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To minimize the auto body’s posture change caused by steering and uneven road, and improve the vehicle’s riding comfort and 
handling stability, this paper presents an H∞ robust controller of the active suspension system, which considers the effects of 
different steering conditions on its dynamic performance. The vehicle’s vibration in the yaw, roll, pitch and vertical direction 
and the suspension’s dynamic deflection in the steering process are taken into account for the designed H∞ robust controller, 
and it introduces the frequency weight function to improve the riding comfort in the specific sensitive frequency bands to hu-
man body. The proposed robust controller is testified through simulation and steering wheel angle step test. The results show 
that the active suspension with the designed robust controller can enhance the anti-roll capability of the vehicle, inhibit the 
changes of the body, and improve the riding comfort of the vehicle under steering condition. The results of this study can pro-
vide certain theoretical basis for the research and application of active suspension system. 
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1  Introduction 

The suspension system is one of the important components 
of the chassis system of the vehicle, whose function is to 
transfer the force and torque between the wheels and the 
frame, ease the impact load caused by uneven pavement, 
and attenuate the vibration of the bearing system. Therefore, 
the performance of the suspension system directly affects 
the vehicle’s smoothness and handling stability [1,2]. Com-
pared with the passive suspension system, the stiffness and 
damping characteristics of the active suspension system can 
be adjusted dynamically according to the driving condition 
of the vehicle, so that the vehicle has better riding comfort 
and handling stability. 

Many scholars have studied the active suspension system, 
and the research contents are mainly focused on using dif-
ferent control methods to improve the body posture and the 
change of dynamic load between the wheels and road sur-
face, and further enhance the vehicle’s riding comfort and 
handling stability. Nowadays, fuzzy control, optimal control, 
adaptive control, etc., are applied to the active suspension 
system.  

Fuzzy control [3–9] method does not need to establish an 
accurate model of the control object. It always takes the 
vertical acceleration, relative velocity of the body and rela-
tive speed of the wheel as inputs to control the active sus-
pension by actuator. Optimal control [10–13] method ob-
tains the optimal control input through a certain mathemati-
cal method as the performance evaluation function selecting 
the extreme value. Adaptive control [14,15] method always 
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considers the variability of the parameters of the active sus-
pension system, and can identify the system state according 
to the conditional variant. Thus, it can keep the best ability 
to adapt to the current state. 

Throughout the published literatures, it can be seen that 
most studies about the active suspension system have not 
considered the effects of different steering conditions on the 
dynamic performance of the active suspension system, that 
is, they separate the influence of them on riding comfort and 
handling stability of the vehicle. However, as shown in Fig-
ure 1, the active suspension system and steering system are 
always influenced by each other [16]. For example, the ve-
hicle is often in different steering states in the driving pro-
cess, and the horizontal vibration caused by side lurch in the 
steering process has a great influence on the occupant com-
fort and vehicle stability. Therefore, it is necessary to take 
the steering condition into account in the controller design 
of the active suspension system.  

Moreover, the controller of the active suspension system 
is prone to be influenced by road disturbance [17], parame-
ter perturbation, the error between the real and measured 
vehicle dynamics [18], and so on. These uncertainty effects 
always lead to performance deterioration, or even failure of 
the controller. In order to ensure the control object working 
in accordance with the predetermined goal, robust control 
methods should be used to make the active suspension sys-
tem keep robust stability from uncertainty, and maintain 
good robustness.  

In addition, according to ISO2631-1:1997 (E) standards, 
the human body is sensitive to the vertical vibration of 4–8 
Hz and horizontal vibration of 1–2 Hz. And the papers gave 
the finite frequency results that the human body is more 
sensitive to vibrations of 4–8 Hz in the vertical direction 
[19,20]. However, the existing controller design of active 
suspension system rarely takes into account the perfor-
mance requirements in the frequency domain. Especially in 
the specific frequency range of 4–8 Hz and 1–2 Hz, the 
performance of the active suspension is even worse than the 
passive suspension, which will reduce the riding comfort in 
a large extent. 

 

Figure 1  Relationship between suspension and steering system. 

