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Abstract. In order to improve ride comfort and handling stability of a vehicle, this paper will
present an adaptive sliding mode control algorithm for semi-active suspension systems. A hybrid
reference model is proposed which combines virtues of sky-hook and ground-hook control logics,
and chooses a more suitable compromise for a given application. The stability of the adaptive
sliding mode control strategy is analyzed by means of Lypunov function approach taking into
account the nonlinear damper characteristics and sprung mass variation of the vehicle. A state
observer is designed based on unscented Kalman filter to estimate the suspension states in
real-time for the realization of the controller, which improves the robustness of the control strategy
and is adaptive to different types of road profiles. Finally, the performances of the controller are
validated under the following two typical road profiles: the random road and half-sine speed bump
road. The simulation results show that the proposed control algorithm can offer a good
coordination between ride comfort and handling stability of a vehicle.

Keywords: hybrid reference model, semi-active suspension, sliding mode control (SMC), state
observer.

1. Introduction

Vehicle suspension system is to provide a good isolation for passengers from road disturbance
and keep continuous contact between the tire and road surface. The key elements of the suspension
system are spring and damper; the spring buffers the rebound motion and the damper dissipates
the vibration energy. The viscous damper is a widely used shock absorber [1], which converts the
vibration energy to thermal via the viscous fluid. Another type is the electromagnetic damper, and
the vibration energy is converted into electrical energy via an electric motor for further use [2].
Conventional vehicle suspension, such as passive suspension, typically employs mechanical
springs and dampers. The characteristics of suspension elements are generally fixed and chosen
based on the design requirements of a vehicle [3]. The passive suspensions are known to have
limitations to coordinate the ride comfort and handling stability. And these compromises can be
solved by using active or semi-active suspensions [4]. Active suspensions can provide a good ride
comfort and constrain the pitch and roll motion in transient state by acting the forces from the
actuators. But the complexity, high cost and power requirements of active suspension systems
limit its development and applications [5]. Semi-active suspension systems are able to enhance
the suspension performance by modulating the damping force within a given range. And the
semi-active suspension is more stable and fail-safe, with low energy consumption and high
performances [6]. Therefore, the semi-active suspension systems have raised considerable
attention and are available in a wide range of production vehicles in recent years [7-9].

A wide range of modern control theories have been applied in automotive suspension control
[10-11]. The sky-hook control strategy was introduced by Karnopp et al. as a classical form for a
vehicle active suspension system [12]. This control logic is simple and roust to the variation of
vehicle payload. But it only dissipates energy of vehicle body mass, and the vibration of unspring
mass becomes excessive. So it cannot reduce the resonant peaks of unspring mass. Some improved
control algorithms are proposed to coordinate the ride comfort and handling. Hybrid sliding mode
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control of semi-active suspension systems was developed in Ref. [13]. Hybrid model is combined
with the sky-hook and ground-hook as reference model for the sliding mode control algorithm,
but in [13], road disturbance is as input for the reference model. In practice, the road disturbance
information is difficult or expensive to be measured. A combination of neural networks and
back-stepping control for the control of a semi-active suspension system was present in Ref. [14].
Some intelligent approaches are also applied in the suspension control since the nonlinear and
uncertainty characteristics existed in vehicle suspension systems, such as neural networks [15]
and genetic algorithms [16]. The mathematical proof for stability of the intelligent controller has
not been demonstrated yet; and the proof of the system stability is important especially for the
active suspension systems.

Sliding mode technique is a powerful method in either estimating states or controlling of a
given system. Due to the simplicity and robustness, it is often applied in different systems such as
suspension systems [17-18]. SMC is a nonlinear variable structure control method by application
of a discontinuous signal that forces the system to slide along the restricted sliding mode surface.
Chen et al. proposed a SMC for semi-active suspension [19], and this is an all-state feedback
control. But some of the state information is difficult to be measured or estimated, such as tire
deflection. Lam and Liao [20] proposed an SMC to track the sprung mass displacement and
velocity of sky-hook reference model.

