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Abstract—In this paper an active suspension system is designed
using inertial delay control for estimating the effect of uncertainties in Sprung mass
suspension parameters, sprung mass variation and unknown road profile.
The proposed control is designed with the objective of improving the ride
comfort without having to use sensors for measuring the road profile or
sensing the displacement and velocity of the unsprung mass. The design
is validated by simulation for two road profiles and the performance is
compared with passive suspension systems.

Index Terms—active suspension, inertial delay control, uncertainty ULSPruilg mass
estimation, model following
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I. INTRODUCTION tyre

T,
Active suspension for commercial cars is an attractive proposition

for car designers interested in improving ride comfort and handling
[1]-[3]. The passive suspension that currently predominates is able
to isolate the car body from the road in only a limited way. From the
control point of view the passive suspension system is a one- zero-
two- pole system which is unable to fully suppress the effect of road
disturbance in the frequency range of 4Hz to 8Hz. According to ISO
2631 [4], the human beings are more sensitive to vibrations in these
frequencies which is a motivation for designing an active suspension
system.

In the past, several control methods have been used to mitigate the
ride discomfort coming from a rough road [5]. These methods include

road

Fig. 1. Quarter car suspension system

in the proposed paper. Unlike in [24], the present paper does not
use skyhook model [25], does not use sliding mode control and does
not need measurement of displacement and velocity of the unsprung
mass thereby saving two sensors and simplifying the implementation
considerably.

The main contributions of the paper are:

optimal control [6], Hs based control [7], fuzzy control [8], sliding (2) no need to employ costly preview sensors to estimate the road
mode control [9], [10], disturbance observer based sliding mode con- profile,

trol [11]-[13] skyhook control [14], electromagnetic suspension [15], (b) no need to measure the unsprung mass position and velocity,
nonlinear adaptive control [16] among many others. The performance (c) robustness to suspension parameter uncertainties, mass varia-
obtained with these methods is sensitive to uncertainties in suspension tion and road profile, and

parameters and to unknown road profile or must use a discontinuous (d) model following control given with possibilities for further
control. Some new control strategies [17]-[19] employ special road generalization

preview sensors to estimate the road profile and use the information
so obtained to improve the ride comfort. Recent results [20] focus
on multi-objective active suspension systems as well. Consider a quarter car model of a typical car suspension system.
In this paper, a new controller is proposed to overcome some of This system consists of two masses called the sprung and unsprung
the drawbacks of existing methods. The main strategy is to use the ~masses connected by a spring and a damper. In the active system
inertial delay control (IDC), originally developed in [21]-[23], to an actuator is placed in parallel with the spring and damper. The
estimate the effect of road disturbance and uncertainties in the system  UnSprung mass is basically the wheel which is commonly modelled
parameters. Then a control is designed to make the system follow a  as a spring. The basic system is shown in Fig. 1.
model to assure satisfactory performance. The novelty of the proposed The dynamic equations of the quarter car system are given by,
system is getting a response better than the skyhook suspension. The

II. SYSTEM DESCRIPTION AND PROBLEM STATEMENT

sals = —fs — 1

method of IDC has been used for designing active suspension before mn ac o= Jatu 1)

in [24] but there are important differences in the way IDC is used Mudu = fs + fa— ft —u 2
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where m, is the sprung mass, m,, is the unsprung mass, =5 is the
displacement of the sprung mass relative to its static position, z,, is
the displacement of the unsprung mass relative to its static position,
x, is the uneven road profile relative to plane ground, fs is the non-
linear spring force, f4 is the non-linear damping force, f; is the tyre
force and w is the control force generated by the actuator. The spring
force fs is given by,

fs =ki1As + ko A2 + ksAys 3)

where the coefficients k1, k2 and k3 are constants and A, = x5 —xy,
is the suspension deflection, and the damping force f4 is given by,

f(i =c1A; + ClAsz 4)

where the coefficients ¢, and cz are constants. If the tyre loses contact
with the ground, the force exerted by the tyre becomes zero. There
the tyre force f; is given by

