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ble structure, actuator dynamics respect to the horizon of the bridge platform. Vibration of
the bridge is produced when a truck crosses the bridge with
Abstract velocity v(t) within a time intervalfty, t;]. Without the loss

of generality,t, is set to zero and; denotes the final time of
This paper deals with the problem of stabilizing a class of strugteraction between the structure and the truck. The truck is
tures subject to an uncertain excitation due to the temporanpdelled by a mass: with an elastic suspension of damping
coupling of the main system with another uncertain dynanii-and stiffness:. Additional variablest, » and¢ are chosen
cal subsystem. A sliding mode control scheme is proposedaecording to Figure 1. The mass of the platform is giverd by
attenuate the structural vibration. In the control design, the @nd the moment of inertia with respecttdy the parameter.
tuator dynamics is taken into account. The control scheme is

implemented by using only feedback |nformat|on- of the Makhe active control is implemented by two actuators located be-
system. The effeqtlveness_ of the f:ontrol scheme is shown fo[(/\?een the ground and the bridge at the left and the right ends
bridge platform with crossing vehicle. respectively. The actuator$; and A, supply vertical control

forcesMwu; and Mus which complement the resistant passive
1 Introduction forcesF; and F; given by the elastic supports; andus are

the control variables. The objective is to attenuate the vibration

Vibrations in dynamical flexible structures, as those encougy ihe bridge induced by the crossing vehicle by using active
tered in civil engineering, are often caused by environmen‘egh:esMu1 and Mus.

(seismic or wind) excitations and human made (traffic or heavy

machinery) excitations. One way for attenuating the structuguations of motion of the truck:

vibrations is to use the active control systems so that the safety

of the structure and comfortability of the human beings are im- ) ) .

proved!!]. Different active control methods have been used {yhen the truck is not in the bridge (for< 0 andt > ), the
account for uncertainties in the structural models and the Igguation of motion of the truck is:jj = kno — mg, where
of knowledge of the excitationd (¢, This paper considers a’lo IS the position of relaxed suspension. Whea [0, ], the

class of structures whose excitation comes through the undgfCk is crossing the bridge. Assume that the declination angle

tain coupling with another dynamical system during a certafft 'S Small, then the dynamic motion of the truck is described
time. One prototype of this class of systems is illustrated B the following equation
considering a bridge platform with an unknown moving vehi- { mij = F—mg

cle as a coupled exciting subsystem. A sliding mode control I ko — (n+ )] — e(n + gl) 1)
scheme is proposed to reduce the vibration of bridge induced C: = z+(6—a)®

by the crossing vehicle. In the control design, only the feed-

back information from the controlled structure (bridge) is usegiquations of motion of the bridge:

Numerical simulation is done to show the effectiveness of the

proposed active control scheme for an elastically suspended . L
bridge when a truck crosses it. Fort < 0 the bridge is in a steady state. Roe [0,tf], the

dynamic behavior of the bridge is described by the following
equations of motion:

2 Problem formulation

Mz = JVfg+F—F1—F2—MU1—MUQ
Consider the problem of active control of an elastically | JO& = (¢—a)F +aF, —bFy +aMu; — bMuy
suspended bridge with crossing vehicles as shown in Figur¢ r. — klno — (n+ )] — e(i) + é)
1. The bridge section consists of a rigid platform with elastic| r = — ki(—z10+ 2 — a®) + ¢1(3 — a®)

mounts on the left-hand and right-hand sides The main Fy = ko(—220+2+00O) +02(2+b®)
variables to be measured are the vertical deviatioof the ’ )



wherez; o andz, o represent the vertical positions of relaxedere fort € [0,t;]:
left-hand and right-hand suspension, respectively.