To address the above-mentioned problems, this paper 
presents a robust controller of the active suspension system 
under steering condition, which considers the most sensitive 
frequency bands to the human body. The corresponding 
vibration is conducted by frequency weight as the evaluat-
ing index of comfort. The rest of this paper is organized as 
follows: The dynamic model of the active suspension sys-
tem, tire model and road input model are established in Sec-
tion 2. In Section 3, considering the robustness of the active 
suspension system, an H∞ robust controller is designed 
based on generalized system with frequency weighting. 
Simulations under different front wheel angles, random 
road inputs and amplitude-frequency characteristic are car-
ried out in Section 4. Section 5 further presents the steering 
wheel angle step input test, and conclusions are given in 
Section 6.  

2  Dynamic model 

2.1  Dynamic model of active suspension 

In this paper, the effects of the crosswind force and its cor-
responding torque on the vehicle are ignored, and it is as-
sumed that the tire has a linear characteristic under small 
steering angles. The vehicle does lateral and yaw move-
ment when steering, whose steering state model is shown 
in Figure 2, and the model of active suspension system is 
shown in Figure 3.  

Considering the influence of the body roll movement, 
the differential equation of lateral and yaw directions for 
the vehicle can be expressed as: 

( ) 2 + ,ω β φ+ − = + + 
r YA YB YC YDmu m h F F F F  (1) 

( ) ( ),ω = + − +
z r YA YB YC YDI a F F b F F  (2) 

where m is the vehicle total mass; m2 is the sprung mass; u 
is the vehicle velocity; β is the sideslip angle; ωr is the yaw 
rate; h is the height of the roll center; φ is body roll angle; 
FYA, FYB, FYC, FYD are the lateral force of the left front, right 
front, left rear and right rear tires, respectively; IZ is the yaw  
moment of inertia of the vehicle; a, b are the distance of 
front and rear axle to center of mass, respectively. 
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Figure 2  Vehicle steering state model. 
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Figure 3  Active suspension system model. 

The differential equation of the body pitch motion can be 
written as:  

p ( ) ( ),θ = + − +
C D A BI b F F a F F  (3) 

where Ip is the body pitch moment of inertia; θ is the body 
pitch angle; FA, FB, FC, FD are the vertical force acting on 
the body at each suspension point, respectively. 

The differential equation of the body roll motion can be 
written as:  

( )r 2 2 ( ) ,φ ω β φ= + + + + − − 
r A C B DI m u h m gh F F F F t  (4) 

where Ir is the body roll moment of inertia; φ is the body 
roll angle. 

The vertical movement of the suspended mass can be 
written as: 

2 2 ,= + + + A B C Dm x F F F F  (5) 

where m2 is the sprung mass; x2 is vertical displacement of 
the suspension center of mass. 

The vertical movement of the non-suspended mass can 
be given as: 

( )1 1 t 0 1 , , , , ,= − − =i i i i i im x k x x F i A B C D  (6) 
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where 1 ( , , , )=im i A B C D  is each non-suspended mass; 

1 ( , , , )=ix i A B C D  is the vertical displacement of each 

non-suspended mass; 0 ( , , , )=ix i A B C D  is the road input 

excitation of each tire; 2 ( , , , )=ix i A B C D  is the vertical 

displacement of the suspended mass at each suspension 
point; t ( , , , )=ik i A B C D  is each tire stiffness; s ( ,=ik i A  

, , )B C D  is the suspension stiffness at each wheel; 

s ( , , , )=ic i A B C D  is the suspension damping coefficient at 

each wheel; kaf, kar are the angular stiffness of the lateral 
stabilizer bar of the front and rear suspension, respectively; 

( , , , )=if i A B C D  is the force of each active suspension 

actuators. 
When θ and φ are smaller, the vertical displacement of 

the four wheels can be expressed as: 
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  (8) 

2.2  Tire model 

Neglecting the effect of the aligning torque and the load 
change on the characteristics of the tire, it can be consid-
ered to be linear in a small steering angle condition. The 
cornering force of the tire can be expressed as: 

1 1

2 2

,

,

α
α

= =
 = =

YA YB

YC YD

F F k

F F k
  (9) 

where 1 f

ωα δ φ β= + − − ra
E

u
 and 2 r ;

ωα φ β= + −rb
E

u
 δ 

is the steering angle of the front wheel; k1 and k2 are the 
cornering stiffness of the front and rear wheels, respectively; 
α1 and α2 are the sideslip angles of the front and rear wheels, 
respectively; Ef and Er are the roll steering coefficients of 
the front and rear wheels.  

