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Abstract—The present work proposes a novel control 

algorithm of semi-active magnetorheological (MR) suspension for 

full vehicle vibration suppression. The mathematical model of full 

vehicle with seven-degrees-of-freedom is established and its 

vibration mode analysis is conducted. The proposed controller 

derives the desired current for individual MR damper by 

mitigating the vertical motion of vehicle body and the body 

attitude adjustment. Compared with existing control algorithms, 

the proposed controller can avoid complex inverse model of MR 

damper and force tracing issue. The semi-active control 

effectiveness is evaluated. The results show that the vehicle body 

acceleration, pitch and roll angle are greatly reduced by the 

proposed controller.  

Keywords—Combined vertical and attitude control, 

magnetorheological suspension, ride comfort, full-vehicle control 

I. INTRODUCTION 

Suspension system of a vehicle is significant for maintaining 
the ride comfort and steering stability, which isolates the 
unwanted vibration from the roads. In the past, the passive 
damper based suspension has been widely investigated and 
applied. However, its performance may only be effective in a 
narrow frequency range due to its fixed parameters (e.g., spring 
and damping coefficients); and one has to find trade-off between 
the ride comfort and vehicle handling. Therefore, a low-cost 
adaptive damper is being actively developed, which could 
provide the variable damping force with the variation of road 
conditions and the requirement of vehicle state. Semi-active 
damper is a typical adaptive damper with advantages of active 
and passive suspensions, which can change the damping 
parameters and present the fail-safe characteristics with low 

energy consumption. Recently, semi-active magnetorheological 
fluids (MRF) damper whose viscosity can be varied by applying 
different current has been paid increasingly attention.  

For suspension system with MR dampers, developing a 
control algorithm to fully utilize the great potential of the MR 
damper is of ultimate significance for practical application. In 
the last decade, various control methods have been proposed[1-

9]. The present studies are mainly focused on the quarter-car 
vertical suppression, which deals with the conflicts between the 
reduction of sprung mass acceleration and ride stability. 
However, in reality, besides the vertical vibration, the full 
vehicle also presents pitch and roll motions, that is, the attitude 
state variation. Merely control for each suspension of quarter-
car model (e.g., normally two-degree-of-freedom) cannot 
eliminate the angular motion from different degrees of freedom 
(DOF) of full vehicle attitude, which even deteriorates the 
vehicle body vertical vibration. Therefore, the combined vertical 
and attitude control for the full vehicle dynamics should be 
investigated for the practical application.  

For full vehicle-suspension dynamics control, some studies 
are conducted on the decoupling and layered controller design. 
Yao et al proposed a decoupling skyhook controller for MRF 
suspension, in which vehicle body motion in terms of vertical, 
pitch and roll have been controlled by three skyhook controller 
and the corresponding control force were converted into a 
combined damping force for each damper[10]. Wang et al 
designed an attitude compensation controller for full vehicle 
body, in which the sky-hook control force and the attitude 
compensation force of each suspension was calculated for 
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suppressing the sprung mass vibration[11].Additionally, some 
researchers proposed cooperative controllers among the 
suspension system, steering system and braking system[12-14]. 
However, the above mentioned control methods are hardly 
implemented due to the complexity, that is, the output of these 
controllers is the damping force for individual MRF damper, 
which needs an accurate inverse model to derive the desired 
current for each damper. Inverse models are normally 
established by non-physical method (e.g., neutral-based model); 
the error of the inverse model impedes the accurate tracing of 
damping force, and the bumping effect between minimum and 
maximum currents may present due to the non-physical model’s 
discontinuity. Consequently, it is significant to develop a 
practicable control algorithm which directly outputs the desired 
current for MRF damper instead of the controllable damping 
force in the full vehicle dynamics design. 

In the present work, a feasible implemented controller has 
been developed for controlling the attitude and vertical vibration 
of the full vehicle. The proposed control algorithm is based on 
the modified skyhook control of each MRF damper and the 
vehicle attitude is also compensated based on the real-time 
motion of individual damper. The most highlight is that this 
proposed controller can directly derive the desired current for 
MRF damper for its practical implementation. The remainder of 
this paper is organized as follows. Firstly, a full vehicle model 
with nonlinear MRF damper model is established. The random 
road disturbance is considered as input. Secondly, the dynamic 
characteristics of a manufactured MRF damper are described 
and its accurate model is developed. Thirdly, a novel controller 
is presented by fully considering the vertical mitigation and 
attitude compensation of the practical vehicle. Finally, 
evaluation of control performance is presented and the main 
conclusions are summarized.  

