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Active suspension systems for vehicles
based on a sliding-mode controller in
combination with inertial delay control
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Abstract
In this paper a new active suspension scheme for vehicles with non-linearities is proposed. The proposed scheme makes
the vehicle suspension system follow a modified skyhook model and is based on the sliding-mode control strategy aug-
mented by the so-called inertial delay control which estimates and negates the effects of the unknown road profile and
the uncertainties in the suspension system. The accuracy of estimation is analysed and it is shown that the estimation
error is ultimately bounded. The means to improve the accuracy of estimation are outlined and the overall stability of
the suspension system is proved. The efficacy of the method is illustrated by simulation for an automobile vehicle sus-
pension system for various road profiles.
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Introduction

One of the major challenges faced by the automobile
industry is to develop suspension systems to give ride
comfort to passengers on rough roads. A conventional
suspension system is a passive system consisting of
springs and dampers. Since the suspension is affected by
the inherent non-linear behaviour of springs and dam-
pers and since the damping coefficient and the spring
stiffness of a passive suspension system are fixed, the
performance of a passive suspension is limited. In an
active suspension system, an actuator is connected
between the sprung mass and the unsprung mass in par-
allel with a spring and a damper. This produces a force
to reduce the displacement and acceleration of the body
as well as the wheel hop motion caused by uneven road
conditions. Compared with a passive suspension system,
an active suspension system has the potential to provide
a better ride quality and road-holding ability for a vari-
ety of road profiles and therefore it has attracted the
attention of control engineers for a long time.

Several diverse control strategies such as optimal
control,1 adaptive control,2–5 model reference adaptive
control, sliding-mode control and fuzzy control6–8 have
been reported in the literature. Model reference adap-
tive control aims to make the output of an unknown
vehicle plant suspension system follow a desired

reference model. The skyhook model has been used by
many researchers9–12 as an ideal conceptual suspension
reference model.

Sliding-mode control (SMC) is a well-known strat-
egy for handling uncertain systems acted upon by
external unmeasurable disturbances. It can guarantee
invariance if the bound on uncertainties is known and
the matching conditions are satisfied.13,14 The desired
dynamic behaviour of the system can be obtained by
making a suitable choice of the sliding surface. SMC in
combination with model reference control was used by
Mohan and co-workers.10,11 In the paper by Kim and
Ro12 a sliding-mode controller for vehicles with non-
linearities was proposed.

In general, it is difficult to find an accurate model of
a real suspension system. It is even more difficult to find
a good estimate of the road disturbance. Notable con-
tributions to address the issue of estimation of the road
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disturbance are the function approximation15,16 and the
design of observers.17 Some other methods such as time
delay control18 (which uses information in the recent
past to estimate the uncertainties and disturbances), the
uncertainty and disturbance estimator19–21 and the dis-
turbance observer22 have the potential to provide esti-
mates of the uncertainties and the road disturbance. All
these methods have found several applications in mis-
sile autopilots, missile guidance, robotics and several
other fields but no application to an active suspension
has been reported in the literature.

In this paper, an active suspension system that fol-
lows a skyhook model using SMC together with a
method called inertial delay control (IDC) (in analogy
with time delay control) developed on the lines sug-
gested by Talole and Phadke20 for a quarter-car sus-
pension system is proposed. A preliminary version was
based on the idea appearing in the paper by Deshpande
and Phadke.23 In conventional SMC, the uncertainties
and disturbances can be compensated only if their
bounds are known. In the present problem, obtaining
such bounds is difficult because the road disturbance
can vary considerably, even in a short journey.

In this paper, IDC is employed to estimate the non-
linear spring force, the damping force and the effect of
the unknown road disturbance. The main contributions
of this paper are as follows.

1. The proposed scheme estimates the effects of the
road disturbance and other uncertainties and then
negates them using control. Therefore the proposed
scheme can give a response that is as good as the
skyhook suspension system irrespective of the road
conditions.

2. No knowledge of bounds on the uncertainties and
disturbances is required.

3. Unlike other skyhook reference model schemes
proposed in the literature, the proposed scheme
does not need real-time integration of an explicit
skyhook model, reducing the controller complexity
considerably.

