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Abstract

An sctive suspension systesm with an actuator in parallel with a
spring and a shock absorber is designed for a wheeled vehicle.
The passive elements in the mechanism reduce high freguency vi-
bration. A possible implementation with a DC torgue motor and a
pseuda-straight line mechanism is illustrated. A simple analysis
of the kinematics of a wheeled wvehicle with an active suspension
is alsoc discussed. A control method based on sliding mode con-
trol is developed for a two-wheeled two degree of freedom model
of the wehicle. Simulation results show that, in the sense of
root-mean-square vibration reduction, active suspension is supe-
rior to passive suspension and that proposed approaches are ef-
fective when applied to a nonlinear system.

1 Introduction
Recently, the use of wheeled wvehicles in inaccessible and danger-

ous environments is increasing. The transport of wood or plant-
ing work in forests, rescue activities in the area hit by a di-
saster, and maintenance and inspection work in nuclear plants are
examples of possible practical applicaticns of wheeled vehicles.
A wheeled wvehicle which aims at traveling over irregular terrains
needs a specific suspension system in place of conventional pas-
sive devices, a spring or a shock absorber, employed as suspen-
sions for ordinary vehicles. The suspension system required for
such a vehicle must be provided with actuators to have the accom-
modation to terrains and realize the suspension properties suited
for the wehicle function.

Energy consumption by active suspension systems is an important
preblem because practicable wheeled vehicles should be self-con-
tained. Semi-active suspensions [1],[2] are alternatives for
this problem. They use an active damper in parallel with a pas-
sive spring. In this paper, a concept of an active suspension
system (AS) composed of passive elements and an actuator as well

a5 a suspension controller design is presented. So far, several



optimum control strategies based on linear models have been stud-
ied: optimum output feedback control [3] and preview control [4]
{2 control scheme in which an input is sensed before it reaches
the controlled plant). This paper employs a control strategy

based on sliding mode contreol [3] for AS.

? Active suvsnentsion Svsiem
2.1 Congest of an active suspernsien svsiem {25)
The concept of 25 isg shown in Fig. 1. Tnis system has an actu-

ator gensrating 2 force £(t) in the wvertical direction, a =pring
with st:ffness K, and a shock absorber with damping ratio C in
parallel betwesn the vehicle body with mass M and the wheel axle.
An unkncwn terrain elevation r{t) at the wheel is transmitted to
the body through the suspension mechanism and causes the body
displacement x(t) in the vertical direction. Both x(t) and r(t)
refer to some absolute frame. Only the vibration in the vertical
direction is considered in the rest of this paper.

2.2 Effect of passive elements

The actuatsr in AS only has to control the low frequency body vi-
hbration because the spring sustains the static load and the
choice of spring stiffness and damping ratio to the given body
mass determines the upper bound of the frequency of the vibration
to be actively controlled. These passive elements highly reduce
the high fregquency vibratien. To make the effect of them clear,
the dynamics of the system shown in Fig.l is investigated.

MX(t) + Cl{x(t) - r({t)} + K{x{t) - r{t)} = £(£) .....071)
From (1} with £(t) = 0, a transfer function G(s) with input r(t)
and output x{t) is obtained.

G{s) =2 ——c-——==———- R 0= |

The gain diagram of G{(s) is shown in Fig. 2. The values of C and
K are shown in Table 1, and M = 25 kg. A peak observed at about
2 Hz indicates that the upper bound of the fregquency of the vi-
bration to be actively controlled is 2 Hz or s=o.

2.3 An implementation of the active suspension system

An implementation of AS utilizing the Chebyshev's four-bar link
to transform the actuator rotational motion into the pseudo-
straight line motion at the wheel axle is shown in Fig. 3.
Figure 5 shows the pseudo-straight line motion generated by this



mechanism. The actuator torgue is also transformed into the
force asplying at the wheel axle by way of this structure al-
thouoh the force-torgue relationship is dependent on the actuator
zngle, The force at the axle generated by 1 Nm actuator torgue
is shown in Fig. 6. & DC torgue motor is employed as the actu-