II. FULL VEHICLE MODEL 

A. 7-DOF vehicle-suspension model 

A seven-degree-of-freedom full vehicle model of the semi-
active suspension system is established, which consists of the 
body and four wheels (Fig. 1). The vertical, roll and pitch 
motions of the vehicle body constitute three degrees of freedom, 
and the vertical motions of each wheel constitute another four 
degrees of freedom. 

The dynamic equation of the full vehicle model is expressed 
as follows, 

4 4
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= − 
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Fig. 1.   Full vehicle model of MR suspension system 

Displacement of the sprung mass at each suspension position 
(zs1, zs2, zs3, zs4 ) can be derived by zg, lf, lr, bf, br,   and  [11]. In 

the above equation, M is the sprung mass and ( )1, 2,3, 4m ii =  is 

the unsprung mass. In the present work, 1, 2, 3, 4i =  

corresponds to left front, right front, left rear and right rear 

suspension. 
yI  and xI  are the rotational inertia of the vehicle 

around the pitch axis and the roll axis respectively. 
sik  is the 

spring stiffness coefficient of the suspension. sic  is the 

equivalent damping coefficient produced by the suspension 

structure;  tik  is the equivalent stiffness coefficient of the tire. 

gz , usiz  and iz  are the vertical displacement of the vehicle body, 

the unsprung mass and the road excitation signal, respectively. 
   and   are the pitch angle and roll angle of the vehicle 

respectively. 
fl  and rl  are the distances between the front and 

rear axles and the vehicle centroid, and 
fb  and rb   are the 

wheelbases of the front and rear axles, respectively. 

B. Random road profile 

Random road excitation is considered in the present work. 
In practical, the road profile is a typical irregular signal. As the 
standard of ISO 8608, the random road profile is derived in the 
term of power spectrum density (PSD) by Wiener-Khinchin 
theory[12]. In the present work, the road roughness is chosen by 
Class D. The vehicle velocity v is 40 km/h. It is assumed that the 
phase delay of the random road profile can be expressed in 
Gaussian density. The road excitation of one single wheel is[15]: 

( ) ( ) ( )1 02 2q t n q t G t   = −  +                (10) 

where, 1n  is the lower cut-off frequency, 0.01Hz; 0G  is the 

road roughness coefficient; ( )t  is unit Gaussian white noise. 

By considering the coherence of the left and right wheels, 
two different random road profiles are designed for the left and 
right sides of the vehicle. The front and rear profiles are derived 
by regarding the phase delay related to the vehicle length and 
driving velocity. 

C. Key parameters for full vehicle–suspension system 

In the present work, the key parameters of a full vehicle 
model with suspension are taken from a middle weight class 
vehicle. The body mass ( M ) of this model is 2042.3 kg, with a 
front unsprung mass ( m1, m2 ) of 173.2 kg and a rear unsprung 
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mass ( m3, m4 ) of 193.9 kg. The distance from the vehicle center 
of mass to the vehicle ( lf ) is 1.2496 m, and the distance to the 
rear of the vehicle ( lr ) is 1.4984 m. The front wheelbase ( bf ) 
and rear wheelbase ( br ) are 1.615 m and 1.61 m respectively. 
Its rolling moment of inertia ( Ix ) and pitching moment of inertia 
( Iy ) are 955 kg ∙  m2 and 3761.5 kg ∙ m2, respectively. The 
equivalent stiffness of the coil springs for the front ( ks1, ks2 ) and 
rear suspensions is 35940 N/m and 26685 N/m, respectively. 
Considering the tire as a constant stiffness spring, the equivalent 
stiffness of the four tires ( kt1, kt2, kt3, kt4 ) is 278000 N/m. 