The rest of the paper is organized as follows: the sec-
ond section discusses the quarter-car vehicle model and
the reference model. The third section describes the slid-
ing surface and the control design. In the fourth section
the control strategy of using IDC is discussed, and in
the fifth section the stability is proved and the ultimate
bounds on the estimation error are calculated. The effi-
cacy of the proposed controller is illustrated by simula-
tion and the results are discussed in the sixth section.

The implementation issues are discussed in the
seventh section, and the conclusion is given in the
eighth section.

Problem statement

In this section, the non-linear quarter-car model and
the skyhook reference model are discussed.

The quarter-car model

Consider a non-linear quarter-car model of a vehicle
suspension system as shown in Figure 1. This model is
similar to that used by Kim and Ro.12 The vertical
forces on the sprung and unsprung masses are consid-
ered. It is assumed that vehicle moves with a constant
speed. In a passive suspension system, the sprung mass
and the unsprung mass are connected by springs and
dampers having constant force coefficients. In an active
suspension system, an actuator is connected between
the sprung mass and the unsprung mass in parallel with
the springs and dampers. The objective of the control
strategy is to make the actuator develop a force in such
a way as to increase the ride comfort while maintaining
good road holding.

The suspension system is described by

ms€xs =� fs � fd + u ð1Þ

mu€xu = fs + fd � ft � u ð2Þ

where ms is the nominal sprung mass, mu is the nominal
unsprung mass, xs is the displacement of the sprung
mass relative to its static position, xu is the displace-
ment of the unsprung mass relative to its static position,
xr is the uneven road profile relative to plane ground, fs
is the non-linear spring force, fd is the non-linear damp-
ing force, ft is the tyre force and u is the control force
generated by the actuator. The spring force fs is given
by

fs = k1 Dx+ k2 Dx2 + k3 Dx3 ð3Þ

where the coefficients k1, k2 and k3 are constants and
Dx=xs � xu is the suspension deflection, and the
damping force fd is given by

fd = c1 D _x+ c2 D _x2 ð4Þ

Figure 1. The quarter-car suspension model.
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where the coefficients c1 and c2 are constants. When the
tyre loses contact with the ground, the force exerted by
the tyre becomes zero. The tyre force ft is calculated as

ft =
kt(xu � xr) if xu � xr \

(ms +mu)g
kt

0 if xu � xr5
(ms +mu)g

kt

(
ð5Þ

where g is the acceleration due to gravity and kt is the
tyre spring constant. Let the state variables be denoted
as x1 = xs, x2 = _xs, x3 = xu and x4 = _xu. The
dynamics represented by equations (1) and (2) can be
expressed in the state variable form as

_x1 = x2 ð6Þ

_x2 =
1

ms
(� fs � fd + u) ð7Þ

_x3 = x4 ð8Þ

_x4 =
1

mu
(fs + fd � ft � u) ð9Þ

The skyhook reference model

The well-known conceptual skyhook damping system is
chosen as the reference model to be followed by the sus-
pension system, as shown in Figure 2. In the skyhook
model a damper is connected between the sprung mass
and the virtual reference sky. This damper reduces the
vibrations of the vehicle but cannot be realized as it is
in a real plant. Later, it will be shown how the real plant
can be made to behave like the conceptual skyhook
model.

As stated by Kim and Ro,12 the skyhook model is
normally excited by the road disturbance but it is diffi-
cult to measure the road profile. Since the tyre is almost
ten times stiffer than the suspension spring, the displa-
cement of the unsprung mass is a good approximation
of the road input within the normal operating fre-
quency range of the suspension system. Therefore the
measured states of the unsprung mass can be used as
an input to the skyhook reference model. Noting that

xum= xu = x3, the dynamics of sprung mass of the sky-
hook reference model are given by

msm€xsm =� ks(xsm � xum)� cs( _xsm � _xum)� csky _xsm

ð10Þ
=� ks(xsm � x3)� cs( _xsm � x4)� csky _xsm

ð11Þ

where csky is the skyhook linear damper coefficient, msm

is the sprung mass, mum is the unsprung mass, ks is the
linear spring coefficient, cs is the linear damper coeffi-
cient, xsm is the displacement of the sprung mass of the
skyhook reference model relative to its static position
and xum is the displacement of the unsprung mass of the
skyhook reference model relative to its static position.

The sliding surface and the control design

In this section a special sliding surface is selected and a
control scheme is designed. The control is designed in
such a way that sliding occurs and the sliding surface is
chosen in such a way that, when sliding occurs, the sys-
tem follows the skyhook reference model.