z2tor of AS since pracise open locp torgue contrel i1s possible be-

3 2 two-wheeled two degres of freedom meodel

3.1 Formulation

A two-wheelsed two degree of freedom model of the wheeled wvehicle
is derived on assumptions that (a) the tires are rigid and (b)
the wheels keep contact with the ground. Since the upper bound
frequency of the vibration to be actively controlled decreases
with decreasing K if € and M are fixed, spring stiffness is de-
sired to be small in spite of the drawback of the large body sink
by the gravity. The tires are much more rigid than the spring in
AS. The locomotion speed of the vehicle in the scope of this pa-
per is rather slow, so that the wvehicle presumedly will not
spring free from the ground.
The model shown in Fig. 4 has two degrees of freedom: the body
height and the body tilt. If the wheels correspond to the front
and rear wheels, 8{(t) is the pitch angle; and if they represent
the right and left wheels, 8(t} is the roll angle. The height of
the center of mass of the beody, xG[t]. refers to some absolute
frame. Subscripts, F and R, indicate that the variable is re-
lated to either the F-wheel or the R-wheel. And M, I, and 2L
mean the body mass, the moment of inertia of the bhody, and the
body length (wheelbase or tread), respectively. The body length
iz presumed to be independent of the body tilt and unchanged.

yilt) = x;(t) - ryf(e) ;1 =F, B ...ooiiiiinnannnn. {3)
where y,;(t) is the distance between the body and the ground.
Formulation should be done in terms of y;(t) since precise mea-
surement of x(t}) and rit) is difficult. Dynamic eguations based
on x{t) and ri(t}) are rewritten by measurable wariables. Suppose
that the distances between the body and the ground at the suspen-
sion positions are available, yG{tJ defined in (4} is introduced
a5 a variable which represents the body height.

velt) = {yplt) + ypl(t)}/2 cooiiii it (4)



Let the eguilibrium position of the vehicle body the origin, and
the dvnamic egquations concerning the body height and the beody

tilt bezsed on measurable variables are obtained as follows.

MUo(t) = £y(t) = 2Cvglt) - 2Kyg(E) + dylt) ..... ceea(5)
TE(t) = Leos@(t){fg(t) - 2CLE(t)cos@(t) wevnnnnnnnns (6)

- 2KLsin@(t}} + églt)

where

£,02) fplt) + fglt), fglt) = folt) - fglt)
dy(t) and dglt) are disturbance forces caused by unknown terrain
elevations to the body height and to the body tilt, respectively.
T+ is assumed that only maximum absolute values of dy(t) and
dglt) can be estimated. MNote that these equations are decoupled
between yq(t) and G(t) by letting Ky = Kg and Cp = Cg and that
(6} is nonlinear.
2.2 EKinematics of the wheeled vehicle

The use of ygl(t) in stead of xg(t) avoids difficult problems in
the locomotion over unknown terrains. If xg(t) is kept unchanged
while traveling over a long slope, for example, the limits of the
suspension stroke will make it impossible to continue the locomo-
tion. It is necessary to analyze the kinematics of the wheeled
vehicle with AS under the condition that yg(t) and B(t) are kept
constant.
When y-(t) and 0(t) are fixed, the body of the vehicle traveling
over a long flat slope follows the slope profile. Consider ter-
rain elevations defined by a sinusoidal function.

rplt) = sin2rwt, rplt) = sin2rw(t - B/V)
whers V is a constant locomotion speed, B is the wheelbase, and w
is the freguency of terrain elevations. If ygl(t) is controlled
to be a constant H and @(t) is kept zero, then,

xglt) = {xp(t) + xgl(t)}/2

= H + {sin2mut + sin2rw(t - B/MI}/2 ..eooenn.o(T)

Consider two cases: (a) Bw/V n, {(b) Bw/V =n + 1/2. In case

{a), (7) is reduced to xg(t) = H + sin2mwt. This means that the
vehicle body tracks the same trajectory as rp(t). While in case
(b}, (7) becomes xg(t) = H which shows that the height of the
vehicle is held fixed with respect to some absolute frame. Con-
sidering general cases, the path of xG{t} becomes a trajectory



with an intermediate amplitude between those two trajectories be-
cause the apparent freguency of terrain elevation depends on the
locomotion speed and actual terrain profiles cannot be modeled by
& simple sinuscidal curve.

Slidins mode control

e

.1 DPuropses of slidine mode control

=1

Tme nonlineasrity in the dynamics of the vehicle with AS should be

Lol |

aid attention to. The fact that, in rphysical suspensicn sys-
ems,

soring stiffness and damping ratio zre prons to involve
nonlinear and time-varying properties which bring zbout parameter
errors and parameter variations should also bes considered. §&lid-
ing mode control is one solution to these problems because it is
capable of dealing directly with nonlinear systems and needs only
estimation values about nonlinearity of the system.

In addition, the wvehicle discussed here is planned to be eguipped
with a vision sensor system which detects obstacle surfaces.
Sliding mode control is a2 simple model following control; the
state variables of the system in sliding mode are constrained on
defined switching lines. Thus, the correction of sensor data
based on the wvibration model is possible.

