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Abstract: In order to improve ride comfort and handling performance of the vehicle, an adaptive hybrid control algorithm is 

proposed for semi-active suspension systems. The virtues of sky-hook is combined with ground-hook control strategies and a more 

suitable compromise for the suspension systems is chosen. The hybrid coefficient is tuned according to the longitudinal and lateral 

acceleration so as to improve the vehicle stability especially in high speed conditions. Damping continuous adjustable absorber is 

used to continuously control the damping force so as to eliminate the damping force jerk instead of traditional on-off control policy. 

Based on suspension stroke measured by sensors, unscented Kalman filter is designed to estimate the suspension states in real-time 

for the realization of hybrid control, which improves the robustness of the control strategy and is adaptive to different types of road 

profiles. Finally, the proposed control algorithm is validated under the following two typical road profiles: half-sine speed bump road 

and the random road. The simulation results indicate that the hybrid control algorithm could offer a good coordination between ride 

comfort and handling of the vehicle. 
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1 Introduction 
 

The roles of automobile suspension system are to 
support the vehicle body, keep vehicle occupants 
comfortable and well isolate from road disturbances for 
driving pleasure and safety. However, the vehicle ride 
comfort and handling stability for a passive suspension 
system is conflicting. In order to improve vehicle ride 
comfort, the suspension should be designed with low 
damping especially in the range of 4−8 Hz, which is the 
most sensitive frequency range of human body. But the 
low damping will cause the peak values of the 
suspension stroke and increase the probability of 
suspension breakdown. The low damping will also lead 
to the increase of vehicle dynamic wheel load, so it will 
decrease the tire road contacting ability and deteriorate 
the vehicle safety and stability [1]. A heavy damped 
suspension will present a good handling stability, but it 
will transfer much of the road disturbance energy to the 
vehicle body, and this will deteriorate the ride comfort 
for drivers. So, it is a deadlock for traditional passive 
suspension system because of its fixed characteristics of 
springs and dampers. Passive suspension design is a 
compromise between ride comfort and safety. Good tune 

and design of a passive suspension can to some extend 
optimize and tradeoff ride comfort quality and stability, 
but cannot eliminate these conflicts completely [2]. 

In recent years, controllable suspension systems 
have attracted considerable attentions by researchers and 
automobile industries, which can overcome some of 
limitations of traditional passive suspension systems. The 
controllable suspension can provide variable damping or 
spring forces, such as active suspension and semi-active 
suspension systems. Full active suspension can exert an 
independent force by the actuator to improve vehicle 
comfort and control vehicle body motion. The main 
drawbacks of the fully active suspension system are high 
energy cost and high frequency bandwidth requirement 
(more than 20 Hz). These drawbacks have limited its 
development and applications in automobile industry. A 
semi-active damper generates force in a passive manner, 
but the amount of force generated can be actively 
controlled [3]. The damping force is modulated in 
accordance with the operational conditions, which is 
controlled by certain logic from sensors connected to 
CPU [4]. The damping force can be adjusted by 
changing the orifice size or oil viscosity separately or 
continuously, such as damping continuously variable 
dampers [5], magneto-rheological suspension [6]. In 
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addition, semi-active suspension is more stable and 
fail-safe; because it still can work under pure passive 
mode in case of control system failed. Due to its less 
energy consumption and better control priorities under 
extreme driving conditions, it has been considered as a 
good alternative between the active suspension and 
passive suspension systems [7−8]. 

A wide range of control techniques have been 
developed for active and semi-active suspension systems 
in last two decades. The sky-hook control strategy was 
proposed by KARNOPP et al [9], and since then many 
control strategies are proposed based on sky-hook logic 
[10−13]. An adaptive semi-active control algorithm 
combined with the online sprung mass estimation was 
proposed by SONG [14]. MORADI et al [15] designed 
an adaptive PID-sliding-mode fault-tolerant control for 
full car suspension control. Some intelligent approaches 
are also applied in the control because of the nonlinear 
and uncertainty characteristics of the vehicle, including 
neural networks [16] and genetic algorithms [17]. 
Although these intelligent approaches have been applied, 
the mathematical proof for stability is still difficult to 
demonstrate till now; and the system stability is more 
important especially for the active suspension. 

