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Abstract—Traditional structural feedback control systems ae
centralized systems. The applications of these $gms to large
scale structures usually encounter a number of diiulties
regarding system reliability, cost, and feedback I&ncy.
Decentralized control strategies offer promising dernatives that
can address some of these difficulties. When malgncontrol
decisions, decentralized controllers may only requé data from
sensors located in the neighborhood of a control diee. Control
decentralization lowers the demand on communicationange in
the sensing and control network, reduces feedbacktency, and
removes the risk associated with a centralized camtler where
single-point failure can paralyze the entire contrbsystem.

This paper presents a time-delayed decentralized rsictural
control strategy that aims to minimize the H, norm of the
closed-loop system. Feedback time delay is inclutlén the
formulation for the decentralized controller design which
employs a homotopy method through linear matrix ingualities
(LMI).  Corresponding to certain decentralized feedback
patterns, the homotopy method gradually degeneratesa
centralized control design into a decentralized cdrol scheme.
At each homotopy step, LMI constraints are satisfid to

guarantee the performance requirement for the closkloop H.,

norm. The proposed algorithm is validated throughnumerical
simulations with an example structure.

I. INTRODUCTION

Over the last three decades, significant researstbban
conducted in structural control technologies that &
reduce excessive structural vibrations during eaidkes and
typhoons [1, 2]. Structural control systems cacdtegorized
into three major types: (a) passive control, (kjvaccontrol,
and (c) semi-active control. Passive control systee.g. base
isolators, entail the use of passive energy diisipalevices
to reduce the response of a structure. Activerobaystems
utilize actuators with high force capacities, swsh active
mass dampers, for direct application of controtésr In a
semi-active control system, control devices witljusthble
properties are used for indirect application oftominforces.
Examples of semi-active control devices includeivact
variable stiffness (AVS) devices, semi-active hytia

magnetorheological (MR) dampers, etc.

In both active and semi-active control systemssgenare
deployed in the structure to collect structurapmse data
during dynamic excitations. Sensor data is senthi
controllers that determine appropriate control ésrcand
deliver commands to structural control devices.e Thntrol
devices then generate forces intended to mitigadkesirable
structural vibrations. In traditional feedback trohsystems,
coaxial wires are normally used to provide commatiin
links between sensors, controllers and control @i The
emergence of wireless communication and embedded
computing technologies offers possible alternatif@sthe
feedback communication links and decision makinghvare
in a structural control system [3, 4]. Incorpotht@ith
embedded computing power, “smart” wireless sensars
assume the responsibilities of both sensors antrattams.
They can not only exchange sensor data with other
neighboring nodes, but also make informed contecigions
and command structural control devices. The adoptif
wireless communication and embedded computing has t
potential to significantly reduce the cost and @&ase the
architecture flexibility of a feedback structurahtrol system.

In previous research, a prototype wireless sensing
control system has been developed and its apmlitat
real-time feedback structural control has beenaegl in a
laboratory setting [3]. When replacing cables witineless
communication channels, issues such as coordinaifon
sensing and control nodes, communication rangelbieek
time delay and potential data loss need to be exaani For
example, time delay due to wireless communicatiircause
degradation to the performance of a feedback cbsyiem
[5]. In general, the issue of communication tinedag is
common for any large-scale feedback control systems
regardless of using cabled or wireless communicatid o
resolve some of the difficulties with centralizedntrol,
decentralized control strategies can be adopted [Bpr
decentralized control, a large-scale control sysegedivided
into a collection of smaller and distributed sulteyns. In

dampers (SHD), electrorheological (ER) dampers, and,-n subsystem, decentralized controllers rely onlyocal
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and neighboring sensor data to make control dewsid-or
both cabled and wireless control networks, deckration
offers reduced use of communication channel, higbetrol
sampling rates, shorter feedback time delay, angero
requirements on communication range. Decentradizatiso
removes the risk associated with a centralizedrothet being
the single vulnerable point, whose failure wouldabzze the



entire control system. On the other hand, beca#sh guaranteed at each homotopy step. This papedéstribes
decentralized controller only has local and neightgpsensor the formulation of multiple dynamical systems inxed in
data available for control decisions, decentralipsmtrol controller design. The homotopy method that comput
systems may only achieve sub-optimal control perforce decentralizedH, controllers is then described. Numerical

when compared to centralized systems.  Thereforgimylations with an example structure are condudied
decentralized controllers need to be designed sjitecial \gjidate the performance of the proposed contralésign.
consideration.

