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ABSTRACT:

This paper presents a control of
active suspension system for quarter-car
model with two-degree-of-freedom using
H, and nonlinear adaptive robust
control method. Suspension dynamics is
linear and treated by H, method which
guarantees the robustness of closed

loop system under the presence of
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control.

1. INTRODUCTION

Automotive suspension systems have been
developed from the begin time of car industrial
with a simple passive mechanism to the present
with a wvery high level of sophistication.
Suspensions incorporating active components are
studied to improve the overall ride performances
of automotive vehicle in recent years. Active
suspension must provide a trade-off between
several competing objectives: passenger comfort,
small suspension stroke for packing and small tire
deflection for vehicle handling. In the early
studies, linear model of suspension are used with
the assumption of ideal force actuator. The most
applicable force actuator using in practice is
hydraulic actuator that has a high non-linearity
characteristic. Hence to solve completely
problem, recently studies consider to the
dynamics and the non-linearity of hydraulic
actuator &7,

This paper presents a control of active
suspension system for quarter-car model with
two-degree-of-freedom by using H_ and

nonlinear adaptive robust control method. The

uncertainties and minimizes the effect of
road disturbance to system. An Adaptive
Robust Control (ARC) technique is used
to design a force controller such that it is
robust against actuator uncertainties.
Simulation results are given for both
frequency and time domains to verify the
effectiveness of the designed controllers.

H

actuator, "= control, Adaptive robust

system is divided into two parts: the linear part is
whole system except actuator and nonlinear part
is hydraulic actuator. The linear part is treated

using Hg0 control method that guarantees the

robustness of closed loop system under the
presence of uncertainties and minimizes the
effect of disturbance. The variations of system
parameters are solved by multiplicative
uncertainty model. In hydraulic actuator, there
are some unknown factors such as bulk modulus
of hydraulic fluid that has strong effect to
actuator dynamics. Hence, the nonlinear adaptive
control is suitable for designing actuator
controller. This paper applied the ARC technique
to design a the controller robust against actuator
uncertainties®®. The error between desired acting

force calculated from H_ controller and actual

force generated by hydraulic actuator is
considered as the disturbance to the linear
system. Simulations have been done in both
frequency and time domains to verify the
effectiveness of the designed controllers.
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2. SYSTEM MODELING

The scheme of suspension system and
hydraulic actuator used in this paper is described
in Fig. 1.
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a. Quarter-car model b. Hydraulic actuator

Fig.1 Suspension system and actuator

Define parameters as the follows

m, :sprung mass

M, :unsprung mass

b, :damping coefficient

kS . spring stiffness coefficient
k, : tire stiffness coefficient

F :active force

Z, :displacement of the car body

N

, . displacement of wheel

Z,  :displacement of road

Assume that the spring stiffness coefficient
and tire stiffness coefficient are linear in their
operation range; the tire does not leave the

ground; and Z and Z, are measured from the

static equilibrium point. From the scheme of the
system model in the Fig. 1, the state variables are
chosen as follows

X, = Z, — Z,,: suspension deflection

X, =&

velocity of car
body

X3 =7, —Z, : tire deflection
X, =%

Xs =F

> velocity of wheel

: active force

X5 = X

— “valve
closed position.

The governing dynamic equations of suspension
system including hydraulic actuator can be
presented as the following™

)Sf: X, =Xy

: position of valve from its

@
1
)85 = m_(_ ksxl _bs(xz _X4)+ Xs)
s (2
&: X, _& ©)
)&zi(ksxl"'bs(xz _X4)_ktX3_X5)
M. )

X =—fX% —a; AZ(Xz —X,)+
7 AP A—sgn(Xg)%s X,

©)

1
Ké = (_Xa + U)

T (6)
where,
y=a;Cyw 1/ p
ﬂ = af Ctm
af = 4ﬁe /Vt
A piston area
PS : supply pressure of the fluid
Cq : discharge coefficient
W, .