The sky-hook control logic adjusts the damping 
force according to the direction of sprung mass vertical 
velocity and suspension stroke velocity. This logic is 
simple and robust to the variation of vehicle payload. 
The ideal sky-hook only dissipates energy from the mass 
of vehicle body, and the vibration of unsprung mass 
becomes excessive [18]. Of course, the realistic sky-hook 
damper is mounted between the wheel and vehicle body. 
The sky-hook controller improves the ride comfort 
significantly at the expense of the decreasing the 
handling safety; this will be explained in the following 
section. Conversely, the ground-hook control logic aims 
to improve the safety and handling stability, and it is road 
friendly, but deteriorates the ride comfort. Even though 
neither of the two ideal controllers truly happens, we can 
still use this logic to design the suspension algorithm. 
The main motivation of this study is to combine virtues 
of sky-hook with ground-hook control strategies and 
propose an adaptive hybrid control algorithm to achieve 
a more suitable compromise for the semi-active 
suspension system. In order to eliminate the damping 
force jerk by using the traditional on-off control policy, 
continuous damping control logic is applied. 
 
2 Suspension system and quarter car model 
 

Vehicle ride comfort and handling stability are 
mainly determined by vertical dynamic behavior of 
suspension systems. Assuming that the motion of four 
wheels can be decoupled and we are only interested in 

the frequency of vertical dynamics (0−30 Hz), the 
quarter car suspension model is a good choice. The 
semi-active suspension model is shown in Fig. 1. The 
damping force is adjusted in real time according to 
designed control algorithm. 

ms is the sprung mass of car body, including 
passenger, internal components and it may vary 
according to the passenger number and the payload 
condition of the car. It is supported by the suspension 
system including spring and damping absorber. The 
absorber is continuous adjustable damper, which can be 
adjusted by controlling the current of solenoid valve 
according to a given logic. The scheme of the damping 
continuously adjustable absorber is shown in Fig. 2 and 
the velocity-damping force characteristics are shown in 
Fig. 3. The variable damping force is achieved by 
controlling the flow rate and passage of the oil inside the 
damper. mu is the unsprung mass, which is supported by 
the tire modeled as liner spring with stiffness coefficient 
Kt. The displacements of sprung mass and unsprung mass 
are denoted as zs and zu, respectively; and the road profile 
is denoted as q. So, the dynamic equations of the 
nonlinear suspension can be described as 

 
s s s s u c( )m z K z z F                                                  (1) 

 

u u s s u c t u( ) ( )m z K z z F K z q                           (2) 
 

 
Fig. 1 Semi-active suspension 

 

 
Fig. 2 Scheme of damping adjustable absorber 
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Fig. 3 Damping characteristics under control current 

 
where Fc is controllable damping force; q is the road 
excitation input. 
 
3 Hybrid control algorithm design based on 

observed state information 
 
3.1 Hybrid control algorithm 

The ideal sky-hook and ground-hook configurations 
are shown in Fig. 4 and Fig. 5, respectively. The ideal 
sky-hook is a comfort-oriented control policy, and the 
wheel motion becomes excessive since there is no 
damping applied to it. So, the vehicle handling stability 
will be deteriorated due to the loss of contact with the 
road surface. The ideal ground-hook controller is 
road-holding performances oriented, but this will 
deteriorate the ride comfort of the vehicle. In order to 
improve both ride comfort and handling stability, the 
hybrid control algorithm is proposed to reduce both 
resonant peak values of vehicle body and wheel. The 
practice hybrid control algorithm is accomplished as 
shown in Fig. 1. 

The on-off sky-hook control logic can be expressed 
as 
 

 
Fig. 4 Ideal sky-hook control configuration 

 

 
Fig. 5 Ideal ground-hook control configuration 

 

sky s u s s u
sky

s s u

( ) , ( ) 0

0, ( ) 0

   
 

    

  
C z z z z z

F
z z z

                     (3) 

 
where Csky is sky-hook reference damping coefficient. 