2.3  Road input model 

As the vehicle vibration input, the statistical properties of 
the road roughness is used to describe the road power spec-
tral density. The road input to wheel is filtered white noise, 
that is [21] 

0 0 0 0 02π 2π ( ),ω= − + i i ix f x G u t  (10) 

where f0 is the lower cutoff frequency; G0 is the road 
roughness; w0i(t) is the Gauss white noise of zero mean; u is 
the speed of the vehicle. 

It is assumed that the road input excitation of the left and 

right wheels are not relevant, and the time delay 
+= a b

T
u
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between the front and rear wheel is due to the wheelbase. 
Thus, the following equation can be got: w03(t)=w01(t−T), 
w04(t)=w02(t−T). 

3  H∞ robust controller design under steering 
condition  

3.1  General structure of H∞ control system 

H∞ control [22] is an effective method to design the con-
troller of uncertain system. It takes the H∞ norm of the 
transfer function from disturbance input to system output 
the as objective function to optimize the system, which can 
minimize the effect of the disturbance on system output [23]. 
Thus, the controller designed by H∞ control has good robust 
stability. 

The general structure of the H∞ robust control system is 
shown in Figure 4. 

In Figure 4, G0(s) is a linear time invariant system, 
whose state space can be expressed as: 

1 2

1 11 12

2 21 22

,

,

,

= + +
 = + +
 = + +

 A B B

C D D

C D D

x x w u
z x w u
y x w u

  (11) 

where ∈ nRx  is the state vector; ∈ mRu  is the control 

input vector; ∈ pRy  is the measurement output matrix; 

∈ rRz  is the controlled output matrix; ∈ qRw  is the in-
put vector of the external disturbance; K(s) is the transfer 
function of the controller. 

Therefore, the system control problem can be expressed 
as: 

11 12
0

21 22
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The purpose of the H∞ control system is to design a con-
troller ( ) ( ) ( ),=u s k s y s  which can make the closed-loop 

system satisfy the following requirements: (1) The internal 
stability of the closed-loop system. (2) The H∞ norm of the 
closed-loop transfer function ( )wzT s  from the disturbance 

input w to the controlled output Z is less than 1, that is, 

 

Figure 4  General structure of the H∞ robust control system. 

( ) 1wzT s
∞

< . 

3.2  H∞ control model under steering condition 

In this paper, the H∞ closed-loop control system with 
weighted output feedback is designed based on the estab-
lished dynamic models in Section 2. 

The state variable of the system is chosen as: 
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The control input of the system is written as: 
T[ , , , ] .= A B C Df f f fu   (14) 

The interference input of the system is defined as: 

T
0 0 0 0[ , , , , ] .δ= A B C Dx x x xw   (15) 

The controlled output of the system is given as: 
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z
 (16) 

The measurement output of the system is expressed as: 

T
2[ , , ] .φ θ=  xy   (17) 

Then, the state space equations of the suspension system 
can be depicted as: 

1 2

1 11 12

2 21 22

,

,

= + +
 = + +
 = + +

x Ax B w B u
z C x D w D u
y C x D w D u.

  (18) 

The above equations can be written as:  

1
0 ( ) ( ) ,−= − +s sG C I A B D   (19) 

where A is the state matrix with 16×16 dimension; B1 is the 
interference input matrix with 16×5 dimension; B2 is the 
control input matrix with 16×4 dimension; C1 is the con-
trolled state matrix with 15×16 dimension; D11 is the con-
trolled interference input matrix with 15×5 dimension; D12 
is the controlled input matrix with 15×4 dimension; C2 is 
the measurement state matrix with 3×16 dimension; D21 is 
the measurement interference input matrix with 3×5 dimen-
sion; D22 is the measurement input matrix with 3×4 dimen-
sion. 