To ensure satisfactory control performance, deaén¢d II. PROBLEM FORMULATION
structural controller design based on the lineaadyatic
regulator (LQR) optimization criteria has been s&dd[3].
The design provides static output feedback cortrevhich
consider the effect of feedback time delay. Thipgra

explores a different control methodology, namelg #i, Mg (t) +Cd (t) +Kq (t) =T ,w , (1) Ty (1) (1)
w1
control theory that can offer excellent control fpamance

when “worst-case” external disturbances are enevedt whereq(t) OR™ is the displacement vector relative to the
Centralized H,, controller design in the continuous—timeground;M, C, KOR™ are the mass, damping, and stiffness
domain for structural control has been studieddsgarchers matrices, respectivelyy;(t) JR™* and u(t)OR™ are the
[7-10]. Their work illustrates the feasibility aeffectiveness external excitation vector and control force vector
of centralized™,, control for civil structures. For example, itrespectively; and,,0R™™ andT,0R™" are the external
has been shown th&t, control design may achieve excellentexcitation and control force location matrices pestively.

performance in attenuating transient vibrationstofictures ~ Without any loss of generality, the discussiobased on a

[11]. However, decentralized?. controller design has 2-D shear-frame structure subject to unidirectiogidund
rarely been explored in struct ralwcontrol excitation. The control formulation can be easitjeaded to
y X i uctu .

3-D structural models. For the example structimenws in

‘H,, controller design can be conveniently formulatsithg Fig. 1, it is assumed that the external excitatioft) is a
linear matrix inequalities (LMI) [12]. For an optization scalar ¢, = 1),i.e. the ground acceleration histoty (t) .
problem with LMI constraints, sparsity patterns teneasily
applied to the matrix variables. This propertyeddf great
convenience for designing decentralized controllstere U(t) are defined as the control forces between neigingo
sparsity patterns in the parametric controller ivasr can floors. For the three-story structure, if a pesitcontrol force

represent decentralized information feedback. imiery IS def(ijnedhtolbf? (rjr)ovir!g the f(ljoor apovehthcefl Col:ggmﬁe
research on decentralizet, controller design, which is towards t €le Irection, and moving t € 100 the

) control device towards the right direction (direas of forces
based on static state feedback, has been repd3d The acting on the floors are shown in Fig. 1), the mintorce
work, however, did not consider feedback time defathe |gcation matrixT, is determined as:

controller design. Since time delay inevitably stxiin a

practical structural control system, the inability consider -1 1 0

time delay during controller design may resultigneficant + _| o _; 1 2
performance degradation. Because the previousulation
for the decentralize®, controller design cannot be easily

extended to provide controllers that can effecyivensider ¢ state-space system can be formulated as:

feedback time delay, or controllers that do notunexstate

feedback, a new approach is pursued in this work. %, (1) = Ax, (1) +Ew, (t) +B,u(t) 3)
This paper describes a new decentraliZzédstructural

controller design that offers dynamic output feedba
controllers. The control problem is formulated in
discrete-time domain so that feedback time delay lba
effectively considered. A homotopy method for desig
decentralizedH, controllers in continuous-time domain,
which was described by Zhat al. [14], is adapted for this
work. The method gradually degenerates a centliz
controller into a decentralized scheme that coordp to
certain decentralized feedback patterns. LMI acairsis
describing the closed-loopH, norm performance are

For a Ilumped-mass structural model withn
degrees-of-freedom (DOF) and instrumented wijtltontrol
devices, the equations of motion can be formulated

The spatial load patteffy,, is equal to-M {1} . Entries in

0 0 -1

93

Fig. 1. A three-story controlled structure excitgdunidirectional
ground motion.



where x, (t)=[q(t);q(t)] OR*™ s the state vector;

A OR?™™ E OR*™M
excitation influence,
respectively [15].