4.2 Design of a sliding mode controller

The design procedure of a controller which regulates y.(t) and
6(t) is as follows. First, on the basis of the premise that
state variables are available, switching lines for yg(t) and &(t)

with negative inclinations are defined in phase plain.

Sy = Yalt) + auyel(t) = 0 (Gy > 0) ceveeveeanenanans(B)
Y G Vi ¥

Sg = Bt) + @gh(t) =0 (Ag > 0) .eveervnsasoncens (9)
Second, the control structure is defined. In this approach, a
control strategy which switches between two values according to
the sign of sy and sg is introduced.

f.% (5. » 0}
fi' * * H j..-‘:.r‘- g'--ityiiiiiiii[1nl
fi_ {Si ¢ 0}
Third, control signals must be determined so that sliding mode

exists in the neighborheod of the switching line. The occurrence
of sliding mode is assured by global asymptotic stability of an

equilibrium point, s; =0 ; i=Y, 9, which is proven by the sec-

2

ond method of Lyapunov. After the certification of V(t) = s5;%; 1

= ¥, @ being Lvapunov functions, which is omitted here, next con-



ditions are derived.

SiS; €0 5 i =¥, 8 iiiiiiaiiiiiiaaeraa s (11}
These are sufficiert conditipns for the occurrence of sliding

mode. As for the pitch ancle, B(t),

= Leos@{fg 2CLécosé - 2KLsin€}/I + Gg/T + ﬁgé {12)

in the case that sy » 0, from the conditien (1711, ég ¢« 0. From
(12), the condition to be satisfied by £57 is obtained.

fg+ « {2CLcosE - Iagf{Lcusa}}ﬁ + ZELsing - dg{{LccsG}
--------------------- i-lll‘l‘l-----i--l-l-l-!!‘--iilill"l"ll'l{qa]

Each term on the right hand of (13) is minimized with respect to
8{t). For the simplicity, the parameters, M, I, C, and K, are
assumed to be time-invariant and perfectly identified in advance.
If they should invelve parameter errors or parameter variations,
the minimization would have to take their influence into consid-
eration. In this formulation, only the information about maximum
and minimum values of parameter errors or parameter variations

would be regquired.

From the premise that maximum absolute values of dy(t) and dglt)
are known, minimum values of the second and the third term on the
right hand of (13) is obtained with - #/4 = 8 = w/4.

The second term @ - v2KL

The third term % - v2{dglpax/L
If 1/vV2 £ % 5 1 for a function, £{x) = ax - b/x (a, b > @), then

(a - 2b)/¥2 s f(x) s a - b
Therefore,

|£(x)] £ B = max{|2cL - Iag/r|, /Z|CL - Iagy/L]|}

The first term 2 -|f(cosd)||8] & - 8]6]

The desired control law is obtained by combining these terms.

£o% = - B|8] - VZKL - /Z|Ag | pax/T ceeeeeeiienaannnn (14)
When Sg ¢ 0, contral law fg' is derived in the same way.

£,7 = BI8] + YKL + /Zldglpan/I -eec-- Ceveeeeeeeaa(15)



As for yg(t), next control laws are introduced after the similar

discussion a5 above,

fY+ - - |2C -M{:‘flli?[:l - EK]YGI - idflmax ttiinnil‘_qﬁl
(sy > 0)

fy7 = 1z - Moyl lvel ¢ 2Klvgl ¢ l@ylpax  ceeee--(17)
(sy < 0}

5 Hvbrid control

One demerit of sliding mode control is chattering caused by thne
delay in physical systems. Suction control [8] which employs
continuous contrel laws to approximate switched contreol is an ap-
oroach for rejecting the chattering. A hybrid method which com-
bines sliding mode control with state feedback control, is intro-
duced to overcome this problem,

Consider a system whose dynamics is expressed in the form that

H‘x‘{t} =11{t._l -Ai{t} -B}{{t] ll'.-""it-iliilii!!lt"a}
wheze 2, B, and M are positive constants and u(t) is a contrel
signal. For a hybrid controller design, a new parameter, z(t),

iz introduced.