k 1 c .
9e3(X,y,t) = —MZ—M[k’(f(t) —a)+ CU]Q—MZ
We consider the bridge as the main system and the truck as c . c . k
the attached uncertain subsystem. The space state variables _M(E(t) —a)0 — il vaan vl
are split into the measurable ones;= (z, 9, 7,0)7, and the ky ko
unmeasurable ongs:= (1,7)7. u := (uy,us)” are control Tt R0 Ty (8)
signals. The uncertain coupling between the bridge and the
truck is due to the scalar fordeé. When the truck has left the k 1 )
bridge fort > t¢, the two systems are obviously decouple@cA(vavt) = _j(g(t) —a)z - j[k(f(t) —a)” + co(&(?)
with F' = 0 and then the equations of motion of the bridge are c . cC
; ’ —a)]® — S(¢(t) — a) — (6(H) — a)?0
{ Mz = Mg—Fl—FQ—MU1—MU2, (3) k c k
JO = aFy —bF +aMu; — bMus. —j(g(t) —a)n — j(g(t) —a)n+ j(g(t)
In the above models, consider that the structural parameters of ak bka

the bridge (/, J, c1, co, k1, ko) are known, while the param- —a)io — —#10+ 220 ©)
eters related to the truckn ¢, k, o, &, v) are assumed to be

. i while, fort > ¢,
uncertain but bounded; i.e., f

hk ko
ko wo + Aw, with |Aw| < @, 9e3 = Aot 20 g (10)
m
L ak1 ka
= 59+ Ao, with|Ad| <5, Gea = =7 210+ —7 220 (11)
m
ko _ : ~ ) (0 1
Vi Q, with Q <Q, =\ e —oo (12)
C _
— = Y, withT<T, 0
M gr(xa Yy, t) = < > (13)
9r,2
Mol < 7o, v(t)| <o
[0 0 | ()_I o Fort € [0.1/),
wherewy andoy are known nominal values and 7, €2, T, 7o
andv are known bounds. Finally the equations of motion (1), , — _k,_ i[k(f(t) —a) )]0 — Sz — S(e)
and (2) can be rewritten into the following form: ’ m m L m m
{ X = Acx+Beu+ge(x,y,t), 5) —G)G—AWU—AWH‘EUO—Q (14)
vy = Ay+e(xy,t)
_ and fort > ty,
where the parameters of the matricAs, B, and A, are
known. The functiong. andg, include the uncertain cou- Gro=—Awn— Ao+ ﬁno —gq (15)
pling effects. ’ m
0 0 Denotee = (ey,es)”
0 0 ei(x,y,t) = ea1(t)z + e2(t)O + e;3(t) 2 + e;.4(t) 0
A — k14 ko aky — bks .
c - M M + €i75(t) Ui -+ €i.,6 (t) n =+ 67;17(t). (16)
- 2k + b2k
aky —bky _a%hk 2 Now, it can be verified thaA . and A, are stable matrices and
J J the functione(x,y, -) is continuous for alt except a sef0, ¢ ¢ }
1 0 and there exist known non-negative scalafs o, J., such
0 1 that, for allx,y andt, one has
atce acy — bes (6)
M M 8. =Bce, and [le(x,y,?)|| < aglx|| + agllyll + dc (17)
acy — bCQ (1201 + b262
7 - 7 with
8 8 0 af = \/5\/04%4-04%4—&%—1—04?1, 18)
~ 0
Bc=| -1 -1 , and gc= (7) of = V2y/a?+ad, (19)
aM WM Je3
- - Ge,4 e = \/5047. (20)



where wheret, is the time instant when sliding motion is generated

ap =K (21) inthe system. Thus, the closed-loop control system in sliding
mode is exponentially stable.

(00 4 (a0 + To)a+aTr), ifa>b
Qg = (aJlr ) ~ o ~ In order to design the sliding mode controller, define a Lya-
CED) (QV” + (b +Y0)b+bYD), ifa<b  punov function candidate:
_ 1
az =T (22) V(o) =507 (o) (33)
2
( 2a ) T, ifa>b The derivative of the Lyapunov function is obtained as follows:
a+ B
= 23 .
i 20 T fa<b (23) V(e) = o6 =o0"[DA.x+ DB.u+ DB e(x,y,1)]
(a+8) < H(z,u)+ H(y) (34)
=0 24
a5 i (24) where
ag=T (25)
H(z,u) = o'{DA.x+ DB.u}+|c"| | DB.|-
a7 = max{l [Q(a—&-b)no-F (a+b)k1Z1’0+g] ; {fc +Ta(;||a:|\} (35)
(a+b) M H(y) = aclle” || [|DB.[ - ||yl (36)
1 ~ +b)k +
[CED) [Q(a +b)io + a+b) ]2\;2’0 ag} } (26) Since the state variablg(t) of the coupled uncertain subsys-

tem (the truck) is usually not measurable, the objective of the
Indeed, solving the linear systega = B. e, it is easy to get sliding mode control is to minimize th& (o) by making the
thate = (e, e2)”, where H(z,u) < 0. If we denoteu,(t) as the “desired” control sig-
nal (without taking into account the actuator dynamics), then