< (ms+my)g

k}t(ﬂ?u — fll'r) Ly — T Tt
= ¢ 5
8 s e

where g is the acceleration due to gravity and k; is the tyre spring
constant. Let the state variables be denoted as x1 = xs, T2 = s,
T3 = x, and x4 = z,. The dynamics are expressed in the state
variable form as,

i1 = T2 (6)

do = ——(—fu = fa+u) %
mS(L

i‘3 = T4 (8)

i1 = 2 (fot fa— fo—u) ©)
um

Next the system equations are rewritten in a form more suitable for
designing a model following control. Let ks and cs resp. be the spring
stiffness and damping coefficients of the model to be followed. By
adding and subtracting i(—hm — ¢sx2 + u) from equation (7),
where m is the nominal sprung mass, the equation (6) and equation
(7) can be rewritten as,

T1 = T2
. 1
Ty = (—fs — fa+u) — —(—ksw1 — csz2 +u)  (10)
Msa ms
1
+ —(—ksw1 — csx2) + —u 1n
Therefore,
. 1 1
Lo = (—ksxz1 — csx2) + u 4+ e (12)
mS S S
where
1 1
e =ms| (=fs — fa+tu) — —(—ksz1 — csz2 +u)] (13)
Msa ms
Notice from (12), the uncertainty can be expressed as
e =msT2 + kst1 + CsT2 — U (14)

The objective of control is to make the acceleration of the sprung
mass 2 small by making the system follow a model and without
measuring the unsprung mass displacement and the velocity and
without using road preview sensors in spite of uncertainties in fs,
fa and sprung mass msgq.

71

III. CONTROL DESIGN USING IDC

In this section the uncertainty e is estimated using IDC and then the
control w is designed to make the system effectively follow a model.
Unlike the time delay control, the IDC estimates the uncertainty by
considering a broadband filter G (s) given by,

1
G =
7(s) 14+ 7s

where 7 is a small positive constant. If uncertainty e is passed through
Gy (s), the output é given by,

é=Gy(s)e

(15)

(16)

can be considered as an estimate of e. Since e is an uncertainty (16)
can not be implemented. However using (14) in (16),

é = Gy(s)[msia + ksz1 + csz2 — u] 17
If the control is selected as,
u=—e (18)
then,
é=Gy(s)[msta + ksr1 + csx2 + €] (19)
which can be written as,
Té+ & = maiia + kaa1 + cox2 + € (20)
Simplifying and integrating,
s 1
é = m To + — / (ksz1 + csx2)dt 21)
T T
Employing the control in (13), the sprung mass acceleration
1
Ty = (—ksl’l — Csl‘z) + € 22)
ms ms
where € = e — é, is the estimation error. The dynamics of the
estimation error can be shown to be
. 1
E=——€+é (23)
T

If 7 is sufficiently small € can be kept small and then the sprung
mass system performs as prescribed by the designer. When € becomes
sufficiently small, the controlled system is approximately governed
by

1

ms

i’g = (—ksI1 — 651’2) (24)
which is the desired model to be followed. The designer can choose
any other model giving flexibility in performance without having
to change the control methodology. Notice that the values of the
suspension parameters or the sprung mass were not used in designing
the control or estimating e, this proves the robustness of the design to
uncertainties in suspension parameters or any variation in the sprung
mass. Further the control law is free from 3, x4 and therefore there

is no need to sense displacement and velocity of the unsprung mass.

IV. SIMULATION AND DISCUSSION OF RESULTS

To validate the control the system is simulated for two typical road
profiles. The parameters of the suspension system are: ms = 250kg,
msa = 300kg, 200 < mse < 300, k; = 160,000 N/m, k1 = 12500
N/m, c; 1400 N sec/m , m,, = 25kg. The control parameters are
selected as k& = 200, 7 = 0.01, ks = 15000 N/m and ¢; = 1680 N
sec/m The actual sprung mass was varied in the range considering
three values ms, = 200kg, 250kg and 300kg and the results for
active and passive suspension systems are obtained for the two road
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Case 1 road profile, passive suspension

Fig. 3.

profiles shown in Fig. 2. As for handling requirements, it is required
that the relative suspension deflection defined as & = % and the

_ _ki(z1—x3)
(ms+mu)/g

relative tyre force defined as ¢ = remain less than 1 all

the time.

A. Case 1

First consider the profile shown in Fig. 2a which is generated by,

x, = 0.04 sin(27t) sin(0.27¢) + 0.03 cos(0.0757t + g) (25)
The Fig. 3a shows the sprung mass deflection and the road profile
z, for the passive system while Fig. 4a shows the same results for
the active case. It can be seen that the sprung mass deflection for the
active suspension is much smaller for the active case. The Figs. 3b
and 4b show the sprung mass acceleration for the passive and active
cases.
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Fig. 4. Case 1 road profile, active suspension

It can be seen that the active system improves the ride comfort
considerably. The improvement is brought out by the estimation of
e through IDC. Fig. 4c shows the plot of €. It can be seen that é
estimates e fairly accurately. The control effort is plotted in Fig. 4d.