To facilitate the derivation for decentralized aohta linear

and B,OR*™" are the system,
and control

transformation to the state vector is performed.he T
transformed state vectay(t) JR*™*, with the displacement

and velocity terms at the same story being conesten
together, is denoted as:

xi® = [n® GO w® GO . a®) 601 4)

To obtain the transformed state vectgy(t), a linear

influence matsice

Xro [k +1] = Ao [K] + B m[[i]]}

(10)
k
Y[k] =CpXpp [k] +Dpp {VZ[[kH
where
ATDZO’ BTD=[I 0]’CTD:I ! DTD:[O Swzl] (11)

The input to this system is the original measurdnsigmnal
m[K] and the sensor noise[K], the output of the system is the

transformation matriX" is defined to shuffle the entries in thedelayed noisy signal[k], which is the feedback signal to be

original state vecto, (t) :
X, (t) =T, (t) (5)

Substitutingx, (t) =I'x, (t) into (3), and left-multiplying the

used for control decisions. The formulation candasily
adapted and extended to model multiple steps ef detay, as
well as different steps of time delay associatetth different
sensing channels. Parametgy is the scaling factor

representing sensor noise level. For simplicitysimgle
scaling factor is assumed for all sensor noises.

equation withI', the state space representation using theThis study is interested in decentralized schenferavthe

transformed state vector becomes:

XII (t):AIIXII (t)+EIIWl(t)+BIIu(t) (6)
where A, =TAT™, E, =TE, andB, =TB,. The system
output vectoz(t) DR™™ is defined as:

z(t) = C,x, (t) + Fw,(t) + D,u(t) 7)

Similarly, the sensor measurement vectgt) JR™" can be
defined in a general form as:

m(t) =C,x, (t) +F,w,(t) + D u(t) (8)

Using zero-order hold, the continuous-time dynanmio(6)
can be discretized using a sampling pedibd The complete
discrete-time system can be summarized as:

X[k +1] = A xs[K] +Eqw, [K] +Bu[K]
z[K] = C,xs[K] + F,w, [K] + D,u[K]
m[k] =C,xs[K] + F,w, [K] + D,u[K]

(9)

wherek represents the discrete time step, and the spb&dti
denotes the corresponding variables expressed
discrete-time domain.

In this work, it is assumed that one step of tirakag exists
for the sensor measurement signg], i.e. the feedback time
delay is equal to one sampling peridtd This is typically
encountered in a wireless feedback structural obsyistem,
where the dominant part of feedback delay
communication delay [3]. The sensor noise vecateinoted

is th

delayed measurement siggfl] is fed back to the controllers.
For a clear description of the decentralized cdrstrategy, a
simple three-story example structure is adoptedeiher
Nevertheless, the formulation is general-purposkapplies
to larger-scale structures, where the benefit oédtalization
can be much more significant. Fig. 2 illustratego t
decentralized feedback patterns for the three-gtsncture.
It is assumed that at each floor(i = 1, 2, or 3), two
measurement signalsp.i[k] and y,[k], are acquired by
sensors at that floor. In Fig. 2(a), the feedbpakern is
defined such that when making the decision formbaevice
u;, only measurement signals from thh floor are needed.
Fig. 2(b) illustrates a partially decentralizeddback pattern
with information overlapping. In this case, sensor
measurements from neighboring floors (floor) areoal
available for making the control decision for cohtteviceu;.

To represent the information overlapping showrFig.
2(b), one delayed measurement signal is repeateditiple
entries iny[k]. Redundant rows are added into the definition
of y[K] in (10); the entries iny[k] are then aggregated
according to different information groups. For e, for
the feedback pattern illustrated in Fig. 2(b),dk&ayed sensor
measurement signg[K] is replaced by the new vectPpe
defined in Fig. 3. The entries are aggregated thtee
groups, which correspond to the sensor measurements
required by three control devices. This process facilitate

N : .
e design of uncoupled decentralized controllers.

The dynamical system that describes time delaysae
noises, and signal repeating is connected withsthectural
system in (9) to constitute the open-loop systepiaied in
Fig. 4. The number of state variables in the opep-system
is equal to the total number of state variablethénstructural
gystem and the time-delay systeite. no. = 2n + nyp.
Combining the structural system and the time-dslstem,

asw,[Kl JR""™ . To describe one-step time delay and sens@fe complete open-loop system is denoted as follows

noises, a simple discrete-time system can be dkéfise



Story 1 (il yalk]
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Fig. 2. Decentralized feedback patterns: (a) fdlcentralizedwith no
information overlapping (b) partially decentralized with informati
overlapping.