The original damping coefficient of a passive damper (1800 
Ns/m) is utilized in the simulation for comparison with the MRF 
suspension system. Referred by the Choi’s work[16], the optimal 
damping coefficient for the adopted full-vehicle model is 
determined by the transmissibility index which is the ratio 
between amplitude of the road excitation and sprung mass. In 
the present work, the optimal damping variation range is 
adopted as 1200 or 2700 Ns/m. 

D. Vibration mode analysis of full-vehicle model 

The vibration mode of a full-vehicle system is essential for 
identifying its resonance source. The vibration frequency and 
mode shape can be derived by the eigenvalues and eigenvectors 
of the dynamic model. It can be seen that the sprung mass 
resonance focus on the low frequency (e.g., in the range of 1-2 
Hz), that is, the heave, pitch and roll resonance frequency values 
of the sprung mass are 1.15 Hz, 1.21 Hz and 1.39 Hz 
respectively. While for the unsprung mass, the resonance is in 
the high frequency range (e.g., 5 Hz ~ 7 Hz) and the main 
vibration mode shapes are twist and bending, that is, the 
resonance frequency values are 6.31 Hz, 6.32 Hz, 6.78 Hz and 
6.79 Hz. It is noted that by adding the damping of four MRF 
dampers, the exact resonance frequency of the full vehicle 
should be slightly changed, while the fundamental vibration 
mode is still identical. The desired semi-active damper should 
present the variable damping effect to mitigate the sprung and 
unsprung mass vibration. 

III. MR DAMPER MODEL 

Based on the optimal damping value, an MRF damper is 
designed and manufactured, as shown in Fig. 2. The damper has 
a twin-tube structure, which consists of chamber with piston and 
MR fluids. When the piston moves in the axial direction, MR 
fluids moves in the chamber. Along the MRF flow direction, a 
magnetic field is applied and the field strength is controlled by 
the current signal. As the damping value of MRF changed, the 
damping force is adjusted. 

 

Fig. 2.   Configuration of the proposed MRF damper 

In the present work, the damping force of MRF damper is 
depicted by a hyperbolic tangent model[17], 

( )( ) 0tanhF x sign x cx kx f  = + + + +          (11) 

where   is the proportionality coefficient of hysteresis 

curve;   is the proportional coefficient of the slope of 

hysteresis curve;   is the half width of hysteresis curve; c  is 

damping coefficient; k  is the stiffness coefficient; 0f  is the 

bias force; x  is the displacement. 

The dynamic characteristic of MRF damper is 
experimentally tested. The non-contact displacement sensor and 
force sensor are assembled in the testing system, which records 
the force-displacement data. Different current signals are 
applied from 0.0 A to 1.0 A with increment of 3.0 A. The 
velocities are calculated by the difference approximation 
method of displacement and sampling frequency. Based on the 
tested data, the key parameters of the hyperbolic tangent model 
are identified. Under the amplitude of 4 mm harmonic excitation 
with 4 Hz, the experimental force-displacement and force-
velocity hysteresis loops are shown in Fig. 3. It can be seen that 
the damping value of the MRF damper increases by enhancing 
the applied current. 

   

   (a)                                            (b) 

Fig. 3.   (a) The force-displacement and force-velocity hysteresis loops 

(b) The force-velocity hysteresis loops 

IV. SEMI-ACTIVE CONTROL ALGORITHM FOR FULL VEHICLE 

SUSPENSION SYSTEM 

The proposed control algorithm utilizes the sensor signal of 
the full-vehicle system and derives the current signal for MR 
damper. The framework of the proposed controller is shown in 
Fig. 4. 

 

Fig. 4.   The framework of full-vehicle system control 

In the present work, the proposed control algorithm involves 
the combination of a vertical controller and an angle controller 
for each quarter suspension (Fig. 4). The vertical controller 
applies the sky-hook control method to mitigate the vertical 
vibration of each suspension and the desired current signals 
calculated. However, the different vertical motion of each 
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suspension may induce the position imbalance of the full vehicle 
body, which generates the pitch and roll motion of vehicle body. 
The vertical motion, pitch motion and roll motion affect each 
other, which will cause the vehicle body twist. That is, the 
different rotation degrees of freedom on the vehicle body cannot 
be eliminated merely by the vertical control of each single 
suspension. Consequently, besides the vertical controller for 
each suspension, a vehicle body angle controller should be 
further proposed to calculate the attitude compensation induced 
current for each suspension based on its real-time state (e.g., 
compression or tension state). The two current signals from sky-
hook controller and attitude controller are mixed into a desired 
current, and it is compared to the limited-boundary to determine 
the final current signal. 

