, cost, energy 
consumption and the risk of instability inherent in 
any active system.  
To solve these stability problems and to decrease 
energy consumption, current research also focuses 
on semi-active suspensions for which various 
technologies emerged and are already 
commercialized. Semi-active systems are devices 
having properties that can be adjusted in real time 
but they remain passive, thereby they are infinitely 
stable especially those based on magnetorheological 
dampers commonly called, MR dampers. 

MR fluids are suspensions of micron sized 
ferromagnetic particles in a carried liquid (mineral 
or silicon oil, for example) which apparent 
viscosity can change under an external magnetic 
field in milliseconds. Thereby, they are used in a 
lot of controllable systems [2, 3]. Semi-active 
suspensions based on MR dampers show a great 
development, because of their mechanical 
simplicity, high dynamic range, low power 
consumption, high force capacity and robustness 
[4].  
In this paper, first we present the problematic of 
controlling semi-active suspension using the 
quarter-vehicle model. Sky-Hook and inversion-
based control models are explained. Then the 
experimental test bench used and typical 
experimental characterization results are shown. 
Control strategies are implemented into Matlab-
SimulinkTM, and a performance comparison is 
presented.   

2. Semi-active control strategies 
The control strategies developed for the MR 
suspension in this study are designed and applied 
on a quarter-vehicle approach. This model has 
been widely used to investigate the performance of 
suspension systems (passive, active and semi-
active). Fig. 1 shows a simplified quarter-vehicle 
model. It consists of a suspended mass of chassis 
m, supported by a MR damper in parallel with a 
spring k, which in turn is connected to the wheel. 
The wheel is supposed to be very rigid and 
consequently, its movement represents the 
disturbances coming from the road. In other 
words, we suppose that the road irregularities are 
directly transmitted to the suspension. This allows 
us to focus only on the performance of the 
suspension regarding the input disturbances.  
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Figure 1: illustration of the semi-active suspension 

based on quarter-vehicle model 
 
Fig. 1 also shows the schematic diagram of the semi-
active control. Two sensors are placed respectively 
on the mass and on the wheel. Information coming 
from these sensors are sent to the controller which 
calculates the necessary input current to the MR 
damper, according to the control strategy. From this 
figure, the dynamic relationship applied to the 
chassis gives: 

 mgFFzm dsm −−−=&&   (1) 
where  

)( wms zzkF −=   (2) 
is the spring force and 

MRwmd FvvcF +−= )(  (3) 
is the total damping force. mz  and mv  are 
respectively the displacement and velocity of the 
chassis, wz  and wv  those of the wheel and c the 
viscous damping coefficient. In (3) FMR is the MR 
controllable component of the total damping force 
and it depends on the intensity of the applied current 
i in the damper. According to a Bingham rheological 
behaviour [5] of the MR fluid, this force is given by:  

)sgn(' wmMR vvicF −=    (4) 
c’ is a coefficient depending on the damper’s 
characteristics and the sign function implies that the 
force is always opposed to the relative velocity of 
the damper. It is a resistive force, only the intensity 
of this force can be controlled. The parameters of 
these forces are experimentally identified.   

2.1. Modified Sky-Hook control strategy  
The first control law tested in this work is based on 
the Sky-Hook control which can be described as 
follows: 
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This strategy indicates that if the relative velocity 
of the body with respect to the wheel is in the 
same direction as that of the body velocity, then a 
maximum damping force should be applied to 
reduce the body acceleration. On the other hand, if 
the two velocities are in the opposite directions, 
the damping force should be at a minimum to 
minimize body acceleration [6]. However in this 
work, the Sky-Hook strategy is slightly improved: 
the damper is not activated according to an on-off 
control, but the calculated input current depends 
on the absolute body velocity. Typically, electrical 
current is no longer the maximum current 
admissible by the MR damper, but it is chosen 
such that the MR force is proportional to the 
absolute velocity of the chassis. Assuming that b is 
the coefficient of proportionality, the MR force 
becomes:  

mMR bvF =    (6) 
 
Replacing FMR by its expression in (4), we obtain 
for the necessary input current: 

'
)sgn(

c
vvbv

i rmm −
=    (7) 

However, according to the strategy of Sky-Hook 
control, the damper is activated only if 

0)( ≥− wmm vvv . Therefore, the expression of the 
input current is:  

'c
vb

i m=    (8) 

This modified Shy-Hook control allows adapting 
the electrical power consumption according to the 
extent of the disturbances and mass movement.  
 