Next the effect of the active control on handling, represented
through the relative suspension deflection ¢ and relative tyre force
¢ is demonstrated. Fig. 5a shows ¢ and Fig. 5b shows the plot of
which are less than 1 in magnitude as described. Similar results were
obtained for other values of the sprung mass. The results for all the
cases of sprung mass uncertainty are summarized in tabular form for
the road profile 1 in Tables I and II.

B. Case 2
Next consider the profile shown in Fig. 2b which is generated by,

x, = 0.06 sin(t) sin(0.17t) 4+ 0.05sin(0.67t) sin(0.037t) (26)

Fig. 6a shows the sprung mass deflection and the road profile x,
for the passive system while Fig. 7a shows the same results for the
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TABLE I
PASSIVE SUSPENSION ROAD PROFILE CASE 1
Msa

200 kg 250 kg 300 kg
o max | 2.6280 2.8210 2.8670
T rms 1.3465 1.4365 1.4495
u max | 0 0 0
u rms 0 0 0
13 max | 0.4262 0.5726 0.6999
¢ max | 0.2087 0.2736 0.3286

TABLE II
ACTIVE SUSPENSION ROAD PROFILE CASE 1
Msa

200 kg 250 kg 300 kg
T2 max | 0.1368 0.1347 0.1360
To  rms 0.0701 0.0707 0.0714
[ max | 987.3 984.6 991
u rms 425.29 427.68 430.16
I3 max | 0.8490 0.8492 0.8494
¢ max | 0.0220 0.0242 0.0265

active case. It can be seen that the sprung mass deflection for the
active suspension is much smaller for the active case. The Figs. 6b
and 7b show the sprung mass acceleration for the passive and active
cases. It can be seen that the active system improves the ride comfort
considerably. The improvement is brought out by the estimation of
e through IDC. Fig. 7c shows the plot of €. It can be seen that é
estimates e fairly accurately. The control effort is plotted in Fig. 7d.

Similar results were obtained for other values of the sprung mass.
Next the effect of the active control on handling, represented through
the relative suspension deflection £ and relative tyre force ( is
considered. It is seen that the peak values of £ and ( are within 1 as
desired. The tabulated values of peak £ which is very close to 1 show
the inherent trade off between ride comfort and suspension space
limitation. One can bring down the peak value of £ by modifying
the control which is a topic for future work. The plots are omitted
to save space. The results for all the cases are summarized in tabular
form for the road profile 2 in Tables III and IV.
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Fig. 5. Relative suspension deflection and relative tyre force for case 1 active
suspension
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TABLE III
PASSIVE SUSPENSION ROAD PROFILE CASE 2

Msa

200 kg 250 kg 300 kg
T2 max | 0.7740 0.8087 0.8464
T2  rms 0.3698 0.3880 0.4080
[ max | 0 0 0
u rms 0 0 0
I3 max | 0.1462 0.1908 0.2397
¢ max | 0.0636 0.0812 0.1004

It can be seen that for both road profiles, the proposed active
scheme is successful in keeping the sprung mass acceleration 2>
small compared to the passive system. The sprung mass variation
affects the passive system more than the active system.

V. CONCLUSION

In this paper, an active suspension system using IDC is designed
to enhance the ride comfort. The proposed control is successful
in forcing the suspension system to follow a user defined model.
The analysis of the designed system shows that it is robust to
uncertainties in suspension parameters and sprung mass variation.
No measurements of road profile or unsprung mass displacement
and velocity were required. The proposed control meets the design
objectives. The system is validated by simulation for two road
profiles. It is seen that the proposed active system is successful in
improving the ride comfort considerably compared to the passive
system.

TABLE IV
ACTIVE SUSPENSION ROAD PROFILE CASE 2
Msa
200 kg 250 kg 300 kg
o  max | 0.0203 0.0203 0.0203
T2  rms 0.0101 0.0101 0.0101
u max | 1.0504e3 | 1.0507e3 | 1.0510e3
u rms 448.2 448.3 448.6
I3 max | 0.9985 0.9985 0.9985
¢ max | 0.0065 0.0066 0.0067
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