The on-off ground-hook control logic can be 
expressed as 
 

ground s u u s u
ground

u s u

( ) , ( ) 0

0, ( ) 0

   
 

    

  
C z z z z z

F
z z z

             (4) 

 
where Cground is ground-hook reference damping 
coefficient. 

The conventional on-off control logic is working 
according to the velocity direction of vehicle body and 
suspension stroke to choose a soft or hard damping mode. 
It will lead to a sharp increase or jump in damping force, 
which in turn, cause a jerk in vehicle body acceleration. 
This acceleration jerk causes a significant reduction in 
isolation benefits that should be offered by sky-hook 
controller [19]. In order to eliminate the damping force 
jerk, and improve both ride comfort and handling safety, 
the continuous hybrid control logic is designed. 

The continuous hybrid control logic can be 
expressed as  

max s s s u max

s
sky s s s s u max

s u

s s u

, /( )

= , 0 /( )

0, ( ) 0

  

   


  

  
   

 
  

C C z z z C

z
C C C z z z C

z z

z z z

                          (5) 

 

max s u s u max

u
ground s s u s u max

s u

u s u

, /( )

= , 0 /( )

0, /( ) 0

   

    


   
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 
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z
C C C z z z C

z z

z z z

         (6) 

 
where Cmax is the maximum damping coefficient which 
the damper can supply.  

c sky ground=(1 ) +F F F                                                (7) 
 

Deeps and bumps cause the wheels to move up or 
down. Cornering, braking and acceleration can make the 
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body lean to one side or pitch forward. Most of the time, 
these will deteriorate the vehicle handling stability, even 
safety. So, we use the hybrid coefficient β to adjust the 
weight between sky-hook and ground-hook. Consider the 
following cases: when choose β=1, the control policy 
will be pure skyhook focusing on the vehicle ride 
comfort. When choose β=0, the control will be pure 
ground-hook focusing on vehicle handling stability and 
safety. In control algorithm, the hybrid coefficient is 
tuned according to the vehicle driving conditions in real 
time. Here the hybrid coefficient can be calculated by the 
longitudinal acceleration and lateral acceleration. 
 

2 2
x ya a                                                         (8) 

 
where xa and ya are the normalized vehicle 
longitudinal and lateral acceleration, respectively. 

Figure 6 plots the power spectral density (PSD) of 
vehicle body acceleration and tire dynamic load 
comparison under different hybrid coefficients and 
different control logics, respectively. It clearly indicates 
the benefits of hybrid control strategy for the vehicle ride 
comfort and handling safety. 
 

 
Fig. 6 PSD of tire dynamic load comparison under different β 

values: (a) Vehicle body acceleration; (b) Tire dynamic load 

 

3.2 State observer based on unscented Kaman filter 
The performance of controllable suspension can be 

further improved if accurate suspension state information 
could be obtained. In the paper, we will use the UKF to 
estimate the vehicle body velocity and tire vertical 
velocity in real time as shown in Fig.7. 
 

 
Fig. 7 Hybrid suspension controller with state observer 

 
Some control algorithms assume that all states are 

measureable. But in practice, some states are difficult to 
be measured or cannot be measured at all due to the high 
cost and technology limits. So, it is necessary to design 
the observer to identify the states or parameters of the 
system. Extended Kalman filter (EKF) is an 
approximation to optimal estimation method for the 
nonlinear systems. It is based on the Taylor expansion 
theory and first order approximation to linearize the 
nonlinear system. It is difficult to calculate the Jacobi 
matrix especially for the strong non-linear systems [20]. 
The UKF is a nonlinear Kalman filter which avoids 
calculating the Jacobi matrix and shows superior 
accuracy compared with the EKF that works with a 
linearized model. And the computation load is almost 
same as EKF. 