ZE) = X(E)/H(E)  avmeeenaccenaaannneesnnenannnnnss (19)
This parameter indicates the direction in which the point corre-
sponding to the state variables in phase plain converges on the
origin of phase plain. When this system is controlled by a state

feedback controller,

Wlt) = = kyx(E) = KoX(E)  wuvinvenannnnnceennnns ... (20)
with z(t), (18) is reduced to

Z0E) = = Z2(E) = PZ(E) = ©  wevevmmnnrnnnnaaananens (21)
where

P = (ks + A)/M » 0, Q = (kg + B)/M > O
Let z, and z; (0 » z; > z,) be solutions of the eguation

S T (22)
If the next condition (23) is satisfied, z, and z, are negative.
Pz e 1 S 1 (23)

Both z; and z, can be interpreted as eguilibrium points in the
space of z of the system described by (21}). After a simple anal-
ysis, it is proven that the equilibrium peint z; is locally as-
ymototically stable for z » Zy-



The basic idea on which hybrid contrel is based is that (a) when
the system is subject to disturbances, sliding mode controller
draws the state of the system into the neighberhoed of z, which
tisfies z » z,, and (b) once the state enters the domain, the
nirol is switched to state feedback controller which assures
that the sitate remains within the domain until it converges on
the crigin of phase plain. & division of phase plain is illus-
ig. 7. Both -z, ang -a, are inclinations oI bound-
aries o the daomain Sf, whare state feedback controller is cn.
Baoth &% 2né &  represent domains in which sliding mode controllers
is on. The mzgnitudes of hybrid control parameters, a, a4, o
24 and Zy must follow the next ineguality.

07 = @q > =@ =2y > = Gy > By cesessesanreassas (24)
These parameters provide more intuitive guidelines for controller

design than the index performance utilized in optimum control.

Let zy = - &, and feedback gains, k1 and kz, are determined from
{25%) under the condition (23).
02 - Pa 4+ Q = 0 .irirnnnnananas et (25)

Obtained hybrid control laws are

if (yg, vg) & Sy* then f, = £,*

if (yg, Yo) € Sy  then £y = £y7  ..iieineeaano..2(26)
if (yor Yg) € Syl then fy = - ky,¥g - kya¥g

if (8, 8) €& sg* then fg = £4°

if (8, 8) € Sp” then fy = f57  L.eeiieiiaiianen .(27)

if (0, &) e sgf then £5 = - kg0 - kgy0
As for B8(t), a linearization of (6) is used. 1In the vicinity of
the origin, control signals by the sliding mode controller and
the hybrid controller are set zero values.

6. Simulation results and discussion

6.1 Test terrain

The ability of the proposed controllers is verified by the com-

puter simulation of a two-wheeled vehicle with a front and a rear
wheel traveling over test terrains. Parameters used in the simu-
lation are listed in Table 1. The test terrain profile, ri[tl, |

function of time, is given by an ocutput of a second order system.

Fy(t) + ayri(t) + apri(t) = wit); £ = F, R .......(28)

where w(t) denotes a signal to form the test terrain, and both a,



and &, are parameters to specify the smoothness and the amplitude
of the test terrain. Test terrains generated by a trapezoid-form
signal are shown in Fig. 8.

6.2 Simulation results

The suspension performance is verified ameong & pessive suspension
composad of 2 spring and a shock absorber only and AS with three
diffsrent control strategies: (1) the optimum regulator, whose
hts of the pecformance index, Q, are listed in Talkle
iding mode controller, and (3) the hybrid ceontrol-
ler. Ths contrel cvecle is 20 msec and control signals are up-
dated when 10 msec is past after the acguisition of new state
variables, which takes the computation time and the servo delay
into consideration.

Figure & shows yG{t}'s and Fig. 10 shows 8(t)'s. Root mean
square values of y-(t)'s and @(t)'s are presented in these
figures. It is shown that the body vibration in yg(t) and e(t)
is highly reduced by AS and, especially in the case of the bedy
tilt 8(t) which include nonlinear dynamics, both the sliding mode
controller and the hybrid controller achieved better results than
those by the optimum regulator. In Fig. 10, the chattering re-
jection by hybrid control appears in the curve of @(t) approcach-
ing zero.

Figure 11 depicts the F-wheel actuator forces during the locomo-
tion. Although the sliding mode controller and the hybrid con-
troller generate greater signals than the optimum regulater, the
hybrid controller succeeds in smoothing contrel signals to a cer-
tain extent, which leads to the chattering rejection.

7. Conclusion

The main purpose of this paper is the control system design of an
active suspension system for a wheeled vehicle for applications
in hazardous environments. In the sense of root-mean-sguare vi-
bration reduction, both sliding mode controller and hybrid con-
troller which generate nonlinear and discontinuous signals a-
chieved comparable suspension performance to optimum regulator
based on linear model. In addition, proposed hybrid method which
gives intuitive control specifications succeeded in reducing the
chattering. Future work will treat the design of a new active
suspension system for a four-wheeled vehicle with six degrees of

freedom and the extension of the proposed contrel strategies to



the six-degree-of-freedom model.
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