The sliding surface

Select the sliding surface as

s = x2 + z, z(0)=� x2(0) ð12Þ

The auxiliary variable z is defined as

_z=� 1
msm
�ks(x1 � x3)� cs(x2 � x4)� cskyx2
� �

ð13Þ

A sliding surface of the type (12) has the advantage
that it eliminates the reaching phase and gives full-order
sliding.24 It can be seen that the choice of the dynamics
(13) of the auxiliary variable z ensures that the system
follows the skyhook reference model. Further the slid-
ing surface used here has the advantage of reducing the
complexity of the controller by avoiding integration of
an explicit model.

The control design

In this section, the control is designed so that the slid-
ing condition is satisfied. The control u is designed by
splitting it into two parts, namely ueq to take care of
the known terms and un to take care of the uncertainty
in equation (15). The control strategy is to use IDC,
which is explained in the fourth section, to estimate the
uncertainty and then to set un equal to the opposite of
the estimate of the uncertainty. Differentiating equa-
tion (12) and using equations (7) and (13) give

_s =
1

ms
(� fs � fd + u)

� 1

msm
�ks(x1 � x3)� cs(x2 � x4)� cskyx2
� �

ð14Þ
Figure 2. The skyhook reference model.
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=
1

ms
e+

1

ms
u� 1

msm
�ks(x1�x3)�cs(x2�x4)�cskyx2
� �

ð15Þ

where e= � fs � fd is the lumped uncertainty. The
function e depends on the uncertainties and the effect
of the road disturbance.

The control u split into parts is given by

u= ueq+ un ð16Þ

with

ueq=
ms

msm
�ks(x1�x3)� cs(x2�x4)� cskyx2
� �

�msKs

ð17Þ

where K is a positive number. Using equations (16) and
(17) in equation (15) gives

_s =
1

ms
e� Ks +

1

ms
un ð18Þ

Let

un =� ê ð19Þ

where ê is the estimate of the uncertainty e. In this sec-
tion, it is assumed that the estimate ê is available. The
fourth section explains how the estimate ê is obtained.
Substituting equation (19) in equation (18), we obtain

_s =� Ks +
1

ms
e� 1

ms
ê ð20Þ

Defining the estimation error as

~e= e� ê ð21Þ

leads to

_s =� Ks +
1

ms
~e ð22Þ

In the next section, an estimator is designed to estimate
the lumped uncertainty e.

Inertial delay control

In this section, the idea behind IDC-based control is
briefly introduced. The key idea in control is to use the
system information in the recent past to obtain an esti-
mate of the uncertainty and then to use the opposite of
it in control to negate the effect of the uncertainty.19,20

For the estimation error ~e to be bounded, the following
assumption is needed.

Assumption 1. The lumped uncertainty e is such that
jd(r)e

�
dt(r)j= je(r)j4m, where r is a positive integer and

m is a small positive number.
The lumped uncertainty e can be estimated as

ê=Gf(s)e ð23Þ

where Gf(s) is a filter with sufficiently large bandwidth.
The order of the filter Gf(s) is defined as the order of
the denominator polynomial of Gf(s). Consider a first-
order filter which is of the form

Gf(s)=
1

1+ ts
ð24Þ

where t is a small positive constant. From equation
(20),

e=ms( _s +Ks)+ ê ð25Þ

Using equation (25) in equation (23), we obtain

ê=ms( _s +Ks)Gf(s)+ êGf(s) ð26Þ

which can be written in the time domain for the first-
order filter given by equation (24) as

t _̂e+ ê=ms( _s +Ks)+ ê ð27Þ

This simplifies to

ê=
ms

t
s +

msK

t

ðt
0

s dt ð28Þ

From equations (21), (23) and (24), we can obtain

_~e=� 1
t
~e+ _e ð29Þ

If _e=0, ~e goes to zero asymptotically; otherwise it is
ultimately bounded. The ultimate boundedness of ~e and
the calculation of the bound on ~e are discussed in the
fifth section. If _e is not small but €e is small, i.e. r=2 in
Assumption 1, then the accuracy of estimation can be
improved by estimating e as well as _e. The details are
shown below.