2.2. Inversion-based control  

2.2.1 Energetic Macroscopic Representation 
(EMR) of the MR suspension  
EMR is based on the action-reaction principle to 
organize the interconnection of the sub-systems 
according to the physical causality (i.e. integral 
causality) [7]. This description highlights energetic 
properties of the system (energy accumulation, 
conversion and distribution). The EMR of the 
quarter-vehicle suspension is depicted on the 
upper part of Fig. 2 (orange pictograms). Each 
mechanical or electrical element is represented by 
a specific pictogram corresponding to its function. 
A summary of equivalent pictograms can be found 
in the appendix. From left to right, the different 
parts are described as follows:  
a) Mechanical source 
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The wheel (oval) in direct contact with the road 
is the source of movement (MS). It imposes a 
velocity on the suspension vw which in turn 
exerts a total force Ftot 

b) Parallel connection 
The parallel connection is a mechanical coupling 
device (overlapped triangles). It connects the 
wheel to the suspension. The total force Ftot is 
the sum of the damping force Fd and spring 
force Fs: 

⎩
⎨
⎧

+= sdtot FFF
vwcommon  

   (9) 

c) Spring 
It is an energy storage element described by an 
integral relationship giving the force as a 
function of the chassis speed vm and the wheel 
speed vw: 

dtvvkF wms )( −= ∫   (10) 

 
d) Damper 

It is a mechanical converter because the input 
mechanical energy is dissipated as heat. 
Furthermore it is the only controllable 
component: 

)sgn(')( wmwmMR vvicvvcF −+−=   (11) 
 
e) Parallel connection: 

A second coupling device yields the total force 
Ftot with the common input vm. 

⎩
⎨
⎧

+= sdtot FFF
vmcommon  

  (12) 

The chassis velocity vm is obtained by the 
dynamics relationship: 

gmFv
dt
dm totm .−−=   (13) 

This relationship is represented by an 
accumulation element (rectangle) with the mass 
velocity vm as the state variable.  

2.2.2 Inversion-based control of the quarter-
vehicle suspension 
Once the system is decomposed into elementary 
sub-systems using the EMR, we determine a 
tuning chain: from the tuning input to the global 
output to be controlled. By consequence, the 
inversion-based control is obtained by inverting 
step by step the processors of the tuning path. This 
method applied here leads to the Maximum 
Control Structure [7]. All control blocks are 
depicted by blue parallelograms as they handle 
only information (see appendix). Conversion 
elements can be directly inverted, as they have no 
time-dependence behaviour. Coupling element 
may require supplementary inputs for inversion. 
Since accumulation element cannot be inverted 
physically to avoid derivation, an indirect 
inversion is thus made using a controller [8]. The 
control structure has to define the adapted input in 
order to produce the expected output. In our case 
there is 1 tuning variable i. The objective is to 
control the position of the chassis (and therefore 
the velocity vm, in energy terms).  

 
Figure 2: EMR and control structure of the quarter-vehicle MR suspension
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Thus the control has to express the tuning input i as a 
function of the output set point Vm. On a horizontal 
road, we could choose for example Vm_ref=0 in order to 
minimize the vibration of the chassis. 
The tuning chain links the tuning input to the global 
output to be controlled and the control chain is 
obtained by inverting the tuning chain step by step 
using inversion rules. According to the objective, the 
tuning chain (red arrows) chosen is:  

mtotd VFFi →→→  
 

then control chain is obtained:  
refmreftotrefd VFFi ___ ←←←  

 
The lower part of Fig. 2 represents the control 
structure deduced by the EMR of the quarter vehicle 
model, from right to left we have:  
(a) Inversion of the chassis 

This element is an accumulation element. A 
controller is needed to define the total suspension 
force Ftot_ref from the chassis velocity Vm_ref:  

)( ___ meamrefmreftot vvCF −=   (13) 
Where C is the controller (P, PI or other types of 
controller) and vm_mea is the experimental value 
measured by a sensor, for example, by integrating 
an accelerometer signal placed on the chassis. On 
fig. 2, sensors are represented by small circles on 
the arrows corresponding to the required variables.  

(b)Inversion of the mechanical coupling  
From this block, we can deduce the damping force 
Fd_ref : 
 

sreftotrefd

srefdreftot

FFF
FFF

−=⇒

+=

__

__  (14) 

 
with Fs  is the spring force. 