An adaptive SMC is proposed based on the designed state observer for semi-active suspension
in this paper. In order to have a good coordination between the ride comfort and handling stability,
a hybrid reference model is applied in the control algorithm. The suspension state estimator based
on unscented Kalman filter is designed to improve the robustness of the control strategy and
adaptive to different types of road disturbance. The control performance is validated in
Matlab/Simulink environment under two typical road excitations. The main contributions of this
paper are as follows:

a) An observer with unscented Kalman filter is designed to estimate the suspension state
information in real time. The designed observer has low sensitivity to the unknown road surfaces.

b) The hybrid reference model is proposed, which could have a good coordination between the
comfort and stability of the vehicle.

c) An adaptive SMC is proposed based on the state observer for semi-active suspension
systems.

d) Stability of the proposed control algorithm is proved.

The remainder of this paper is organized as follows: the dynamic model of a quarter-car is
presented in Section 2; the SMC algorithm is designed including the hybrid reference model and
state observer in Section 3; simulation results and discussion are given in Section 4; at the end of
this paper, the conclusions and future work are given.

2. Dynamic modeling

The performance of vehicle ride comfort and handling stability are heavily depending on the
precision of the dynamic model of suspension. Assuming that the motion of four wheels can be
decoupled and we are only interested in the frequency of vertical vibration (0-30 Hz), the quarter
car suspension with 2 degree of freedom is the most commonly used model. The semi-active
suspension model is shown in Fig. 1. The damping force can be adjusted by the damping
continuously adjustable absorber according to the designed control algorithm. The variable
damping force is achieved by controlling the flow rate and passage area of the oil inside the
damper. The damping characteristic of the controllable absorber is shown in Fig. 2 according to
the mathematical modeling results.

mg is the sprung mass of car body, including passengers, internal components and it varies
according to the passenger number or payload condition of the vehicle. The absorber is continuous
adjustable damper, which can be adjusted by controlling current of solenoid valve according to a
given logic. m,, is the unspring mass, which is supported by the tire modeled as liner spring with
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stiffness coefficient K;. The displacement of sprung mass and unspring mass are denoted as zg
and z,, respectively; and the road profile is denoted as q. Assuming that there is no steering and
the speed is kept constant, so we just consider the vertical motion of tire. The dynamic equations
of the nonlinear suspension systems can be described as:

mszs = _Fs —u, (1)
myZ, = F+u-— Kt(Zu - Q)' 2
K= Ks(zs - Zu)t 3)

where, F; is the spring force, we assume that the spring stiffness is constant K; u is the
controllable damping force.

Controller

damping force(N)

L _ L _ L _ 4 _ L _

velocity(m/s) 1o

curent(A)

Fig. 1. Semi-active suspension system Fig. 2. The velocity-current-damping force characteristics
3. Control design
3.1. Hybrid reference model

The ideal sky-hook is a comfort-oriented control policy, and the wheel motion becomes
excessive since there is no damping forces applied to the unspring mass. 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 reference model
is proposed to reduce the resonant peak values of vehicle body and wheel dynamic load. Even
though neither of the two ideal controllers truly happens, we can still use this logic to design the
suspension algorithm. And the hybrid reference control model is as shown in Fig. 3.

3

Fig. 3. The configuration of hybrid reference model
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The on-off sky-hook control logic can be expressed as:
F — {Csky(zs - Zu); Zs(zs - Zu) >0, (4)
Sl 0, ZS(ZS - Zu) <0,

where, Cqy is sky-hook reference damping coefficient.
The on-off ground-hook control logic can be expressed as:

F — {Cground(zs - Zu)' Zu(is - Zu) <0, (5)
ground = {, 2y (2g — 2,) > 0,

where, Cground is ground-hook reference damping coefficient:

E = ﬁFsky +(1- ﬁ)FgroundJ (6)
where, F, is hybrid damping force; 8 is the hybrid coefficient.
3.2. State estimation based on unscented Kaman filter

Some control algorithms assume that all states can be measured. But in practice, some states are
difficult to be measured or not be measured at all due to the high cost or the limitation of techniques.
So it is necessary to design the observer to identify the states or parameters of the system. 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. But it is difficult
to calculate the Jacobi matrix especially for the strong non-linear system by using the EKF estimation.
The UKEF is a nonlinear Kalman Filter that avoids the need for calculating the Jacobi matrix and
shows superior accuracy compared to the EKF that works with a linearized model.

