vides a way of attaining the maximal resources utilization while aechanisms. Electrorheological, magnetorheological, and hydrau-
the same time allows the direct specification of constraints in tiie devices(see[1—4] for a samplg¢ have been developed for use

primary objectives. on variable damping mechanisms, for which a variety of control
laws (or logic) are developed. The primary mechanism used for
References control in most of these techniques is manipulation of the effec-
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Theory and MethodologyElsevier, New York. examplg. Unlike variable damping, in which increasing the effec

[4] Thompson, A. G., 1976, “Active suspension with optimal linear state feeot-ive damping can be accomp”Shed rather eaS"y by Changing the
back,” Veh. Syst. Dynam.5, pp. 187—203. orifice size, electric or magnetic fields, increasing effective stiff-
ness may require substantial energyg., when the spring ele-
ments are not at their unstretched positidonsequently, semi-
active or low power implementation of variable stiffness

; techniques often requires additional constraints. Nemir €6&.
A New ApproaCh to Shock Isolation Yang et al.[7], and Nagarajaiaf8] are representative of the pa-

and Vibl‘a'[ion Su ppreSSion pers dealing with the variable stiffnegactive and/or semi-active
. implementation technique. Note that manipulating stiffness can
Usmg a Resetable ACtU&tO%’ often yield large resisting forces with relatively simple hardware

requirements.
. In this paper, we discuss a new class of low poer., semi-
James _E' BOerW’ Faryar Jabbari, active devices along with the corresponding control laws. The
and Khiem Thai principle idea behind the approach is to manipulate the stiffness of
the structure, by setting the effective stiffness of the element to
Department of Mechanical and Aerospace Engineering, Nigh so that it can store energy. At appropriate times, the device is
University of California, Irvine, CA 92697 reset”; i.e., the stiffness is first reduced for a short time, which
reduces the stored strain energy and then reset to the high value.
After the reset has occurred, the stored strain energy is converted
to heat. While a variety of mechanisms can be used for such an
A novel low power control technique along with a new class @pproach, the schematic shown in Fig. 1 is a model for the proto-
actuators is developed for shock isolation and control of strugype actuators developed at UCI. This work was originally devel-
tural vibrations. In contrast to other techniques, including coneped for hydraulic systems in Bobrow et [#). In this paper, new
ventional viscous or rate damping, the force produced by the a@sults are developed on the design of gas actuators, on the place-
tuator has no velocity dependence. Several experimentalent of the actuators, and on disturbance rejection properties.
analytical, and simulation results are presented in support of thiglore details can be found in Thil0,11], and Srisaman§l2].
new, semi-active technique for structural control. The basic ap- In Fig 1, the piston and cylinder are connected to a one-degree-
proach is to manipulate the system stiffness through the useobffreedom systentFig. 1(a)). The double acting cylinder is used
resetable actuators. With the proposed control approach, the a@- provide additional stiffness to the system. When the valve lo-
tuator behaves like a linear spring. However, at appropriateated between the two sides of the cylinder is closed, the fluid in
times, the effective unstretched length of the actuator ike cylinder compresses as the mass moves. We will show that the
changed—or reset—to extract energy from the vibrating structuneet effect of the compression can be approximated by a linear
Experimental validation of the actuator model, analytical resultspring, with an effective spring constant kf. By opening the
on stability and actuator-placement, and simulation results foralve for a short time and then closing it, it is possible to trans-
earthquake applications are present¢80022-043400)01603-§ form the potential energy stored in the fluid into heat. As a result,
it also resets the unstretched length of the spring to whatever
valuex is when the valve is opened. Consequently, the mass ex-
1 Preliminaries and Background periences a stiffness &f+k; at all times, but the resetting of the
actuator creates a forcing function in the equation of motion. This