: spool valve area gradient

P hydraulic fluid density
C,

m : total leakage coefficient of the piston
: effective bulk modulus

t: total actuator volume
T :time constant
u . input to servo-valve

Equations (1)-(4) represent the quarter-car
dynamics and equations (5)-(6) drive the
hydraulic actuator dynamics.

Trang 6



TAP CHi PHAT TRIEN KH&CN, TAP 18, S0 K1- 2015

3. HOO CONTROL OF LINEAR PART

Let’s define the force error

d
e=Xs—Xs o

where X; is actual control force generated
from actuator and Xg is the desired control force
which is calculated from H_ controller. Consider

X as the control input, the systems (1)-(4) can
be rewritten in the form

X = A X, + B, X +1{2ﬂ
e

and the measured output is the velocity of car
body

Yp =CpX; )
where
Xl
X
X, =| 2],
X3
Xy
0 1 0 -1 ]
kb b
mS mS mS
Ay = 0 0 0 1
ks bs _ﬁ _bs
L m, mu mu mu_
0 ] [0 0 |
1 o L
mS mS
%= o | 51 o |
1 o - L
L mu_ L mU_
0
1
.
C,= 0
0

Three interest performance variables are:
body vibration isolation, measured by the sprung

mass acceleration ~Z8Z; suspension travel,
measured by the deflection of suspension
Z,—Z,; and tire load constancy, measured by
the tire deflection Zz, —z,. Then three
considered transfer functions from disturbance
& to the acceleration of the sprung mass

H ,(S), to the suspension deflection H ¢ (S),

and to the tire deflection Hp (S) can be derived
as the following

2(s) X&(s)

M=) = Z(s)
(10)
L Z(9)-2,(5) _ %,(5)
o) =""%5 &
(11)
CZ,()-Z,(8) _ X,(5)
e =""%e " Z@
(12)

The augmented system G(s) for H_

control problem is given in the Fig. 2.

& X
e
w{ n >
> b u
e o -
Xs |
Xs Hydraulic [* g

- X
_i+ Actuator S
y T KE -

Fig. 2. Configuration of control system

The state space expression of the plant P(S)
with adding measurement noise N can be written
in the following form

X =A X, +B W+B,X; 13)

2, =C X, + Dy W+ D% (14)
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Yo =C X, + D oW+ DX (15)

The state space expression of the plant G(S)
can be written as follows

¥e= Ax+ B,w+ B, X, (16)
Z=Cx+D; W+ D,,X; 17
y =C,x+ D, w+ D,,X; (18)

where,

C, = lez

D, D D,D
Dll: w " plll D12: w " pl21
aprllZ D12,

D21 = Dp21 Dzz = Dp22

The H_, control problem is to find an internal
stabilizing controller, K(S), for the augmented
system, G(S), such that the inf-norm of the

closed loop transfer function, T, is below a

zZw’
given positive scalar y
Find  [T,[ <»
K (s)stabilizing (19)
Furthermore, from the small gain theorem the

robust stability of the closed loop system under
presence of parameter uncertainty is assured if

y <1. Here the change of the parameters of the
system is treated by multiplicative uncertainty

model A(S) . Itis derived from the nominal plant
P, (s) and the perturbed plant P, (s) as follows

O
The weighting is chosen to satisfy
o[AE)]<W,(s)|, Ve

A(S) =

(21)
The transfer function from disturbance to the
state of the augmented system is

1
Teg =51 —[A+ B,K(s)C,1} '[B, + BZK(s)Dﬂ]M
(22)

where K(s) is H, controller. Three transfer
functions (10)-(12) become

H AC (S) = S[Ez O]Tx&
Hgp (s)= [El O]Tx&
Hp(S) = [Es O]T

where

E,=[1 0 0 0]

E,=[0 1 0 0] E,=[0 0 1 0]

4. ADAPTIVE ROBUST CONTROL OF
NONLINEAR PART

In this part we will derive the controller for
hydraulic actuator used in suspension system.
The controller is designed based on adaptive
robust control technique proposed by Bin Yao®.
Consider hydraulic actuator dynamic equations
(5)-(6). The parameter is considered as unknown

parameter ¢, =4/, /V,. The main reason for

x&

choosing ¢r; as unknown factor is that the bulk

modulus of hydraulic fluid is known to change
dramatically even when there is a small leakage
between piston and cylinder.