_ —bMges+ Jgea _ aMges+Jgea 27) the following “desired ” sliding mode control law will be used

“a= (a+b)M Co (a+b)M for the generation of sliding motion:
3 Controller DeS|gn ug = *kcx - (DBC)il{qu + 1/11|Z| + ¢2‘®‘ + 1/)3|Z|
+404]0} [sgn (01) , sgn (2)]" (37)

The objective of active control is to attenuate the vibration of

the bridge induced by a crossing truck through the uncertaimere

coupling between the dynamics of the bridge and the truck. k.= lDBCD + (DB.)"'DA, (38)
The controller design will be based on the principle of sliding 4

mode controllers! =% in which only the feedback information

of the bridge (not the truck) is used. Define a sliding function Yo > V2ay7||DB.|
as follows Y1 > V2m||DB.||
> 2ai|| DB, 39
o(t) = Dz(t) with o;(t)=d () (i=1,2) (28) zz S gazHDBCI (29)
whereD = [d;,d»]” € R?**is a matrix to be chosen by the Ya = V2a4||DB|]
designer in order to guarantee the asymptotic stability of thteis easy to verify that if the controller gains are chosen to
closed-loop system in sliding mode accomplish the relationships eqns.(38)-(39) thé(r,u) <

0. In practice, the continuous approximation is used for the

&(t) = [L — BC(DBC)AD} Acz(t) (29)  control law (37) to attenuate the high-frequency chattering

For the system (5), a simple choice bris ()
sgn(s) = (40)
D 1 01 0 30 |+~
B ( 01 01 ) (30) where~ is a positive small constant. Thus, the corresponding
Consequently, the following two sliding functions are definecfOntlnuous desired" sliding mode control law is
. = —k.z— (DB, ! e '
A=)+ mB=0m+er) @) M 7= (DBe)™{vo +tal] 1 al0] s[4
. g1 g9
When the system (5) is in sliding modey(t) = 0, (i = 1,2), RRCLE S [y Bl s prupos (41)
one has

Now, assume that a hydraulic actuator is used for the imple-
2(t) = z(ty)e” 7). O(t) =0O(t,)e” %) (32) mentation the control action generated by the “desired” sliding



mode controllers (37) or (41). The dynamic behavior of thgarameters are used for the controller design and numerical
hydraulic actuator is described by the following equati8h  simulation:

Ul(t) = Pvul(t) + Bul(t) + Paé’(t), L= ]., 2 (42) . L.
Nominal parameters and bounds for uncertaintigs= 1 [m],
where wo = 40 [N/(m kg)], @ = 20 [N/(m kg)], oo = 1 [Ns/(m Kg)],
c c g = 5 [Ns/(m Kg)], 2 = 5 [N/(m kg)], T = 0.5 [Ns/(m Kg)],
P, = 1 ; , P = Fl’ P,>0 (43) v =28.33[m/s] (v = 30 [km/h]), ko = 4 - 10° [N/m], ¢o = 10*
BFa a [Ns/m].
The equation (42) represents the internal dynamics of a hy-
draulic actuator’s chamber, witQ(t) being the average outputgrigge A/ = 105 Kg, J = 2- 10" Kgm?, a = b = 25 m,
actuator forcep;(t) the total flqld fIt_)W ra}te of the actuatorsy “— " . 106 N/m and¢; = 4 - 10 N s/m for eachi = 1,2.
cha’mber,Pa the actuator effective piston's ared, the cham- 210 = 22,0 = —0.125 m, which correspond to the equilibrium
bers_vplume,@ the bulk mpdulus of the hydrauhc ﬂ_u'(ﬂl the position for the platform without truck and no control.
coefficient of leakage and;(¢) the velocity of the piston. De-
notew(t) as the tracking error between the “real” control action
u(t) and the “desired” control actiom,(t); i.e., The parameters of the truck, which are unknown for the
controller design, are the following:

u(t) = u(t) - uq(t) (44)

Apply the control forcev(t) = [v1(t), v2(t)]T in (42) to the Truck m :4104 Kg, v = 8.33 m/s (= 30 Km/h), k = 4 - 10°
bridge platform and define a new Lyapunov function candida®¥m, ¢ = 10* N s/m,no = 0.75m.