This work was originally motivated by the need for reliable n also be seen by considering the potential energy in the system

gghusi[grts) zne?srcn?gtg?(lciltz\tl\(gn?ofwﬁge;sagébﬁuggih'nuztkr:(zur hile writing the equations of motion. For the system in Fig. 1,
y : q PRte equation of motion is

cations, for example, the actuators could be unused for long peri-
ods of time, and then suddenly be called upon to produce ex- mX+ KkoX+ ki (x—xg) = 0. 1
tremely large forces. Consequently, active control laws may not
be practical in such applications since large, expensive, hydraulic
pumps must operate continuously to provide power to the seldom-

used system. In such cases, techniques are needed that require low valve
power and are highly reliabléghrough simplicity of design X
In many instances, the actuators and the corresponding control kO | M |
laws are designed such that no sizable amounts of energy can be a)
added to the system and only a low power source is required to m
operate the control system. In this case, energy can only be taken 7
out of the controlled systerthence the term “semi-active.” A |
variety of techniques have been developed for many actuation %
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In effect, the resetting of the device is equivalent to adjustingheree is a small positive constant that keeps the controller from
the unstretched length of the sprikg. The basic hardware usedopening the valve near equilibrium configurations. At the instants
here(and much of the analysis and control logic develgpeah whenx=0, the energy and displacement of the actuator are at a
also be used for the variable stiffness form of the proposed semiaximum, so the energy is discarded at these times.
active technique, where the valve is closed only when the springOne can express the transient response of the unforced system
element passes through zero the stretch posiges[11] for de- analytically as followqalso se¢9,10,13). Let the initialx, be set
tails). For brevity, we focus on the resetting approach in this pae zero and timet; be the first time the actuator is reset, i.e.,
per, which has certain advantages over the variable stiffness ag(t;)=x(t,;) andx(t;)=0. The motion for this system can be
proach. These include the fact that the resettable stiffness elemexpiressed as
is storing energy at all time&o be released at appropriate in-
stancep and the fact that the notions of natural frequency and X(t) =80 COgWy(t—to) + ¢) for tost<ty ®)
mode-shapes are still applicable, even though the system is namerew, = \/(k,+Kk;)/m, and¢ anda, are constants that depend
linear (i.e., the homogeneity property discussed in Ingudi). on the initial conditions. At the time of the first resétt; and

The control law discussed below is to open the solenoid val¥em the control logic,x(t;)=0. Hence,¢=—w(t;—t,), and
for a short time whenever the energy stored in the cylinder hagt,)=a,. Fromt, until the next reset tim¢,, the system be-
reached a peak value. At these times, maximum energy is tragsmes
ferred from the vibrating system into heat in the actuator. As a .
result, the resetting logic—which can easily be extended to the mx+ (Ko + ky)x=kyx(ty) (6)
multi-degree of freedom case—is the following: reset the actuat@here, x4(t;) =x(t;)=a,. Taking the appropriate initial condi-
wheneverx=0. This control logic is based on the assumption thaions into account
extraction of energy in very short time interval is practical.

There are several hardware designs that could be used to obtain
the basic features of the actuator described in this paper. The
choice of the actuator used depends on the stiffness requirements. . _ . _
A simple and reliable actuator can be obtained by using a gas suAgﬁer a half cycle, "e".(Z_tl) = mlW,, we havex(t;)=0 and
as air as the working fluid in the actuator. Air is easy to work witﬁmother actuator resetting. Thus
and, as shown below, can achieve a wide range of effective stiff- (ko—ky)
nessk, values. We first determine the relationship between the X(tp) = T Tk (8)
cylinder dimensions and the stiffneks. Let the pressure on the 0
left-hand side of the actuator in Fig. 1 pg, and the pressure on This process can be continued forward in time. In general, after
the right-hand side bg,;. Assuming an ideal gas with no heatresetting the actuatar—1 times the motion and the initial con-
transfer through the cylinder walls, the pressures on both sidesditions for the next resetting timig, can be expressed as

g
X(t)= m[ko cogwp(t—ty)) +Kki] (7)

the cylinder are governed by isentropic compressp=c (ko—ky)"~2
where vy is the ratio of specific heat$;y=1.4 for aip, V is the x(t):(—l)“‘la(,;[k cog W, (t—t,_ 1)) +Ky]

. . . . ka4 k )(n—l) 0 n n—-1 1
volume on one side of the cylinder, ands a constant. Assuming (ko+ky
we start motion from the mid-stroke position with the initial pres- )
sures on both sides of the cylinder equaptpand initial volumes  for t,_,<t<t,, and so on. Sincg=(ko—k;)/(ko+k;)<1, as
Vo, with pgV{=c, we have n—o, we havex(t,)—0. Therefore the amplitude of the system