3.3  Weight function 

The block diagram of H∞ closed-loop control system with 
weighted output feedback is shown in Figure 5. 

Generally speaking, the time domain responses of the 
system’s state variables are always taken as control index, 
which means the vibration states and input energy of the  
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Figure 5  Block diagram of the designed H∞ control system.  

system in different frequency bands are controlled equally. 
However, for the vertical, pitch and roll vibration of re-
flecting the riding comfort, the sensitive degrees of the hu-
man body in different frequency bands are not the same. 

According to ISO2631-1:1997 (E) standards, the human 
body is sensitive to the vertical vibration of 4–12.5 Hz and 
horizontal vibration of 1–2 Hz. In order to improve the ride 
comfort in the two specific frequency ranges, the corre-
sponding weight function is selected as follows [24,25]: 

2

1 2
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44 987

+ +=
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s s
W s

s s
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The weighting transfer function matrix of the controlled 
output is defined as: 

1 2 2diag( , , ,1,1,1,1,1,1,1,1,1,1,1,1).=P W W WW  (22) 

The weighting coefficient matrix of the interference input 
is written as: 

diag(0.0001,0.0001,0.0001,0.0001,0.0001).=wW  (23) 

The weighting coefficient matrix of the controlled output 
is given as: 

diag(5,1,1,25,25,25,25,25,25,25,25,

0.0155,0.0155,0.0155,0.0155).

=zW  (24) 

Therefore, the generalized controlled object of the active 
suspension system under the steering condition can be ex-
pressed as follows: 
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21 22
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(25) 

It can be validated that the system is a 16 order control-
lable one. Thus, the problem of the controller design is 
converted into the standard H∞ controller of the generalized 
system containing the weighting function. The controller 

1( )k k ks −= − +K C I A B D  can be solved by MATLAB/ 

LMI toolbox, and the following condition should be satis-

fied: ( ) 1
wz
T s

∞
< . 

4  Simulation analysis 

In this paper, the simulation models of the controller and 
the active suspension system are established with 
MATLAB/Simulink software. The simulations are carried 
out with different front wheel angles and random road in-
puts in steering condition, and the simulation results of the 
active suspension with H∞ robust controller are compared 
with LQR controller and the passive suspension to verify 
the control effect. Table 1 shows the main simulation pa-
rameters.  

4.1  Step input simulation under different front wheel 
angles 

Setting the initial speed of the vehicle as 20 m/s, the front 
wheel angle δ as the step input of 6° and 10°, and the road 
condition as B-class, the simulation results of active sus-
pension with H∞ and LQR control respectively, and passive 
suspension are shown in Figures 6–9. 

From Figures 6–9, the following conclusions can be got:  
(1) In comparison with the passive suspension, the active 

suspension can efficiently reduce the vehicle vertical accel-
eration, roll angle acceleration, pitch angle acceleration and 
suspension dynamic deflection. So it can better buffer the 
vibration impact from the road, and improve the riding 
comfort of the vehicle.  

(2) Under any of the two control methods, the dynamic 
overshoot of the vehicle vertical acceleration and pitch an-
gle acceleration between the two front wheel angle inputs  

Table 1  Main simulation parameters 

Name Value Name Value 

Vehicle total mass m (kg) 1985 Moment of inertia of vehicle around Z axis IZ (kg m2) 2850 
Sprung mass m2 (kg) 1500 Moment of inertia of vehicle around X axis IP (kg m2) 2460 

Non-sprung mass m1A(m1B, m1C, m1D) (kg) 59 Moment of inertia of vehicle around Y axis Ir (kg m2) 760 
Distance from front axle to center of mass a (m) 1.36 Front suspension stiffness kSA (kSB) (N m–1) 35500 
Distance from rear axle to center of mass b (m) 1.78 Rear suspension stiffness kSC (kSD) (N m–1) 38500 

Tire stiffness kta (kta, kta, kta) (N m–1) 129000 Front suspension damping coefficient cSA (cSB) (N s m–1) 1200 
Tire cornering stiffness k1(k2) (N rad–1) 35000 Rear suspension damping coefficient cSC (cSD) (N s m–1) 1100 

Lateral stable pole angle stiffness Kaf(kar) (N m rad–1) 6695 Half of wheelbase t (m) 0.5 
Height of roll center h (m) 0.5 – – 
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Figure 6  (Color online) Vertical acceleration of the vehicle. (a) δ=6°; (b) δ=10°. 