Choose the state vector X = [Z, Zy, Zs — Zy, Zy — G, Zs, Zy ] » and the observer measurement as
y = [Z; — Zy, Zs — 2,]T. Then the dynamic function can be rewritten as:

Fy K i
me ms 0
F, F, k 0
(=00 6wy LT 2| 0 neo <[ @
= u u u = =
y=h(x)+vl xl_'xz ! _1 ’ X3 ’
Xy 0
X, 0
- xz .

where, w = g 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.

Where x; = Z; — vertical velocity of sprung mass; x, = Z, — vertical velocity of unsprung
mass; X3 = Z; — z, — relative displacement of suspension; x, = z,, — q — tire deflection; x5 = z
— vertical displacement of sprung mass; x, = z,, — vertical displacement of unsprung mass.

And the continuous-time nonlinear system function Eq. (7) can be written as discrete-time
nonlinear system function by using the first-order Taylor approximation:

{xk+1 =X + (f(Xp) + G- Wy 1)AT, )
Yierr = h(Xpy1) + Viy1,

where, ATis the sampling time.
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The details of UFK theory can be referenced from [21] and [22], and it can be employed to
develop a suspension state estimation approach. The UKF is a nonlinear Kalman filter that avoids
the need for calculating the Jacobi matrix and shows superior accuracy compared to the extended
Kalman filter based on a linearized model. 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 presened in Table 1.

Table 1. Summary of the UKF algorithm for suspension state estimation
a) The sigma vectors are propagated through the nonlinear system function:

Xievr = Xk + [ w1 Wi W) - AT.

b) Measurement update:
Yier1 = (e U1, Vier1)-
The mean of the state vector X, and the measurement value y; 4 can be approximated by using a
weighted sample of the sigma vectors:
~ Y2n+l ~ y2n+1
Xtk = Lot W e+1))s - Ve = 2t (W (Yes1))-
¢) Covariance update

The covariance of the state vectors and the measurement values can be calculated by:
2n+1

Pl = D [WE(Ger)t = Xes) Qs )i — Xes) 14 Q,
an:i-zll
Pl = ) IWEer)s = YierD)((Vier)i = Yies) ] + R
2in:+11
PP = ) IWEOkr)i = Xiesn) isn)s — Yier) T
The weight vector can be acqluzi;ed by*:

R
2 2
w" = ) ,
¢ n+A’n+i n+ A
2n
, 1
F = +1-a?+ B 2
¢ n+A1 « Bn+l n+ A1
2n

d) Correction
— pXy pY -1
Kk+1 - Pk+1(Pk+1) ’
Xpr1jk+1 = Xer1jke T Kiw1 (Zir1 = Yes1)s
X — pX y !
Pk+1|k+1 - Pk+1|k — Kk+1Pk+1(Kk+1) -
* B considers the high order moment of the prior distribution, for Gaussian distribution, § = 2 is optimal

The sigma points are a set of points that has mean and covariance equal to the given mean and
covariance. And 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*. The sigma points are chosen so that their mean and
covariance to be exactly as X and P*. Let x; be a set of 2n +1 sigma points (where n is the
dimension of the system state vector) [22]:

X, k=0,
X+ (n + )PX),, k=12,..,n, 9)
X—Wm+DP)_,, k=n+1,..,2n,
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where, 1 = a?(n + k) — n is a scaling parameter. The constant a determines the spread of the
sigma around the X, and is usually set to a small value (10™* < a < 1); k = 0, it making sure
that the covariance matrix is positive definite.

3.3. Sliding mode control

SMC is a highly robust technique for control of systems with bounded uncertainty. And it
drives a state-trajectory towards a sliding surface and maintain it on the sliding surface for all the
control time [23].

The sprung mass velocity and unspring mass velocity which are estimated by using the UKF
observer are as inputs for the hybrid reference model. Since the road disturbance information is
difficult to be measured or estimated specially when vehicle is moving at high speed, we use the
estimated suspension state information during the reference state calculation, instead of the road
input. The control diagram of SMC is shown in Fig. 4.

u - %%, |
ié > Sensor UKF [ 1
-t 7,2,
Z=
A

+ [Zs ’st’zsd] Hybrid
t reference |-—

model

— SMC

Fig. 4. The diagram of SMC
Define the tracking error as:
e=2Zy —Zs, (10)

where, Zg4 is the desired sprung mass velocity from the hybrid reference model.
Choose the sliding surface as:

S:/lfedt+e, (1)

where, S is the sliding surface for the heave motion; A is the positive constant, here, we choose
A =100.
The derivation along surface S and incorporation of system perturbation is:

S=1le+e, (12)
S=2de+ (Zgq — %) = Ae + 7oy — f, — Af, — Gu — AGu = y — Af, — Gu — AGu, (13)

where, y = le + Z;q — fs; fs = F;/mg; G = 1/my; Af; is the system perturbation; AG is the
vehicle mass perturbation.
So the equivalent control law can be deduced in absence of the system perturbation:

Upg = Gy, (14)

To consider the system uncertainties and perturbation, we consider the following sliding mode
control:
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U= Uy + G u, (15)

where, U.q is the continuous state feedback; u, is the sliding mode term representing the
discontinuous state feedback control for constraining the perturbation of the system parameters
and it will be designed later.

Design the following Lypunov function as following:

1
V= 552' (16)

A sufficient condition for the stability of a sliding mode control is that the Lypunov function
should subject to Eq. (17) in a neighbourhood of the sliding surface:

av .
v _ _ 17
=55 <0 (17)

Substituting Eq. (15) into (17), we obtain:

av

= = S0 —us — AGG ™'y — AGGMuy). (18)

We assume that, the system uncertainty boundary as Af; < pr, AGG™ 1 < p, here, we choose
pr = 0.1 and p = 0.2. So design the nonlinear sliding mode control law as:

e S £
Ug = ———— or ug =——sign(S), (19)
1-plisl 1-p

where, sign() is sign function.
Substituting Eq. (15) into (18), we obtain:

dV
<|s [ -+ + ] 20

dV S
T < Isl [pf — e +p||y||] < il +p||y|| —e] e

where, ||*|| is the Euclidean norm.
When e = p + plly|l, we have:

dv

=0 (22)

The original control logic by using Eq. (19) may require infinitely fast switching. This
oscillation, called chattering. In real systems, a switched controller has imperfections which may
lead to chatter of the system. So in order to eliminate the high frequency chattering during the
switch control of SMC, an improved control law is proposed:

Uy = — sat(s), (23)

where, § is a small positive constant.
The saturation function can be expressed as:
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|(1, §>1,
Sat(5)={§, |§ <1, (24)
-1, S<a
ar

4. Simulation and discussion

In this section, the simulations are carried out in Matlab/Simulation environment to evaluate
the performances of the adaptive SMC algorithm for the semi-active suspension. The simulations
are implemented under two typical road excitations: the half-sine speed bump road and the random
road. The speed bump road represents the discrete events of relatively short duration and high
intensity [10]; and the smooth random road represents consistent excitations with wide range of
frequencies. The parameters of the quarter car are listed in Table 2.

Table 2. Parameters of off-road quarter car

Description Symbol Value
Sprung mass mg 2500 kg
Unspring mass my, 250 kg
Spring stiffness K 166800 N/m
Tire stiffness K, 1501200 N/m
Sky-hook damping coefficient Csky 8985 Ns/m
Ground-hook damping coefficient | Cground 8985 Ns/m
Hybrid coefficient B 0.8

4.1.1. Case 1: Half sine speed bump road

The sine road can cause large suspension deflection in a short time. It is with the height of
101.6 mm and the length of 3.5 m according to the suggestion in reference [19], and the vehicle
velocity is kept constant as 5 m/s. The UKF estimation results are shown in Figs. 5-6.

0.84 1.5

064 /\ ,,,,,,,,, estimated

""""" estimated
reference

reference value

0.4+

oo

A
0.0 -J \ ﬂ}

-0.5

0.24

>

T
Unspring mass vertical velocity (m/s)

0.0 4+———

-0.24

0.4

vehicle body verticle velocity (m/s)

I
0.6 \ !’K
Y

-0.84

0 1 2 3 4 5 6 0 1 2 3 4 5 ili
time (s) time (s)
Fig. 5. Sprung mass velocity estimation comparison Fig. 6. Unspring mass velocity estimation comparison

Figs. 5-6 plotted the results of estimated sprung mass velocity and unspring mass velocity,
respectively. The results indicate that the proposed UKF observer can estimate the suspension
sates in real time and provide accurate suspension states information for the reference model and
SMC controller. The Figs. 7-9 are the control results comparison under different control laws. It
can be clearly found that the SMC control can be better following the hybrid reference signals.
And compared with the passive suspension system, the SMC can constrain both of the vehicle
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body acceleration and tire deflection. So it can be concluded that the SMC controller could achieve
an excellent coordination between the ride comfort and handling stability.