_ _ _ _ decays exponentially with each half cycle. Note that the rate of
F()=(p2=pI)A=[(VoTAX) "= (Vo=AX) 7]AC, (2) decay depends on the fractignAs k, , the spring constant of the
where we have useplV?=c on each side of the cylinder, and letactuator increases from zerokg the value ofg decreases from 1
the volume change with the cylinder positi®nA local approxi- to zero, therefore the rate of decay increases. At the critical value
mation for the effective spring constant of the gas and cylinder & k;=ko, q=0, and the system reaches the desired equilibrium
obtained if one linearize®) for small motions ofx. The result is state one half cycle after the first piston reset witit,;
, +alw, . Itis easy to show that if the variable stiffness approach
F(x)=— 2AYPo X ®) was usedi.e., the valve is not closed immediately, but at the next
Vo ' instant of crossing the zero stretch posijiaihe decay rate would

. . ) . be g=(ky)/(ko—k;), which can be significantly slower than the
Hence the effective spring constantkis=2A?yp,/V,. This re- : :
lationship has been tested in Srisamdng], where the linear resetting approach. Also, note that the natural frequency is not

imati d ; AT d Ichanged in the resetting approach, while the variable stiffness
approximation was compared experimentally to measured non Lc(bproach would have resulted in two distinct alternating regimes

ear data. The linear relation {8) matched the nonlinear data over : : . iy

a range of about 60 percent of the cylinder stroke. In additioﬁonsg corresponding to low stiffness and the other to the high stiff

tests were made regarding the cylinder reset time. It was foung '

that the solenoid/cylinder combination tested took approximately

20 milliseconds to discharge to the point whegg~p,. This .

discharge time is fast enough to control systems with frequench%s One-Degree-of-Freedom Example: Shock Absorber

up to about 20 Hz. Systems with higher frequencies would requireAs an application of the previous analysis, consider an example

faster valves and larger orifices to achieve faster reset rates. wherem=1, andk,=100 in a consistent set of units. We show
three responses in Fig. 2, all with the initial conditiorss —1 and
x(0)=0. The undamped response, is the dash-dotted line aith

2 Analysis of One-Degree-of-Freedom Systems = /Ko /m=10rad/second. The solid line shows the response ob-

In this section, we briefly discuss the motivation for the rese gined with the new control law. In this case, the constants were

. : =k,=100, so thaj=0 from the above analysis. In this case it

ting approach. While most of the results presented here are latér 1 N L A

generalized to multi-degree-of-freedom systems, a single-degr assumed that the system is initially reset wifk- ~1. Note that
system settles after one half cycle as predicted above. Also

of-freedom system can be used to better describe the benefit . )
: : own for reference is the respongmshed ling that would be
the proposed approach. As mentioned earlier, the control law @ghieved with a viscous damper with damping raie0.707,

the system(1) is _ Note that the ideal damper cannot achieve settling times faster
set x;=x wheneverx(t)=0, and |x|>e€, (4) than the resetting type of control law.
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release energy and closed quickly to recover the original stiff-
ness, we consider the total energy of the system; i.e., the structure
plus the actuator/braces:

|
1. . 1
E= E[XTMX-FXTKX]-F EE (X=X ) TKi(X—Xs,)
=

|
=V+ 2 Ui(). (11)
i=1

The first two terms are the kinetic and potential energy in the
structure(which will be used as a Lyapunov candidatad the
: : { { : s : last term is the energy stored in the resettable actuators.

° CX] 02 2 . Sesorit 0s 06 07 Since the left-hand side ¢11)—in the absence of damping—is
constant when the actuators are locKed., valves are closed

energy is moved from the structure to the actuators and back. As

a result, the resetting logic is chosen to re€et., release all

stored energy ineach actuator when the maximum amount of

energy is stored in it. This prevents the transfer of the stored

energy back to the structure. As a result, the control logic can be

summarized as

Fig. 2 Response of a mass-spring system. Dash-dotted plot is
the undamped motion, dashed plot is viscous damping with
¢=.7, and the solid plot is the resetting control law.