Story 3 (ysl4L vl

Fig. 3. Redundant entries are used to represent signahtiegefor
decentralized feedback with information overlapping

Closed-loop system

Controller System
Control [Xe[k+1]=Acx [K] +Boy[K] s
force u[k] 1 u[k] =Coxg[K] + Dgy[K]

i
| Time Delay and Noise i
| Structural System Sensor (plus Signal Repeating) [
Excitation measurement | !
Wikl Xs[k+1] = Ax[K] +Ew, [K] +B u[K] mik| oo [k+1] = Ao [K] 4B m[k] |
Ml z[k] = C,xs[k] + F,w, [K] + D,u[K] ™ o™ | w,[K] |
i - i

11 mik]=Coxs[K] + Fywi [K] +D,u[K] m[k] 7 |1
| _ I
| 1 =Car 400 T i
| i
I

noise w[k]

Fig. 4. Diagram of the structural control system.

x[k +1] = Ax[K] +Bw][k] +B u[K]
z[k] = C,x[k] + D, w[k] + D u[K]
y[K] =Cx[K] + D,w[K] + D u[K]

wherew[K] contains both the external excitatiar[k] and the
sensor noisa/,[K]:

CRNH]

The control objective is to design an effective diesck
controller for the open-loop system with differdaedback
patterns. The controller takes the feedback sigfidl as
input, and outputs the control force veatk]:

(12)

(13)

{XG[k+1] = AeXs [K] +Boy [K] (14)

u[k] = Cexs[K] + Dgy[K]

It is assumed that the controller has same numbsates
as the open-loop systeire. A, OR™* andng =ng.. For

(6 +n)x(ns +ny )

convenience, a matrix variab@OR is defined

to contain all controller parametric matrices:

G= AG BG
_|:CG DG:| (15)

Ill. DECENTRALIZED DISCRETETIME H., CONTROLLER
DESIGN

For a decentralized controller design, the deckréh
feedback can be represented by sparsity patternthen
controller matricesAg, Bg, Cg and Dg. For this purpose,
entries in the feedback signdk] and the control force[K]
are divided intdN groups. While making control decisions for
one group of control force entries, only one groop
corresponding feedback signals is needed. Bloagatial
patterns are assigned to controller matrices inerori
represent a decentralized control architecture ithetides
decentralized controlles,, G, ..., andGy:

Ag=diag(Ag Ag . Ag, ). Be =diag(Bg Bg, +.Bg, ) 16)

C, =diag(Cy .Cq, .+ .Cs, ). Ds = diag(Dg .Dg, .+++.Ds, )

Using the sparsity patterns shown in (16), the rodiet in

(14) is equivalent to multiple uncoupled contraleeach

controller requiring only one group of feedbacknsity to
determine the control forces for that group:

{XG [k+1=Agxg [K]+Bg Y, [K]
u, [K] =Cq X [K]+Dg Y, [K]’
- a7
{XGN [k+1]=Ac o, [K] +Bo,yu[K]
uy [K] = Co, g, [K] + Dg,yn [K]

As an example, for the feedback pattern with infation
overlapping shown in Fig. 2(b), the total numbegafupsN,

is equal to three and each control force groupainstone
entry; the feedback signals are aggregated atrdtes in Fig.

3, which shows that feedback signal groygdk] has four

entries,y, [K] has six entries, ang,, [k] has four entries.

Assuming that thé,, matrix in the open-loop system in
(12) is a zero matrix, the following notations dedined [14]:

A 0 |B |0 B,
A|By|By| |0 0|0 [l O
C, | Dy |Dyp|=|C; O |Dy [0 Dy (18)
Cy | Doy 0 I |0