The equation (5) can be written in the form
& =0laxs +a,(x, —X,) +
a,+/P,A—Sgn(X,)Xs X, ] +d

(23)
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— _ A2
where & = Ctm; a, = A;

a3=Cde1/A/p; and 0

is  unknown

parameter; d denotes disturbances and

their extents are known

A
0eQ,={0:06,,,<0<6.,}
[dl<dy

The adaptive control law can be obtained as
the following steps.

Step 1: Let’s define

b =a,/P,A—sgn(X,)Xs o

Equation (23) becomes

¥ =0[a,x; +a,(x, —X,)+bx;]+d
(25)

Define the error variable:

— v _yd
Z, =Xs — Xg (26)

To find a virtual control law o for X; such
that X; tracks its desired value XS using the

procedure suggested in [3]. The term b,
representing the nonlinear static gain between the

flow rate and the valve opening X, , is a function
of X; and also is non-smooth since X, appears

through a discontinuous function Sgn(X;). So a
smooth modification is needed®!.

A

Define the smooth projection 7(6) :

0max+sg{1—exp{—1<é—em)} 0> 0,,)

&y

7(0)=16

Oin + €5 {1— exp{

(é € [emin ’9ma>< ])

i (é - gmin )j|} (é < emin )

&y

The control law & is given by
a=a,ta, @7)
The adaptive part @a and the robust control

part @r are calculated as follows

1 1
a, =|:_ alxs _aZ(XZ _X4)+0"7(ﬂ§d _klzl)

T

1 1
a, =— 40, a, 21[1191\2/1 (& X5 +a,(X, —X,) +

min

12

aBaa )2 + i d 1\2/I :|
(29)
where

k

1 : tunable parameter

0 is estimated by 0 using the following
adaptation law

0= 7izi[axs +a, (%, —X,) +a3aa],

71 >0 (30)

&, . . .
¢ is a known arbitrary small positive number

& &

and 12 are adjustable small positive numbers.

Step 2: To find an actual control law for u

such that Xe tracks the desired control function &
synthesized in step 1 with a guaranteed transient

performance.

Define the error variable

Z, =X~ 31)
Adaptive robust control law consists of two

parts: an adaptive part and a robust control part

u=u,+u, 32)
The adaptive part and robust control part are

calculated as follows

u —T{ K,z,— p aayr }
a .| Mef27 Me _A/1t2c
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u, =——12,h,
4b (34)
where
~ W 1 ob
=0 ~Lz,—=bx, +— &K
pe ”WZ 1 r 6 8X5 5 C&
(35)

£ =0 [a,x, +a, (X, —X,) +bx]
(36)

ﬁé:a_aﬁé«_ka_a

OXs ot 37)
Ty =Tye —W,2,D (38)
Ty = _W121[a'1x5 +a,(X, —X,) + a30(]
(39)
W, ob  da
®= le +|:8X5_6X5:|[alxs +a,(X, —%,)+2,a]
(40)
1
h, = =6, ®°
% (41)
ky c W Wo and €2 are arbitrary positive
numbers.

5. SIMULATION RESULTS

The numerical values using in this simulation
are given in the Table 11

The weighting function is chosen as

3.135s + 9.2625
W, (s 0 _ 0
vv(s)—{ 1(6) 3 }—{ 0.93s + 29 }

0 w 0 35x10™*

The controller is calculated with the value of
y=0.99. The road velocity disturbance is

assumed to be from road displacement
r=0.1sin27ft. The parameters of ARC

controller are chosen to be 7, =5€6, k; =150
, k, =10, £,=0.001, ¢&,=5, ¢,=2,
& =5and dy, =2.