4 Control Law for Multiple-Degree-of-Freedom Struc-

set Xg ;=X wheneverUi=O, fori=1,2,... (12)
tures ) ' ) ) )
This concept can be generalized easily to multi-degree-élly-hereUi Is the energy in théth actuator; i.e,
freedom systems with multiple devices as shown in Fig. 3 by Ui:%(X—Xs,i)TKi(X—Xs,i)HUi:XTKi(X—Xs,i)-

considering the energy stored in thactuators via
| The control logic in(12) appears to need all of the statesand
U :}E (X—Xe ) TKi(X—Xq.) x vectors. In practice, however, the stiffness matrix associated
a 2& Si2 T S with the ith actuatorK;, is low rank and(12) can be simplified.
. ) ) . o . As mentioned earlier, the stiffness associated with the actuator
whereK; is the stiffness matrix associated with ftitie actuatoin - spown in Fig. 1 will be rank 1. Let; denote the relative displace-
Fig. 1,K; would be rank 1, but different mechanisms might havgent of the ends of thith such actuator, anzi its value at the

a more complicated structure fdf;). Here, x is the vector of |55t resetting. It is relatively easy to shddd] that for the actua-
generalized coordinates amg; is the piece-wise continuous vec-yqrs discussed here. the control law becomes

tor denoting the zero force position of thi actuator(i.e., the

value ofx at the last resetting of the actugtodsing this expres- set z;; =2z wheneverza;(z;—z5;)=0 (23)
sion in the total potential energy of the system yields the follow- ) . ) .
ing equations of motion where «; is the stiffness of thdth actuator. The last equation

shows the similarity between the control law for MDOF systems
. and the SDOF discussed earlier. Also note that the control law
MX+ KX+2 Ki(x—Xs,;)=0, (10) requires local measurement only and is thus decentralized. Since
=1 the mass and stiffness properties of the structure do not play an
whereM andK are the nominal mass and stiffness matrices of thexplicit role in the control law, the control law is robust with
structure(i.e., without the resettable actuatpryo develop the respect to modeling errors in mass and stiffness properties.
logic for switching (i.e., instances when the valve is opened to

4.1 Stability and Actuator Placement. For the control law
in (12), it is straightforward to show that

im S(t)=0 (14)

I
t—

where

Si(H) =XT(HKx(t).

This is accomplished in several steps. In the first step, the total
S mechanical energy of the structufleut not the energy stored in
the additional stiffness elemeiis used as a candidate Lyapunoy

’ ‘El function (V). Taking the derivative of this Lyaponuv function
along the solution 0f10), yieldsV=—3 U;. The resetting logic
) — ensures that each actuator only absorbs enerdy;&)=0 and is

increasing, thereford);=0 (note thatU, is reset to zero at the
e instant U;=0). Thus (12) vields V<0 which establishes
S Lyapunov stability and boundedness of the state vector. Next,
L following standard arguments in invoking the LaSalle’s theorem,
= it can be shown that lim,..x"(t)K;(x(t) —xs ;) = 0. Transforming
— to the local coordinateg; , yieldsz;=0 which implies(14). The
posaman details are straightforward and are omitted for brevity.
Consequently, the state of the system will be steered to the
Fig. 3 Schematic of a six story building intersection ofS;(t)=0. In presence of structural damping, the
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state is steered to the intersection of tisgt) and S,(t) at low cost. We developed a semi-active pneumatic actuator for

=xT(t)CX(t), whereC is the damping matrix, i.e., this application and tested its force-position characteristics and its
. resetting capability experimentally. We have shown with
tl'”; x(t) e S(t) Lyapunov methods that the variable structure control technique
- used will efficiently suppress vibrations in multiple degree of free-

where dom structures. We also developed guidelines for the most effec-

tive placement of actuators in structural applications.