A. Vertical control algorithm for individual suspension 

Based on the principle of traditional sky-hook controller, a 
practical sky-hook control for one signal suspension is modified, 
by which a current signal is derived by the input sensor signals 
for sprung mass and unsprung mass.  

The sky-hook control algorithm for obtaining the applied 
current of MR suspension is expressed below, 

( )

( )
max

min

, 0

, 0

 − 
= 

− 

si si usi

si

si si usi

I z z z
I

I z z z
                         (12) 

B. Angle control algorithm for individual suspension 

Besides the vertical vibration of the vehicle body, an angle 
motion based algorithm is proposed for further controlling the 
full-vehicle attitude. For one quarter suspension, firstly, the real-
time state of the suspension should be identified by the roll and 
pitch angles of the full vehicle system, that is, whether the 
suspension is under compression or tension state compared to 
its un-deformed original state; secondly, according to the 
suspension velocity signal, its following state should be 
predicted, whether it approaches to its original state (continue 
compression) or it is away its original state (continue tension); 
thirdly, a current signal is designed for eliminating the vehicle 
body angle motion. The process of angle controller is shown in 
Fig. 5. 

 

Fig. 5.   The process of angle controller 

A detailed illustration is explained as follows. Taken the left 
front wheel as an example, if the body posture leans forward and 
right, the left front suspension is in compression, compared with 

its original state. Then by the real-time suspension velocity 

( 12 LFv − ), its following state can be predicted; if it keeps 

compression, the maximum current should be applied to 
attenuate the compression, which is beneficial to compensate the 
vehicle body’s angle motion, and vice versa. It should be noted 
that, in the case of the pitch and roll angles are in different signs, 
the angle-induced arc length is calculated and compared to 
evaluate the suspension state. Consequently, the left front wheel 
angle control algorithm can be expressed as, 
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By considering the vertical and angle controllers, the 
combining rule is defined,  

(1) If the current signal of vertical controller and angle 
controller are respectively Imax, then the mixed current is 
Imax;  

(2) If the current signal of vertical controller and angle 
controller are respectively Imin, then the mixed current is Imin;  

(3) If the current signal of vertical controller and angle 
controller are respectively Imax and Imin, then the mixed 
current is 𝛼𝐼𝑚𝑎𝑥 , 𝛼𝜖(0,1). 

(4) If the current signal of vertical controller and angle 
controller are respectively Imin and Imax, then the mixed 
current is 𝐼𝑚𝑖𝑛 . 

By extensive trials, 𝛼 is adopted as 0.75 for the best 
performance. 

C. State observer for the proposed combine control algorithm 

In the proposed controller, vehicle body center accelerations 
(vertical acceleration, pitch angular acceleration and roll angular 
acceleration) are real-time monitored. The acceleration signal 
can be integrated to derive the velocity signal. Considering the 
frequency of road excitation, low-pass filter is utilized to deal 
with the acceleration signal and the high-frequency noise signal 
is deleted. The sprung mass velocity of each individual 
suspension can be obtained by the geometrical relationship. 
Similarly, the unsprung mass velocity is also derived. 
Additionally, the velocity signal of suspension is significant 
feedback signal. However, in practical, the suspension velocity 
cannot be directly measured. It can be obtained by the difference 
between the sprung mass velocity and the unsprung mass 
velocity. 
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V. CONTROL PERFORMANCE EVALUATION 

A. Sprung mass vibration analysis 

To verify the proposed controller effectiveness for the full-
vehicle system, the numerical results between passive damper 
and semi-active MRF damper are compared. The vehicle body 
center vertical acceleration and angle motion with varying time 
are shown in Fig. 6-8.  