Improvement in the accuracy of estimation

Let ê1 be the estimate of e, and ê2 = _̂e1 be the estimate
of _e. The corresponding estimation error vector ~e is
defined as

~e= ~e1 ~e2½ �T ð30Þ

where

~e1 = e� ê1 ð31Þ
~e2 = _e� _̂e1
= _e� ê2

ð32Þ

The required estimation can be accomplished using a
second-order filter of the form

Gf(s)=
1+2ts

t2s2 +2ts+1
ð33Þ

where t is a small positive constant. Now

ê1 =Gf(s)e ð34Þ

Writing the equations in the time domain with the filter
as in equation (33), we find that

4 Proc IMechE Part D: J Automobile Engineering 0(0)
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t2€̂e1 +2t _̂e1 + ê1 =2t _e+ e

t2€̂e1 =2t( _e� _̂e1)+ e� ê1
_̂e2 =

2
t
( _e� ê2)+

1
t2
(e� ê1) ð35Þ

Using the definitions of the estimation errors in equa-
tions (31) and (32), we can obtain

_̂e2 =
2

t
~e2 +

1

t2
~e1 ð36Þ

Subtracting both sides of equation (36) from €e and
using equation (32) give

_~e2 =� 2
t

~e2 � 1
t2

~e1 + €e ð37Þ

The estimation error equations can be expressed in the
state variable form as

_~e1 = ~e2
_~e2 =� 2

t
~e2 � 1

t2
~e1 + €e ð38Þ

which can be written in the matrix form

_~e=M~e+N€e ð39Þ

where

~e=
~e1
~e2

� �
, M=

0 1
� 1

t2
� 2

t

� �
, N=

0
1

� �
ð40Þ

If €e=0, _~e goes to zero asymptotically; otherwise it is
ultimately bounded as shown in the fifth section. Now
the dynamics of the sliding variable (22) are written as

_s =� Ks + 1
ms

~e1 ð41Þ

From equations (36), (38) and (41), after some calcula-
tion we find that

ê1=
2mss

t
+

2msK

t

ðt
0

s dt+
ms

t2

ðt
0

s dt+
msk

t2

ðt
0

ðt
0

s dt dt

ð42Þ

Stability

In this section, it is proved that the estimation error ~e
and the sliding variable s are ultimately bounded. Here
the more general case when r=2 in Assumption 1 is
considered. The bounds on s and ~e are found by con-
sidering the Lyapunov function as

V(~e,s)= ~eTP~e+1
2s

2 ð43Þ

Taking the derivative of V(~e,s) with equations (41) and
(39) gives

_V(~e,s)= ~eTP _~e+ _~e
T
P~e+s _s ð44Þ

=~eT(PM+MTP)~e+2~eTPN€e�Ks2+s
1

ms
~e1

ð45Þ

Since all eigenvalues of M have negative real parts, we
can always find a positive definite matrix P such that

PM+MTP=�Q ð46Þ

for a given positive definite matrix Q. Let l be the smal-
lest eigenvalue of Q. Now _V(~e,s) can be written as

_V(~e,s)=� ~eTQ~e+2~eTPN€e�Ks2+s
1

ms
~e1 ð47Þ

4�l ~ek k2+2 ~eT
�� �� Pk k Nk kj€ej�Kjsj2+ 1

ms
jsj ~ek k

ð48Þ

4� l ~ek k2�Kjsj2+ 1

ms
jsj ~ek k+2 ~ek k Pk k Nk km

ð49Þ

Then, using Young’s inequality25

ab4
a2

2
+

b2

2
ð50Þ

for any real a and b, we can obtain

_V(~e,s)4� l ~ek k2 � Kjsj2 + 1

2ms
(jsj2 + ~ek k2)

+2 ~ek k Pk k Nk km ð51Þ

4� ~ek k2 l� 1

2ms

� 	
+2 ~ek k Pk k Nk km�jsj2 K� 1

2ms

� 	
ð52Þ

4� ~ek k ~ek k l� 1

2ms

� 	
�2 Pk k Nk km

� �
�jsj2 K� 1

2ms

� 	
ð53Þ

With K� 1=2ms . 0 and l� 1=2ms . 0, the system will
be ultimately bounded. From equation (53) the bound
on ~e becomes

~ek k4l14
2 Pk k Nk km
l�1=2ms

ð54Þ

Omitting the calculations the bound on s gives

jsj4 l1=ms +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
1=m2

s +8Kl1 Pk k Nk km
p

2K
ð55Þ

Thus the ~ek k and jsj are ultimately bounded and the
bounds can be lowered using the control parameters K
and t.