Let the state vector s u s u[ , , ,  z z z zx  
T

u s u, , ]z q z z and observer measurement as y= 

T
s u s u[ , ] .  z z z z  Then, the dynamic function can be 

rewritten as  
( )

( )

x   
  

 f x G w

y h x v
                                                        (9) 
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 

  
 

x x

x
 w q is the process noise, it is the derivative 

of road disturbance, and it is white noise with covariance 
Q; v is the observation noise which is assumed to be zero 
mean Gaussian white noise with covariance R. 1 s x z  is 
vertical velocity of sprung mass; 2 u x z  is vertical 
velocity of unsprung mass; 3x  s uz z  is suspension 
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relative displacement; 4 u x z q  is tire deflection; 

5 sx z  is vertical displacement of sprung mass; 6 ux z  

is vertical displacement of unsprung mass. 
The continuous-time nonlinear system function  

(Eq. (9)) can be discretized as discrete-time nonlinear 
system function by using the first-order Taylor 
approximation as 

 

1 1

1 1 1

( ( ) )

( )
k k k k

k k k

f T

h
 

  

    
  

x x x G w

y x v
              (10) 

 
where ΔT is the sampling time. 

The sigma points are a set of points that has mean 
and covariance equal to the given mean and covariance. 
The elements are discrete in probability distribution. This 
distribution can be propagated exactly by applying the 
nonlinear function to each point. We use the symmetrical 
sampling method to pick up the sigma points. For the 
random variable state vector x, the mean is x , the 
covariance of x is denoted as P 

x. The sigma points are 
chosen so that their mean and covariance to be exactly as 
x  and P 

x, respectively. Let χk be a set of 2n + 1 sigma 
points (where n is the dimension of the system state 
vector) [22], 

 
0
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( ( ) ) , 1, , 2



 
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
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n k n n

x

x Pχ
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   (11) 

 
Here, 

2 ( )    n n  is a scaling parameter. The 
constant α determines the spread of the sigma around the  

x , and is usually set to a small value 
410 1( );    

0,   it makes sure that the covariance matrix is 
positive definite. 

The details of UFK theory can be referenced from 
Refs. [21−22]. The UKF is based on the unscented 
transform (UT) theory and statistical linearization 
technique. This technique is used to deal with the 
nonlinear system with a random variable through a linear 
regression between n points drawn from the prior 
distribution of the random variable, named as sigma 
points. The detailed computation process has been listed 
in Algorithm 1. 

Algorithm 1: UKF algorithm 
Step 1: The sigma vectors are propagated through 

the nonlinear system function, 
 

1 1( , , )   k k k k kf Tu wχ χ χ                (12) 
 
Step 2: Measurement update 
 

1 1 1 1( , , )   k k k khY u vχ                                            (13) 
 
The mean of the state vector 1kx and the 

measurement value 1ky can be approximated by using a 
weighted sample of the sigma vectors, 
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Step 3: Covariance update 
The covariance of the state vectors and the 

measurement values can be calculated by 
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(15) 
The weight vector can be acquired by 
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Step 4: Correction 
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             (18) 

 
1β considers the high order moment of the prior 
distribution, for Gaussian distribution and β=2 is 
optimal. 
 
4 Simulation and discussion 
 

In this section, the simulation model is built in 
Matlab/Simulation which is conducted to evaluate the 
dynamic behavior of the designed hybrid semi-active 
suspension control algorithm. The simulations are carried 
out on two typical road excitations: half-sine speed bump 
road and the random road. The speed bump road 
represents the discrete events of relatively short duration 
and high intensity; and the smooth random road 
represents consistent excitations with wide range of 
frequencies. Simulation parameters are listed in Table 1. 

 
Table 1 Parameters of off-road vehicle suspension 

Parameter Value 

Sprung mass, ms/kg 2500 

Unsprung mass, mu/kg 250 

Spring stiffness, Ks/(kN·m−1) 166.8 

Tire stiffness, kt/(kN·m−1) 1501.2 

Reference damping coefficient, Cs/(N·s·m−1) 8985 
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Case 1: Half-sine speed bump road 
The half-sine speed bump is with the height of 

101.6 mm and the length of 3.5 m [23], and the vehicle 
velocity is kept as 10 m/s. the estimation results and 
control comparison are plotted in Figs. 8−11. 