Vo, ) The parameters of the hydraulic actuator are the following:
P, =24x10"2 P, =3.57 x 10> andP, = 1.99 x 10~°
V(e,a) =Vi(o) + Va(u) (45)
With the above parameters, we obtairx =
Vi=t0Te W(w)=1iP'Pa’a (46) (5,129.165,0.5,12.5,5,0.5,500.0025)7. In the controller

o S design The matridD is chosen as
The controller design is made through the minimization of the
1 0
0o 1)’

derivative of a Lyapunov function candidate. From eqn.(44) D- < 1
in order to make a reasonable trade-off between performance

0
is obtained as follows by using 5§ control effort and the controller gains are chosen as follows
according to egns.(38) and (39):

_— O

u(t) = uq(t) +u(t) 47)

Then, the derivative of (o, u)
eqgns. (37), (42) and (44):

Vie.®) < H(zw )+ Hy) “8) @ = (o, g, ) = (1 107%,10,258.33,1,25)"
where . . . .
The platform is excited by the crossing of the truck for time
- 1 _ ¢ € [0,6] seconds, and aftér = 6 seconds no excitation is
H = H - ~o"B'D" DB, DB, oL ' o
(u,u) (@,u) 7 e ote % evolved with between the platform and the truck. The time his-
—u"u tory of structural vibration of the bridge platform for the uncon-

.1 o1 trolled case (dash line) and the controlled case (solid line) are
= H(zu)-(a- §DBC“)T(" = 5DPBco)  snown in Figures 2 and 3. Concretely, Figure 2 shows the main
< H(z,u) <0 (49) effect of the control, which is to add damping to the bridge
platform. Without control, the platform has very low damping,
Therefore, the “real” control action(t) (taking into account thus exhibiting a highly oscillatory response. The damping co-
the actuator dynamics) can minimize the derivative of Lyafficients of the two end supports are= c, = 4 x 10* N s/m,
punov functionV (e, @) by makingH (z,u,#) < 0, which is which corresponds to a damping factords% approximately.
similar to the case when a “desired” control actig{t) (with-  The control modifies this behavior, forcing a practically over-
out taking into account the actuator dynamics) is applied to thamped response. It is seen how the vertical deflectioh

bridge platform. the center of mass of the platform evolves slowly but smoothly
towards its equilibrium position with the truck & 0.125m).
4 Numerical Simulation Results After ¢t = 6 seconds the excitation disappears and the platform

deflection evolves to recover the initial equilibrium position.
In the numerical simulation, an actively suspended briddgégure 3 shows that the inclinatiop of the bridge has been
platform is considered as the main system and the excitatiorsignificantly improved. Figures 4 and 5 display the control sig-
induced by a truck when it crosses the bridge. The followinmalsu; andus, which are feasible for practical actuators.



5 Conclusions

[10] Ghaboussi, J. and Joghataia, A., “ Active control of struc-

] o _ tures using neural networks Journal of Engineering Me-
An active sliding mode control scheme has been proposed in.,....c ASCE Vol. 121. 4. 555-567. 1995.

this paper to attenuate the vibrations of a main system excited

by an temporarily coupled uncertain subsystem. Only the feed-
back information of the main system has been used in the cc
trol design, without measuring the response of the coupled u
certain subsystem. It has been shown that the active control
also works well when the actuator dynamics is taken into a
count. The results of numerical simulation have illustrated th
effectiveness of the proposed control scheme for an active cc
trolled suspended bridge platform with crossing vehicles.
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Figure 1:Actively controlled bridge platform with crossing vehicle
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Figure 2:Vertical vibration of the bridge
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Figure 3:Inclination of the bridge
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Figure 4:Control force of the 1st actuator
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Figure 5:Control force of the 2nd actuator
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