 

Figure 7  (Color online) Roll angle acceleration of the vehicle. (a) δ=6°; (b) δ=10°. 

 
Figure 8  (Color online) Pitch angle acceleration of the vehicle. (a) δ=6°; (b) δ=10°. 

have little differences. However, the roll angle acceleration 
and suspension dynamic deflection have large changes un-
der the two front wheel angle inputs. The peak value of the-
front wheel angle with 6° is reduced by 40% than the one of 
10°. Therefore, the vehicle’s comfort and smoothness of the 
latter is slightly worse. 

(3) Compared with LQR control, the vehicle vertical ac-
celeration, roll angle acceleration, pitch angle acceleration 
and suspension dynamic deflection are all improved under 
H∞ robust control, and the corresponding mean values are 

decreased by 22.4%, 6.3%, 32.7% and 12.4% respectively. 
Therefore, H∞ robust control has a better control effect 
than LQR control at different front wheel angle. It can fur-
ther improve the anti-roll capability of the vehicle and in-
hibit the changes of the body under steering condition.  

4.2  Different road inputs simulation. 

Setting the initial speed of the vehicle as 20 m/s and the 
front wheel angle δ as the step input of 8°, the simulations 
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are carried out under the road condition of A/B/C-class re-
spectively. Figures 10–13 show the simulation results of the 
main performance of the passive suspension and the active 
suspension under different control.  

It can be seen from Figures 10–13 that, compared with 
the passive suspension, the active suspension can reduce the 
vehicle vertical acceleration, roll angle acceleration, pitch 
angle acceleration and suspension dynamic deflection in 
different degrees. For example, the peak values of the vehi-
cle vertical acceleration are decreased by 55% and 42% 

under H∞ robust control and LQR control respectively. 
Moreover, in comparison with LQR control, the reduction 
with H∞ robust control is even bigger, whose root-mean- 
square of the vehicle vertical acceleration, roll angle accel-
eration, pitch angle acceleration and suspension dynamic 
deflection are reduced by 10.6%, 75%, 57.4% and 8.8% 
respectively. Therefore, H∞ robust control has a better con-
trol effect than LQR control in different road conditions. In 
addition, under H∞ robust control, the vehicle vertical ac-
celeration and suspension dynamic deflection at A-class 

 

Figure 9  (Color onine) Dynamic deflection of the suspension. (a) δ=6°; (b) δ=10°. 

 

Figure 10  (Color online) Vertical acceleration of the vehicle. (a) B-class road; (b) A/B/C-class road (H∞ robust control). 

 

Figure 11  (Color online) Roll angle acceleration of the vehicle. (a) B-class road; (b) A/B/C-class road (H∞ robust control). 
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Figure 12  (Color online) Pitch angle acceleration of the vehicle. (a) B-class road; (b) A/B/C-class road (H∞ robust control). 

 

Figure 13  (Color online) Dynamic deflection of the suspension. (a) B-class road; (b) A/B/C-class road (H∞ robust control). 

road are much smaller than C-class road, which shows it has 
a better riding comfort and smoothness at the A-class road. 
However, the roll angle accelerations at the three road con-
ditions don’t have much difference, which indicates the 
pitching motion is effectively restrained with the designed 
H∞ robust controller. In summary, the active suspension 
with H∞ robust controller can inhibit the body changes in 
different road conditions, and improve the riding comfort of 
the vehicle. 

4.3  Amplitude-frequency characteristic simulation 

In order to analyze the amplitude frequency characteristics 
of the system with H∞ controller in different frequency 
bands, the frequency domain simulations are conducted. 
Setting the initial speed of the vehicle as 20 m/s, the front 
wheel angle δ as 6°, and the road condition as B-class, the 
simulation results of passive suspension, active suspension 
with H∞ and LQR controller are shown in Figures 14–17. 