An illustrative example and discussion
of the results

The efficacy of the method is verified through com-
puter simulations of the model shown in Figure 1 for a
variety of road profiles. The simulation was carried out
in the MATLAB and Simulink environment. The plant
equations were integrated using the standard fourth-
order Runge–Kutta (RK-4) method. For the purposes
of control, the auxiliary equation (13) is required to be

Deshpande et al. 5
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integrated. This was also integrated using the RK-4
method.

The system and control parameters are as follows.

The parameters of the suspension system are
ms =240kg, kt =150,000N/m, k1=12,394N/m,
k2=273,696N/m2, k3=3,170,400N/m3, c1=1385.4N s/m,
c2=524.28N s2/m2 andmu=50kg.
The parameters of the skyhook model are msm=240kg,
ks=15,000N/m, cs=1860N s/m and csky=30,000N s/m.
The control parameters are K=200 and t =0.01 s.
The initial conditions of the plant and model are
x0 = ½0 0 0 0�T and xm0 = ½0 0�Trespectively.
Four road profiles were considered for this study, as
shown in Figure 3. The specifics of the road profile are
given in the appropriate section.

Case 1 road profile

First, the results for the road profile shown in Figure
3(a), referred to as the case 1 road profile, are shown.

This road profile is given by

xr =

0 for 04t\ 1
0:05½1� cos (8pt)� for 14t\ 1:25
0 for 1:254t\ 3
0:02½1� cos (8pt)� for 34t\ 3:25
0 for 3:254t

8>>>><
>>>>:

ð56Þ

The active suspension system with first-order IDC is
compared with the passive suspension system and the
active suspension system with only SMC.

The deflection and the acceleration of the sprung
mass are shown in Figure 4 while the suspension deflec-
tion and the tyre deflection are shown in Figure 5. The
performance with the active suspension is significantly
better than that with the passive suspension. The same
conclusions were found for the other three profiles as
well.

The performance of the active suspension with IDC
and that with SMC are very close. However, this is not
surprising. In fact, the performance of the controlled
system is governed by the chosen skyhook model. A
skyhook reference model that gives the desired level of
ride comfort while maintaining road holding is chosen.
The success in following the model is indicated by the
closeness of s to zero. Any strategy that is successful in
making the suspension system follow the skyhook ref-
erence system will give the same performance in terms
of ride comfort. What is shown here is that s is ulti-
mately bounded and the ultimate bound is dependent
on the control parameters that the user can choose.

The problems with pure SMC are that it needs
knowledge of the bounds of the uncertainties and dis-
turbances and that the control is discontinuous, which
may cause excessive wear and tear of components.
When the discontinuous control is replaced by its

10

10

Figure 3. The road profiles considered.
The active and passive suspension systems are simulated for all the four road profiles.

6 Proc IMechE Part D: J Automobile Engineering 0(0)
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smooth approximation, the invariance is compromised.
On the other hand, SMC with IDC is an inherently
smooth control since the control does not have a dis-
continuous component. It does not need any knowledge
of the uncertainties or their bounds. It may be noted
that, in the pure SMC-based design, the nominal para-
meters were assumed to be known and the uncertainty
was assumed to be only 20%. In the case of the pure
SMC-based design, the control magnitude increases as
the degree of uncertainty increases. The control force u
for pure SMC designed on the standard lines is given by

u= ueq + un ð57Þ

with

ueq = fs0 + fd0

+
ms

msm
�ks(x1 � x3)� cs(x2 � x4)� cskyx2
� �

�msKs

ð58Þ

un =� r sats ð59Þ

where K is a positive number, fs0 and fd0 are the nom-
inal values of the non-linear spring force fs and the
damping force fd respectively, r is the bound of the
uncertainties in fs and fd, and sats is a continuous
approximation of the discontinuous signum function.
A comparison of the control inputs for SMC with IDC
and for only SMC is shown in Figure 6. It can be seen

Figure 4. The responses for the case 1 road profile with IDC, SMC and passive suspension: deflection and acceleration of the
sprung mass.