S(H)={Si()=0}N{S,(t)=0} ... N{X"Cx=0}
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concepts of mode shapes_ and n.atural frequt_anues can still be useEq] Kobori, T., and Kamagata, S., 1991, “Dynamic Intelligent Buildings: Active
even .thOUgh the system Is nonlinear. This is due to the fact that ™ geigmic Response Controlhtelligent Structures; Monitoring and ControY.
the stiffness matrix for the system does not change and the reset- K. wen, ed., Elsevier Applied Science, N. Y., pp. 279-282.
ting of the actuators only affects the right-hand side of &) [2] Leitmann, G., and Reithmeirer, E., 1993, “Semiactive Control of a Vibrating
through theKiXS,i terms. This fact can be useful for developing szstem by Means of Electrorheological Fluids,” Dynam. Cont8pNo. 1, pp.

“hybrid” i hes in which ination of semi 3.
y_b”d c_ontro approaches in which a combination of semi- [3] Patten, W. N., and Sack, R. L., 1994, “Semiactive Control of Civil Engineer-
active devices and active control techniques are employed. ing Structures,” Proceedings of the 1994 ACC, Baltimore, MD, pp. 1078—

The model in(10) can be diagonalized through a state transfor- _ 1082.

: : : i [4] Gavin, H. P., Hanson, R. D., and Filisko, F. E., 1996, “Electrorheological
matl(.)n’ using the mode shapes associated withMhand KO. Damper:1. Analysis and Design,” ASME J. Appl. MecB3, No. 3, pp. 669—
matrices. These can be used to study the effect of the location of ggo.
the elements and to develop general guidelines for actuator places] utkin, V. I., 1977, “Variable Structure Systems with Sliding Modes,” IEEE
ment. For example, leq; be theith mode shape of the nominal Trans. Autom. Control22, No. 2, pp. 212—-222.

A : : _ [6] Nemir, D., Lin, Y., and Osegueda, R., 1994, “Semi-active Motion Control
structure; i.e., with stiffnesk. Use of the standard transforma Using Variable Stiffness.” J. Struct. Eng20, No. 4. Apr. pp. 12911306,

tion x(t) =Qy(t) ;. WhereQ contains the mOde shapes ay() is [7] Yang, J. N., Li, Z., and Wu, J. C., 1996, “Control of seismic excited-buildings
the modal coordinates, yields the following for each modal coor-  using active variable stiffness system,” Eng. Strut8, No. 8, pp. 589-596.
dinate [8] Nagarajaiah, S., 1997, “Semi-active Control of Structures,” Proceedings of
Structural Congress, 1997, ASCE, Portland, Oregon, pp. 1574-1578.
[9] Bobrow, J. E., Jabbari, F., and Thai, K., 1995, “An Active Truss Element and

mjyj(t) + )\jyj(t) = q]TE Kin(Yj(t) *ys,ij) Control Law for Vibration Suppression,” J. Smart Struct. Matér.pp. 264—
i 269.
. . i [10] Thai, K., Jabbari, F., and Bobrow, J. E., 1995, “Vibration Suppression through
where m; and )\j are generalized mass and stiffness for jthe Parametric Control: A General FrameworkProceedings of 1995 IMECE

mode. The stiffness elements can be modeled as (International Mechanical Engineering Congress and Expogititime Winter

[ IS . 2 f Annual Meeting of the ASME, San Francisco, CA.
KI Uivj & WhEI’Ea, is the stiffness of the actuator alﬂd is the .. [11] Thai, K., 1997, “Parametric methods for vibration suppression,” Ph.D. dis-
vector that depends on the placement of the actuator. Then it iS” sertation, Department of Mechanical and Aerospace Engineering, University

easy to see tthJTUiai plays a role similar to the thle, in (1) for of California, Irvine. _ ) o
the single degree of freedom discussed earlier. Also, by examiHL_Z] Srisamang, R. E., 1997, “An experimental investigation of a new structural

. ", . damping device,” M.S. project, Department of Mechanical and Aerospace
ing the modal decomposition, it is easy to show that gngineering, University of California, Irvine.

lim,_..S;(t)=0 implies that [13] Inaudi, J. A., Leitmann, G., and Kelly, J. M., 1994, “Single Degree of Free-
. T ) dom Nonlinear Homogeneous Systems,” J. Eng. Met20, No. 7, pp. 1543—
tI|m viqy;()=0j=12,...n. 1562.

Thus ifvq;#0, theny;(t)—0, but ifvq;=0 then theith actua-
tor does not have any impact on tfie mode. Indeed, the larger )
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