(c)Inversion of the damper 
This last inversion of the tuning chain aims at 
finding the necessary input current in the damper:  
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  (15) 

vw_meas is measured by a sensor placed on the wheel 
axle.  
Note that informations coming from the two 
sensors are also used to evaluate the spring force 
Fs. 

 3. Characterization set up 
Fig. 3 shows a picture of the experimental set-up 
developed to identify the parameters of the scaled-
down MR damper.  This damper was conceived 
with a scale factor between the forces of the 
scaled-down damper and a real vehicle damper of 
about 1/50. 
The damper is actuated by a linear motor which 
simulates the wheel vibrations. The damping force 
is measured using a force sensor placed above the 
damper. A LVDT linear position sensor is placed 
at the piston rod level, the velocity is obtained by 
the derivation of position signal. Testing of the 
damper involves axial extensions and 
compressions with profile motion at different 
velocities while simultaneously subjecting the 
damper to varying currents. Measuring of 
electrical properties of the damper coil gives for 
the resistance R=1.7Ω and for the inductance 
L=5mH. Fig. 4 presents force/velocity graph for 
values of electrical current from 0A to 1.5A, and 
fig. 5 shows the corresponding force/current 
graph. As mentioned above, the dynamic 
behaviour of the damper is assimilated to a 
Bingham model written as follows: 

)sgn(' viccvFMR +=   (16) 
where v is the relative displacement of the damper 
piston and i the input current. 
 

 
Figure 3: Dynamic experimental test bench of the 
MR damper 
 
By identification and taking into account only the 
linear part of the force vs. velocity and force vs. 
current evolution, we find c=55 N.s.m-1 and c’=49 
N.A-1. 
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Figure 4: Damping force vs. velocity for different 
current values. 
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Figure 5: Damping force vs. current for different 
velocity levels. 

4. Simulations and Control performances 
EMR and inversion-based control can be directly 
transposed to Matlab-SimulinkTM scheme (Fig. 6). In 
the simulation model, a stiffness spring of 6200 N.m-1 
and a mass of 3.6 kg were chosen. Thus, the resonant 

frequency of the system is 6.62
/ =π
mk Hz.  

 

Chassis
Wheel

Coupling

Spring + MR damper

Coupling Mass chassis

MS
SE

Vc_ref
0

 
Figure 6: Matlab-SimulinkTM model of the MR 
quarter-vehicle MR suspension. 
 
The controller chosen is a proportional controller. The 
choice of its gain P is determined by identifying the 
closed loop transfer function to a second order system 
with a damping rate 7.0=ξ . To assess the 
effectiveness of each control law (Sky-Hook control 

and inversion-based control), we apply a 
sinusoidal excitation to the quarter-vehicle model. 
The movement frequency is 6.6 Hz which 
corresponds to the resonance frequency; vibrations 
are thus amplified and therefore we can better 
visualize the effect of each control law.  

4.1 Simulation results 
Fig. 7 shows the position of the chassis and the 
influence of each control law. The results are quite 
close: Sky-Hook control reduces the amplitude of 
vibration by 67% while the inversion-based 
control reduces vibration by 63%, this gives a 
benefit of 4% in terms of comfort for the first one 
but it may not be significant. However, the 
efficiency of the both control laws is noteworthy, 
in comparison with the case (unrealistic) without 
any control. On the other hand, according to the 
Fig. 8, the power consumption during one period 
for the Sky-Hook strategy is 0.25 W and for those 
based on the inversion of the EMR, 0.18 W, 
making a reduction of 25% of the electrical power 
consumption. 
 

5. Conclusion 
In this paper two control strategies for vehicle MR 
suspension are presented. The Shy-Hook control 
strategy and a new control strategy based on the 
inversion of the EMR of the quarter-vehicle 
suspension is introduced. The EMR is associated 
to macroscopic modelling of the overall system. A 
reduced scale experimental set-up is presented, 
which allows parameter identification of the MR 
damper. Then, simulation results are compared for 
the two control strategies. the inversion-based 
control deduced from the EMR of the quarter-
vehicle MR suspension yields good performances 
of the vibration reduction especially from energy 
consumption  point of view.  
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Figure 7: Chassis position for different control 
strategies. 
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Figure 8: Current consumption for the Sky-Hook and 
inversion based control stategies. 
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