C, O D,y

Zero submatrices with unspecified dimensions shbalve
compatible dimensions with neighboring submatricgsing
the definitions above, the closed-loop system @ Eican be
formulated by concatenating the open-loop systeth thie
controller system:



e [k+1] = A xe [K] + B w[K] are available for computing an ordinary controtietrix G¢
2[K] = CeoXe, [ K] + D W[K] (19)  that minimizes the closed-lock, -norm [16, 18]:
AG BG
G - ’C ’C
where c |:CGC Dej (24)
A, =A+BGC,B, =B,+BGD,, (20) In general, A, , Bs , Co , andDg_ are full matrices
Ce =C,+D,GC, Dy =Dy, +D,GD that represent centralized information feedback. heW

sparsity patterns in the controller matrices arecsjed to
andG is defined in (15). Note that the input to theseld-loop achieve decentralized information feedback, offghelf
system isv[K] defined in (13), and the output is the structurailgorithms for solving the optimization problem viBMI
responsez[K]. According to the Bounded Real Lemma, theconstraints are not available [17]. In this studyheuristic
following two statements are equivalent in speaifyithe homotopy method for designing continuous-time
performance criterion based on th& -norm [16]: decentralized controllers [14] is adapted for theedte-time
1. The H, -norm of the closed-loop system in (19) iscontroller design. Starting with a centralized trolter, the
algorithm searches for a decentralized controlleng

less thary, andAc_ is stable in the discrete-time senise @ll following homotopy path:

of the eigenvalues &, fall in the unit circle on the complex
plane); __
2. There exists a symmetric positive definite matrixG =(1-4)Gc +4G,,0s4<1 (25)

P >0 such that the following matrix inequality holds:
where/ gradually increases from 0 to G represents the

initial centralized controller an@p the desired decentralized

-P" A, By O i
controller. Assume that a total numbehb$§teps are assigned

* -p 0 C

. . ¥ D‘Tl <0 (21)  for the homotopy path, and denote:
- cL
%y Ak:%/l,k:(),l,mM (26)

where * denotes a symmetric entry, and “< 0" methas the | he h h. th ,
matrix at the left side of the inequality is negatilefinite. Pre A_t every stepk along the homotopy path, t € two matrix
and post-multiplying (21) by a positive definite tna variablesGp andP are held constant one at a time, so that only

diag( P,1,I' ] ), the congruence transformation leads to th@Ne variable _nee_ds to be solved every _tlme. B;!\May, t_he

following matrix inequality: BMI constraint in (23) degenerates into a lineartrima
9 q Y: inequality (LMI) constraint. For convenience, a trba

variableH is defined based on (23) as a function of vargble

-P PA, PB, O Gp, P, andA:

* -P 0 CI:L
. . 1 |<0 (22)

-y DY H(G,,P.A)=F(G,P)=F((1- )G, + 4G, P)< 0 (27)
* * * _yI

o o ) ) ) Note that the centralized controlig is initially solved using
Substituting the definitions in (20) into (22), wiefine a any conventional methods and remains constant glufia

matrix variableF which is a function oG andP as: homotopy search.
At the beginning of a homotopy search, an uppentddar
-P P(A+B,GC;) P(B,+B,GD,) 0 the closed-loogH,, -norm, i.e.); is specified. The unknown
F(6.p)- x -p 0 (C+ DlzGCZ)T (23) variables in the _above matrix inequality consisf.S@fandP
* * - (6.,+5.66.) only. WhenGp is held constant, a neR matrix can be
. . . iy computed for the next step; on the other hand, Wwhisrheld

constant, a nep matrix is computed. If a homotopy search
fails, yis increased by certain relaxation factor and & ne

If there eX!Sts a decgntrahzed conFr.o Br(with parameter search is conducted. The modified algorithm iscdbed as
structures illustrated in (16)), a positive reahiery, and a ¢, 0.

symmetric positive definite ”?at”R' such thaF(G,P) < 0, [ Compute a centralized controll&g and the minimum
then the closed-loofit, -norm is less thap Because bot& closed-loop, -norm y using existing robust control

andP are unknown variables, the optimization problers ha ) .
bilinear matrix inequality (BMI) constraint [17)When there fsﬂ\fr:élibf]' St — Je , and set an upper limija)

is no sparsity requirements on the magixefficient solvers [ii] Initialize M, the total number of homotopy steps, to be a
positive number, e.g®2and set an upper limi,,) for



M, e.g. 2% Setk — 0,4y — 0, andGy, — 0; compute a
feasible  solution P, under the constraint
H (G 50.P5.4,) < 0.