Table 1. Numerical values for simulation

Parameters Values Units
m 290 kg
m, 59 kg
b, 1000 Ns/m
K, 16812 N/m
K, 190000 N/m
o 4.515e13 N/m®
p 1.00
v 1.545¢e9 N/(m®%kg*?)
A 3.35¢-4 m?
P, 10342500 N/m’

Frequency domain

The plot of uncertainties and weighting
functions are given in Fig. 3. Figures (4)-(6)
show the gain plots for three transfer functions
(10)-(12) in cases of passive system, active
system with desired force and actual force input.
As shown in the figures, the designed nonlinear
ARC controller can treat the nonlinearity and

keep the Hoc frequency performance well.

of et
-20 Za\\ i

a0l A(jo) for A,

60}

Gain (dB)

A(jw) for A

A(jo) for Ay

102 10 10° 10t 102
Frequency (Hz)

Fig. 3. Plots of uncertainties and weighting function
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Fig. 4. Gain plots for body acceleration transfer
function
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Fig. 5. Gain plots for suspension deflection transfer

function
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Fig. 6. Gain plots for tire deflection transfer function
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Fig. 7. Acceleration with step disturbance

Suspension deflection (mm)
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Fig. 8. Suspension deflection with step disturbance

Tire deflection (mm)

4 ‘:2 S - __. passive system

active system

8 . . . . . . . . .
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Time (s)

Fi

g. 9. Tire deflection with step disturbance

Acceleration (m/s)

______ passive system active system

2 L L L L L L L
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Time (s)

Fig. 10. Acceleration with sine disturbance

Suspension deflection (mm)

______ passive system ' ““active system

0 0.5 1 15 2 25 3 35 4
Time (s)

Fig. 11. Suspension deflection with sine disturbance
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Fig. 12. Tire deflection with sine disturbance

Time domain

The responses of the system with step and
sine wave disturbances are considered.
Responses of the system in case of step
disturbance are given in Figs. (7)-(9). The step
road velocity is of 0.1 m/s. Body acceleration and
tire deflection are much reduced but the
suspension deflection is higher. Responses of the

system in case of sine wave disturbance are given
in Figs. (10)-(12). The road amplitude is assumed

to be 0.1m with frequency of 1 Hz. At this
frequency, active system reduces considerably
the effects of disturbance.
6. CONCLUSION

This paper presents a control of active suspension

system using H_ and nonlinear adaptive robust

control method. H_ controller achieved the

robustness with the presence of parameter
uncertainties and minimized the effects of
disturbance. The nonlinear ARC controller treats
well the non-linearity and the parameter
uncertainties of hydraulic actuator. Simulation
results show that the designed controller can keep

the good performance of Hw controller in both
frequency and time domains.

Dicu khién hé thong treo chu dong ciia xe 6 to
dung H. va diéu khién thich nghi bén viing

e Trong Hieu Bui
e Quoc Toan Truong

Trwong Pai hoc Bach khoa, PHQG-HCM

TOM TAT:

Diéu khién hé théng treo chu déng
cla xe 6 t6 la moét dé tai thu vi trong linh
vure nghién ctru vé 6 t6. Bai bao nay dé
xuét phuong phéap diéu khién hé théng
treo chi déng bang ly thuyét H_ va diéu
khién thich nghi bén vitng. Ky thuét diéu

Twr khéa: - Hé thong treo chd dong, Diéu khién

khién thich nghi bén ving (ARC) duoc
st dung dé thiét ké bo diéu khién luc
bén viing véi cac théng s6 khdng biét
chdc cla bé chap hanh. Két qud mob
phdng da thé hién tinh hiéu qué cua bd
didu khién dé nghi.

H... pidu knién thich nghi bén ving.
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