Figures 14–17 show the Bode diagram of the vehicle 
vertical acceleration, roll angle acceleration, pitch angle 
acceleration and suspension dynamic deflection to the road 
input at the left front wheel. It can be seen from Figures 
14–17 that the amplitude frequency characteristic of the 

active suspension with LQR controller has little difference 
compared with the passive suspension. However, it differs a 
lot with H∞ controller. The amplitudes of the roll angle ac-
celeration and pitch angle acceleration under H∞ controller 
are decreased obviously in human body sensitive frequency 
segment of 1–10 Hz, and it is the same as the vehicle verti-
cal acceleration in the frequency range of 4–8 Hz. Therefore, 
the designed H∞ controller can significantly improve the 
riding comfort of the active suspension system in the sensi- 

 

Figure 14  (Color online) Vertical acceleration of the vehicle. 
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Figure 15  (Color online) Roll angle acceleration of the vehicle. 

 

Figure 16  (Color online) Pitch angle acceleration of the vehicle.  

 

Figure 17  (Color online) Dynamic deflection of the suspension.  

tive frequency range for human body. 

5  Steering wheel angle step input test 

The steering wheel angle step input test is mainly used to 
verify the comprehensive performance of the vehicle. The 

test is conducted according to GB/T6323.2-94: vehicle 
handling stability test method-steering transient test. In the 
test, the speed of the vehicle is set to 40 km/h, and the 
steering wheel angle input is 90° step input, which meet 
the requirements of the jump time. Test results as shown in 
Table 2. 

It can be seen from Table 2 that compared with the pas-
sive suspension system, the active suspension with H∞ ro-
bust controller can better inhibit the auto body’s posture 
change under steering condition, and improve the compre-
hensive performance of the vehicle. The peak value and 
standard deviation of the yaw rate are decreased by 2.16% 
and 5.16%, and the ones of roll angle are reduced by 
15.89% and 8.19%, and the corresponding ones of vertical 
acceleration of center of mass are declined by 28.57% and 
27.75%. Therefore, the active suspension system with the 
proposed controller can significantly improve the riding 
comfort and handling stability.  

6  Conclusions 

In this paper, the dynamic model of the active suspension 
system is established under steering condition. Then, con-
sidering the vehicle’s vibration of roll, acceleration and 
pitch motion etc., in the steering process, the H∞ robust 
controller is designed based on generalized system with 
frequency weighting, which considers the sensitive vibra-
tionfrequency range of the human body. The simulations 
under steering condition are carried out with different front 
wheel angles, random road inputs and amplitude-frequency 
characteristic. To verify the control effect, the active sus-
pension with H∞ robust controller is compared with LQR 

controller and the passive suspension. Simulation results 
show that, in comparison with the passive suspension, the 
active suspension can efficiently reduce the vehicle vertical 
acceleration, roll angle acceleration, pitch angle acceleration 
and suspension dynamic deflection. So it can better buffer 
the vibration impact from the road, and improve the riding 
comfort of the vehicle. Moreover, H∞ robust control has a 
better control effect than LQR control. The active suspen-
sion with H∞ robust controller can further improve the an-
ti-roll capability of the vehicle, and inhibit the changes of  

Table 2  Test results 

Performance 
index 

Passive suspension 
Robust control 

suspension 
Performance 

improvement (%)
Peak 
value

Standard 
deviation

Peak 
value 

Standard 
deviation 

Peak 
value

Standard 
deviation

Yaw rate ω 
(rad s–1) 

0.6256 0.1284 0.5619 0.1121 2.16 5.16 

Roll angle θ 
(rad) 

–0.1114 0.1051 –0.0962 0.1002 15.80 8.19 

Vertical accel-
eration ZS 

(m s–2) 
5.400 1.832 4.200 1.434 28.57 27.75 
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the body under steering condition. Especially in human 
body’s sensitive frequency segments, the amplitudes of the 
roll angle acceleration and pitch angle acceleration under 
H∞ controller are decreased obviously. In addition, the 
steering wheel angle step input test is carried out, which 
verifies the comprehensive performance of the vehicle. The 
results of this study provided certain theoretical basis for 
research and application of the active suspension system. 
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