Deshpande et al. 7
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8 10

8 10

8 10

Figure 5. The responses for the case 1 road profile with IDC, SMC and passive suspension: suspension and tyre deflection.

Figure 6. The control inputs for the case 1 road profile for SMC with IDC and for only SMC.

8 Proc IMechE Part D: J Automobile Engineering 0(0)
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that the control input is slightly larger for control with
only SMC for the reasons stated above.

Another comparison between IDC and SMC is
shown in the section on the case 4 road profile.

Case 2 road profile

In this section, the suspension system is subjected to the
case 2 road profile shown in Figure 3(b). The road pro-
file is generated by

xr=
dt for 04t\3:5
0:0592(t�3:5)3+0:1332(t�3:5)2+dt for 3:54t\5
dt for 54t

8<
:

ð60Þ

where

dt=0:05 sin (3pt) ð61Þ

It should be noted that, after 4 s, this road profile shows
a large bump followed by a trough and another large
bump immediately.

Figure 7(a) shows that the system follows the sky-
hook model accurately. For this road profile, the
response seen in Figure 7(b) of the acceleration of the
sprung mass appears to be high for some period after
4 s. However, it should be noted that the performance
is markedly better than it would have been with the
passive suspension. This is illustrated by giving the

Figure 7. The responses for the case 2 road profile with first-order IDC.

Deshpande et al. 9
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results of the passive suspension for this road profile in
Figure 8. The results of the active suspension system
are seen to be significantly better in terms of the ride
comfort, suspension deflection, sprung-mass deflection
and tyre deflection.

Case 3 road profile

In this section, the response of the suspension system is
simulated for the case 3 road profile shown in Figure
3(c) which is generated by the equation

xr=0:05sin(3pt)sin(0:3pt)+0:025cos 0:075pt+ p
2

� �
ð62Þ

Like other road profiles, this profile also shows that
it follows the skyhook model well, as shown in Figure
9(a). The effectiveness of the IDC scheme in estimating
the uncertainty can be seen from Figure 9(f) while the
effectiveness with which it follows the model is illu-
strated by Figure 9(d). The performance of the suspen-
sion system is illustrated by the plots of the suspension
deflection, sprung-mass acceleration, suspension deflec-
tion and tyre deflection shown in Figure 9(a), Figure
9(b), Figure 9(g) and Figure 9(h) respectively.

Case 4 road profile

The performance of IDC for the case 4 road profile
shown in Figure 3(d) is illustrated here. This road pro-
file is generated using

xr =0:05 sin (1:5pt) sin (0:15pt)

+0:05 sin (0:6pt) sin (0:03pt) ð63Þ

From Figure 10(a) it can be seen that the system fol-
lows the skyhook reference as desired. Like the case 2
and case 3 road profiles, the control effort and the slid-
ing variable are plotted in Figure 10(c) and Figure 10(d)
while the plots of the uncertainty e and its estimate ê
are given in Figure 10(e) and the estimation error is
shown in Figure 10(f).

For the case 4 road profile, the responses obtained
with IDC-based control are compared with those of
pure SMC-based control in Figure 11. It can be seen in
Figure 11(a) that the accelerations of the sprung mass
are the same for both cases but the sliding variable
shown in Figure 11(c) and the control effort shown in
Figure 11(b) are better for IDC-based control.

Second-order IDC

The effect of second-order IDC on the accuracy of esti-
mation is considered next. For the case 4 road profile,
with the value of t unchanged, the plots of the uncer-
tainty e and its estimate ê are shown in Figure 12(a)
while the estimation error ~e is shown in Figure 12(b). It
can be seen from Figure 10(f) and Figure 12(b) that
second-order IDC improves the accuracy of estimation.
The estimation error has decreased by a factor of
almost 10.

Figure 8. The responses of the passive suspension for the case 2 road profile.

10 Proc IMechE Part D: J Automobile Engineering 0(0)
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Summary of results

For all the four road profiles, the proposed scheme is
successful in giving the performance that the chosen
conceptual skyhook reference model would give.
Although the four road profiles are significantly

different from each other, no change in the control

strategy was required. The ride comfort, which was

measured by the sprung-mass acceleration and the

sprung-mass deflection, and the handling, which was

judged from the suspension deflection and the tyre

x1, -.-.x1m , xr

Figure 9. The responses for the case 3 road profile with first-order IDC.