Setk ~ k+1, andi, — k/M; compute a solutioG, under
the constraintH (G ,,P,_,,A,) < 0. If it is not feasible, go

to Step [iv]. IfH(G,.P,,.4)<0 is feasible, seBpy
Gp, and compute a solutio”R under the constraint
H(G,, P.A)<0. If H(G, .P.A)<0 is feasible, sem,

~ P, and go to Step [v]; if not, go to Step [vi].
Compute a solutionP for H(G, .P.A)<0 .

ii]

[iv] If

H(G DH,P,/lk) <0 is not feasible, go to Step [vi]. Ifitis

feasible, seP, — P and compute a solutigk, under the
constraint H(G,,P,,4)<0 . If H(G,,P.A)<0 is

feasible, seGp, — Gp and go to Step [v]; if not, go to
Step [vi].

If k <M, go to Step [iii]. Ifk is equal toM, Gy, is the
solution of the decentralized control problem.

SetM ~ 2M under the constrail < M., and restart
the searching from Step [ii]. M reaches ove¥l,,,,, set

v]
[vi]

¥ — s¥(s,is a relaxation factor that is greater than on

under the constraimgt< ynacand restart from Step [ii]. If

100000 000
2101000 00 0
loo-1010 . _ _lo 0 0.,
C.=|000000 F=0.D.5[1 g *20 (29)
000000 010
000000 001

With C, andD, defined above, the 2-norm of the output
vector z[k] becomes a quadratic function of the inter-story
drifts and the control forces:

[=[I[;

=[cxs[K] + D.u[K]];
= [+ (qulk] ~a[K])" + (o] -alK]) ]+

107" (u?[k] +uZ[k] +uZ[K])

(30)

where g[K] and u[k] represent, respectively, the floor
displacement relative to the ground and the corfitnale for
floor i. The relative weighting between the structural
response and the control effort is reflected bynthgnitude of
matricesC, andD,.
It is assumed that inter-story drifts and velosit@an be
easured, i.e. the measurement vechfk] is defined as

alk] . afkl . g[k]-afk] . a[k]-a[k] . a[k]-a[k]

y reaches ovelnay it is concluded that the computation d,[k] - d,[] }". Hence, the measurement matrices in (9) are

doesn'’t converge.
A decentralized controller is found whéns equal toM at
step [v]. The controller has the property that¢tesed-loop

determined as:

1 00 000
H,, -norm is less thap It should be pointed out that since the 010000
homotopy algorithm is heuristic in nature, non-cengence in  C, = _01 _01 (1) (1) 8 8 , F,=0, D, =0 (31)
the computation does not imply that the decenedliZ, 0 0-1010

0 0 0-101

control problem has no solution.

IV. NUMERICAL EXAMPLE
This section first illustrates procedures of theatdralized
‘H,, controller design using a three-story examplecstine.
Performance of the decentralizgld, controllers is then
presented.

A. Formulation of the Three-story Example Structure

As shown in Fig. 1, the three-story building is rated as an
in-plane lumped-mass structure with one controlickev
allocated between every two neighboring floors.e Tiass,
stiffness, and damping matrices are given as:

6 3.4 -1.8
M= 6 |[x1C0kg,K =|-1.8 3.4 —1.6x 1ON/m,
6 -16 1.6
(28)
12.4 -5.16
C=|-5.16 12.4 — 4.59x 1TN/(m/s)
-4.59 7.20

A discrete-time system describing the structuraladyics
is given in (9). Considering inter-story drifts e control
parameters, the output matrices are defined assil

B. Controller Designs with Different Feedback Patterns

Controllers are designed for three different feettba
patterns: fully decentralized, partially decenzed, and
centralized. The two decentralized feedback pattésllow
the schematics in Fig. 2. For example, in theyfull
decentralized case, only two sensor measuremeatsttie
inter-story drift and velocity) are available forhet
sub-controller at each story. In the centralizsebiback case,
all six measurements at three stories are availalblite
making control decisions for each control devides shown
in Table 1, each feedback pattern is identified dy
degree-of-centralization (DC). For the partiall\cdetralized
pattern with information overlapping, the feedbaamnal is
re-defined as shown in Fig. 3. A sampling periédms is
first used for the results presented below; thiglies that the
feedback time delay is also set as 5ms.