6 . . 0.12 4
passive suspension
I N | T A W reference 0.10 4
) —-—- SMC — passive suspension
E 5] —— skyhook control £ 0084 - - —reference
[ =
s S 006
S 04 8
[} %= 0.04 4
[ 3
g 21 5
e S 0.02
[} (2}
o 4 & 0.00
E &
2 6 3 0024
3
(% 8 -0.04 +
-0.06
10 T T T T 1 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)
Fig. 7. The sprung mass acceleration comparison Fig. 8. The suspension deflection comparison

20000 4 il . .
“ —— passive suspension
"""""" reference
--—- SMC

10000 —— skyhook control

Tire dynamic load (N)

-10000

-20000 T T T T 1
0

Time (s)
Fig. 9. The tie dynamic load comparison

4.1.2. Case 2: Random road excitations

In this section, the rough road excitation in both time and frequency domains are studied. 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 the
following form:

G, () = G, (no) (nio)w 25)

where, n is the space frequency (m™); n, is the reference space frequency, ny = 0.01 m™; G,(n,)
is the road roughness coefficient; w is frequency index, it reflects the frequency structure of the
pavement, usually w = 2.

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

c'[(t) = 21Ny [Gg(no)uW (t) — 2mnyouq(t), (26)

where, W(t) is the Gauss white noise; ny, is the low cut-off space frequency,
Nge = 0.001 m’!; u is the vehicle speed.
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The irregular road profile is shown in Fig. 10. The vehicle speed is kept constant as 20 m/s.
The simulation results are shown in Figs. 11-14.

0.04
0.4
—— passive suspension
= 0024 L 0 A tA't®, < £/
£ reference
0.3 —-—- SMC

skyhook control

road disturbance (|
o
o
o
o
N
h

PSD of sprung mass acceleration (m?s®)

-0.02 014
0-64 T T T T T 0.0 T 1
0 2 4 6 8 10 0 30 35
time (s) Frequency (Hz)
Fig. 10. The random road excitation profile Fig. 11. PSD of sprung mass acceleration comparison
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S 0.00003 - £
2 %5 4000000 -
5 0.00002 ] a
a 2
7 2000000
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0.00000 T T T d 0
0 5 10 15 20 2 30 35 0
Frequency (Hz) Frequency (Hz)
Fig. 12. PSD of suspension deflection comparison Fig. 13. PSD of tire dynamic load comparison
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g 0.014 i ; g “w ‘ ‘ i # “ A i ,| N '
= [ 1|1} Llkd 18 i § i il i,
! i M \ | i ! . 4
S 0004| 4oy TURN L IIV' 7K ; b4 '~§ ! i " e ! h
@ i Wl MK A \A‘\\ N W W |
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R i ! i | Nl i W
f‘ | Ik | Al i
-0.02 ‘
|
-0.03 ; T T T T 1
0 2 4 6 8 10

Time (s)
Fig. 14. Time history of suspension deflection comparison

The Figs. 11-12 plotted the PSD comparison of vehicle body acceleration and suspension
stroke under different control algorithms. We can find that the proposed SMC control can achieve
a better control performance, even though it is not as good as the sky-hook controller. In Fig. 13,
it clearly indicates that sky-hook control deteriorates tire dynamics especially in high frequency,
and the SMC controller can have a good tradeoff between the ride comfort and handling stability.
And this conclusion can also be drawn in Fig. 14.
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5. Conclusions and future work

This paper has presented an adaptive SMC algorithm based on the hybrid reference model for
semi-active suspension. The hybrid reference model combines virtues of sky-hook with
ground-hook control logics and achieves a good coordination between the ride comfort and
handling stability. The UKF state observer is designed to estimate the suspension states in real
time based on the measurement signals from the equipped sensor in the vehicle. And the proposed
SMC algorithm avoids using the road disturbance information; this will improve the robustness to
the unknown road disturbances. The control performances are validated in Matlab/Simulink
environment under different types of road excitations. The simulation results indicated that the
proposed control algorithm can offer a good coordination between ride comfort and handling
stability of the vehicle. The time delay of the actuator should be further studied in the future work.
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