Figures 8 and 9 show suspension estimation results, 
compared with the reference values. We can find that the 
estimation results are precise. The hybrid control logic is 
working according to the estimated suspension states to 
tune the damping force of the controllable suspension. 
 

 
Fig. 8 Estimation results of vehicle body vertical velocity 

 

 
Fig. 9 Estimation results of tire vertical velocity 

 

 
Fig. 10 Vehicle body vertical velocity comparison 

 

 
Fig. 11 Tire dynamic load comparison 
 
Figures 10 and 11 show the results of vehicle running 
over the half-sine speed bump. We can find that the 
sky-hook controller is working well not only for the 
vehicle body motion, but also for the tire dynamic load. 
But for the ground-hook control strategy, it will cause 
bad performance for both of them. This is because that 
the ground-hook control strategy is effective for the high 
frequency excitation; but it is invalid for the low 
frequency excitation, such as speed bump road, this 
phenomenon can also be found in Fig. 6(b). We can also 
find that, the hybrid controller is better compared with 
the passive suspension. 

Case 2: Random road excitation 
In this section, the rough road excitation model in 

both time and frequency domains is presented. The ISO 
has proposed a series of standards of road roughness 
classification by using the power spectral density (PSD) 
values (ISO 1982); the PSD of the random road 
excitation can be expressed as 

 

q q 0
0

( ) ( )


 
  

 

w
n

G n G n
n

                                             (19) 

 
where n is the space frequency in m−1; n0 is the reference 
space frequency, n0 = 0.01 m−1; Gq(n0) is the road 
roughness coefficient; w is frequency index, it reflects 
the frequency structure of the pavement, usually w=2. 

The road random excitation model is built by 
integrated Gaussian white noise. The equation of random 
road in time domain can be expressed as [24] 

 

0 0 00( ) 2π ( ) 2 (( π ))  qG uq t n n W t n uq t                           (20) 
 

where W(t) is the Gauss white noise; n00 is the low 
cut-off space frequency, n00 = 0.001 m−1; u is the vehicle 
driving speed. 

Figures 12 and 13 show the control comparison 
results under random road excitation with the constant 
vehicle speed 20 m/s. From the simulation results, it can 
be concluded that the hybrid control algorithm can 
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constrain both vehicle body vibration and tire dynamic 
load. It could tradeoff vehicle ride comfort and safety 
perfectly. 

Table 2 lists the root mean square (RMS) 
comparison of three suspension performance indexes 
under different control strategies. Even though, the 
hybrid control algorithm is not the best one among of 
them for each suspension performance index, it 
excellently coordinate the suspension performance 
indexes and make sure good ride comfort and driving 
safety. 
 

 
Fig. 12 Time history of vehicle body vertical velocity 

comparison 

 

 
Fig. 13 Tire dynamic load comparison 

 

Table 2 RMS comparison for different control strategies 

Description 
Vehicle body 

acceleration/(m·s−2)

Suspension 

stroke/mm 
Tire dynamic

load/kN 

Passive 1.2848 11.9 5.816 

Sky-hook 0.9911 10.5 7.424 

Ground-hook 1.4486 10.4 5.489 

Hybrid 1.0889 9.5 6.177 

 
5 Conclusion and future works 
 

1) A hybrid control algorithm for semi-active 

suspension was developed to coordinate the vehicle ride 
comfort and handling safety. This control strategy is 
combined with the sky-hook and ground-hook by tuning 
the hybrid coefficient. 

2) The suspension state observer is designed for the 
hybrid control algorithm based on the UKF theory. 

3) Two typical road excitation tests are implemented 
to validate the proposed control algorithm. Simulation 
results indicate that the hybrid algorithm can excellently 
coordinate the vehicle ride comfort and handling 
stability. 

4) Future work should concentrate on developing 
semi-active suspension control algorithms for full 
vehicle suspension including pitch and roll motion and 
validating the designed control algorithms in real vehicle 
tests. 
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