Deshpande et al. 11
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deflection, are far better for the proposed SMC with
IDC than for the passive suspension system for all the
four road profiles. The scheme based on pure SMC
required knowledge of the bounds and the nominal val-
ues of the parameters. Second-order IDC improves the
accuracy of estimation of the uncertainty by an order
of magnitude.

Implementation issues

In this paper, a new active suspension system based on

IDC is proposed. In the design and simulation, like

many researchers12,15 proposing a new suspension con-

trol strategy, a perfect actuator is assumed to be avail-

able for implementing the control. However, in

10

10

10

10

Figure 10. The responses for the case 4 road profile with first-order IDC.

12 Proc IMechE Part D: J Automobile Engineering 0(0)
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practice, only actuators having small lags can be
obtained. For practical implementation, some schemes
for actuator compensation have been suggested in the
literature.26,27 Preliminary work carried out by the pres-
ent authors suggested that the method of IDC proposed
here can be extended to incorporate compensation of
practical actuators while retaining the performance of
the active suspension proposed here.

In the preliminary work, it was seen that, with actua-
tor compensation, the proposed controller can

accommodate actuator lags up to 100 ms while retain-
ing the performance of the suspension system. The
results with actuator lags of 10 ms, 50 ms and 100 ms
with actuator compensation are shown in Figure 13 for
the purpose of illustration.

Since the method can be retrofitted to other active
suspension strategies developed on the assumption of
perfect actuator, it is intended to report this separately.

Another issue that needs to be addressed is the avail-
ability of the absolute velocity x2 of the sprung mass.

6 8 10

Figure 11. A comparison of the responses of the suspension system with SMC and IDC for the case 4 road profile.

10

Figure 12. The responses for the case 4 road profile with second-order IDC.
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This signal is required in the calculation of ueq and the
sliding variable s. As stated by Williams,28 low-cost
transducers capable of measurement of the skyhook
velocity are difficult to obtain. The most common solu-
tion is to integrate the vertical acceleration to obtain
the sprung-mass velocity. This scheme and similar
schemes have also been suggested by Truscott,4 Lin
et al.29 and Preumont et al.,30 and several other results
have been reported in the literature. There are also
other methods such as the microelectromechanical sys-
tem (MEMS) velocity sensor reported by Alshehria
et al.31 Yet another way to obtain the absolute sprung-
mass velocity is to design an observer.

Conclusion

In this paper, an active suspension system that can esti-
mate the uncertainties and the effect of the road profile
is proposed. The proposed control is SMC based on
IDC and overcomes the drawback of conventional
SMC which requires the bounds of the uncertainty and
the disturbances. The efficacy of the proposed scheme
is verified by simulation for a variety of road profiles.
The results show that the proposed scheme is signifi-
cantly better than the passive suspension system in
improving the ride comfort. The accuracy of estimation

is improved further with second-order IDC. The con-
trol is simpler than other skyhook suspensions from
the implementation point of view and works satisfacto-
rily for a variety of road profiles without any change in
control.
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Appendix

Notation

ci constants of the non-linear damper
cs linear damper coefficient of the skyhook

reference model
csky skyhook linear damper coefficient
e lumped uncertainty
ê estimate of the lumped uncertainty
~e estimation error
fd non-linear damping force
fd0 nominal non-linear damping force
fs non-linear spring force
fs0 nominal non-linear spring force
ft tyre force
Gf(s) inertial delay filter
ki constants of the non-linear spring
ks linear spring coefficient of the skyhook

reference model
K positive constant
ms nominal sprung mass
msm sprung mass of the skyhook reference

model
mu nominal unsprung mass
mum unsprung mass of the skyhook reference

model
M constant matrix
N constant matrix
P positive definite matrix
r positive constant
u control force generated by the actuator
xi states of the suspension system

Deshpande et al. 15
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xr road profile relative to plane ground
xs displacement of the sprung mass relative

to its static position
xsm displacement of the sprung mass of the

skyhook reference model relative to its
static position

xu displacement of the unsprung mass
relative to its static position

xum displacement of the unsprung mass of the
skyhook reference model relative to its
static position

z auxiliary variable in the definition of the
sliding surface

Dx suspension deflection
l positive constant
l1 positive constant
m positive constant
s sliding surface
t time constant of the inertial delay filter
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