 

(a) 

 

(b) 

Fig. 6.   Time history of sprung mass center’s vertical responses: 

(a) acceleration and (b) displacement 

The mean square (RMS) values and peak values of the 
vertical acceleration of the vehicle body with the original 
passive damper are 1.0059 m/s2 and 3.4447 m/s2, respectively; 
The RMS value and peak value of pitch angular acceleration are 
0.7099 rad/s2 and 2.5398 rad/s2; The RMS value and peak value 
of roll angle acceleration are 1.6228 rad/s2 and 5.5023 rad/s2 
respectively.Compared with the original passive damper, the 
vertical acceleration RMS values of the semi-active MRF 
damper using only skyhook and the proposed controller are 
0.8062 m/s2 and 0.7825 m/s2, respectively, reducing by 19.85% 
and 22.21%, with peaks of 3.0844 m/s2 and 3.0162 m/s2, and 
suppressing by 10.46% and 12.44%; The RMS values of the 
vehicle acceleration at the pitch angle were 0.4690 rad/s2 and 
1.4083 rad/s2, respectively, a decrease of 33.93% and 37.01%, 
with peaks of 2.0699 rad/s2 and 1.9235 rad/s2, a decrease of 
18.49% and 24.27%; The RMS values of the vehicle 
acceleration for the roll angle were 1.4083 rad/s2 and 1.3694 

rad/s2, respectively, a decrease of 13.22% and 15.61%, with 
peaks of 5.0529 rad/s2 and 4.8861 rad/s2, a decrease of 8.17% 
and 11.20%. 

 

Fig. 7.   Time history of the pitch angle of the sprung mass 

 

Fig. 8. Time history of the roll angle of the sprung mass 

In frequency domain, the power spectrum density (PSD) of 
vehicle body center acceleration by passive damper and MRF 
damper is compared in Fig. 9. The sprung mass fundamental 
frequency is in the range of 1~2Hz. Hence, the PSD curve of 
vehicle body center focus on the low frequency (e.g., 0-5Hz). 
As observed in Fig. 9, one dominant peak presents due to the 
vehicle body resonance, which represents the ride comfort. By 
the combined controllers of semi-active damper, the peak of 
body vertical acceleration, pitch angle acceleration and roll 
angle acceleration are greatly decreased, which represents the 
ride comfort is enhanced. 

B. Suspension and unsprung mass dynamic analysis 

Besides the ride comfort evaluation, the holding property 
should be also concerned. Taking the suspension dynamic travel 
and tire dynamic loads of the right front wheel as an example. 
Compared with the passive suspension, the peak value of the 
dynamic travel by semi-active MRF suspension has been 
deteriorated, but the maximum value is not more than 7 cm, 
which is smaller than the dynamic suspension deflection (7-9 
cm)for vehicle design requirements [9]. The RMS of tire 
dynamicload is deteriorated by 21%, which is due to the 
combined controller replying on the skyhook control of vehicle 
body vertical acceleration. For enhancing the performance on 
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(a)                                                                               (b)                                                                                (c) 

Fig. 9.   Power spectrum density of vehicle body center:(a) vertical acceleration, (b) pitch acceleration and (c) roll acceleration

suspension dynamic travel and tire dynamic load, some other 
vertical controller may be attempted (e.g., ground hook 
controller or mixed sky-ground hook controller) in the future. 

VI. CONCLUSION 

In the present work, a novel control algorithm for full vehicle 
with magnetorheological suspension is proposed, which aims to 
simultaneously control the vehicle body’s vertical vibration and 
attitude motion. The proposed controller is a combination of a 
vertical controller based on skyhook principle and an angle 
controller by monitoring the dynamic state of MR suspension to 
compensate the vehicle attitude. Dynamic characteristics of MR 
damper are experimentally tested, which depicts by a hyperbolic 
tangent model. Unlike the existing full-vehicle controller in the 
previous research which merely outputs the control force, the 
main contribution of the proposed controller is that it can 
directly derive the current signal, which avoids the operation of 
complex inverse model of MR damper. The results show that 
the present controller can both improve the ride comfort and 
decrease the pitch and roll of the vehicle body. Compared with 
the original passive damper, the vehicle body center acceleration, 
pitch angular acceleration and roll angular acceleration under 
proposed controller are reduced by 22.2%, 37.0% and 15.6%. 
Furthermore, compared with the merely skyhook vertical 
control without vehicle body angle compensation, the attitude 
index is enhanced. This work provides a reference for full-
vehicle vertical and rotation motion by MR suspension. 
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