Table 1 Three Feedback Patterns

Degrees of
Centralization (DC) DCO bce bco
Fully Partially
Description decentralized | decentralized| Centralized
(Fig. 2a) (Fig. 20)




The homotopy method is used to compute the timayeel
decentralized control solutions. For the fully decalized
case DGD, each uncoupled controlleG?, G}, or G} .
takes two feedback signals as input (i.e. interystiift and
velocity at the story housing the decentralizedaier), and
outputs the desired control force at this storpr &ample,
the decentralized controllé®;” determined by the homotopy

search has 2 input variables, 4 state variable$,laautput
variable. For the partially decentralized case @Cthree
uncoupled decentralized controllers are computeavels
where the dimensions of the three controllers anensarized
in Table 2. For case D@, the centralized controller has 6
input variables (inter-story drifts and velocitisall stories),
12 state variables, and 3 output variables (coffraks).
Table 3 shows the open-lodf, -norm of the uncontrolled

structure, as well as the closed-logg, -norms of the

controlled structure. Compared with the three ied
cases, the uncontrolled structure has a much highenorm,

which indicates larger worst-case amplificationniradhe
disturbancew to the outputz. Among the three controlled
cases, the centralized controller assumes that lebengtate
information is available for control decisions df three
control devices; accordingly, the centralized colfer
achieves the minimum closed-lod, -norm (which means
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! \
oo ‘ . ‘ ‘ .
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best H, performance). The fu”y decentralized Contr()la:aSFig. 5. Inter-story drifts of the three-story stiwre (time delay is 5ms).
achieves the largest closed-loop norm among theethr

controlled cases, as the least amount of informai®
available for control decisions. It can be seet,thven with
5ms of time delay in the feedback loop, all threatmlled
cases achieve smaller closed-log, norms than the

uncontrolled structure.

C. Smulation Results

One ideal actuator that generates arbitrary desiosdrol
force is deployed at each story of the structurbe 1940 El
Centro NS (Imperial Valley Irrigation District Siam)
earthquake record with its peak acceleration sdal@dn/$ is
used as the ground excitation. As described in |ds¢
subsection, decentralized/centralized controllenssiering
5ms of feedback delay are designed for the thredbiack
patterns (DG, DC@, and DC® ). To improve the
simulation accuracy, regardless of the feedback tielay or
sampling time period, a time step of 1ms is usedhim
dynamic simulation. Simulated inter-story driftsadl three

Table 2 Dimensions of Decentralized ControllersHattern DG

Number of variables| G} G? | GY
Input 4 6 4

State 4 4 4
Output 1 1 1

Table 3 H, -norms of Uncontrolled and Controlled Structures

Uncontrolled

DCO®

DC®

DC®

A

ZWHw

0.1688

0.06113

0.02419

0.0234

stories are plotted in Fig. 5. For clarity, thetplare zoomed
in to the part when peak drifts occur. Also présdrare the
inter-story drifts of the uncontrolled structuréds shown in

the figure, although 5ms of feedback time delaystsxiall

three feedback control cases achieve significashiation in

the inter-story drifts. No control instability abserved even
though the actuators can generate arbitrarily lfogees.

Fig. 6 presents the peak inter-story drifts attkinee stories,
and the peak actuator forces required by the tHiféerent
control cases. As shown in Fig. 6(a), the pastiall
decentralized case, D&, achieves the least overall peak
inter-story drifts among the three feedback patteifhe fully
decentralized case, DC, achieves small peak drifts at the
first and the third story, but has the highest peak at the
second story. The centralized case,®Cresults in higher
drifts at all three stories, when compared withecBC® .
The better performance of case @Con reducing inter-story
drifts is partly attributed to its higher requiremheon peak
actuator forces. As shown in Fig. 6(b), case@Cequires
higher peak actuator forces than the other twoscase

To illustrate the effect of different time delaysiedto
different degrees of decentralization, additionaiuations
are conducted with different time delays adoptedtfoee
different feedback patterns. For case ®C where each
actuator only requires sensor data at its own stomnake
control decisions, time delay is chosen to be tiemum as
5ms. For case D@ , where data from sensors on the
actuator’s own story and neighboring story (stQriase
required, 10ms time delay is adopted. For therabinéd case
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Fig. 7. Peak inter-story drifts and actuator forad®n ideal actuatorre
deployed on the threstory structure; different time delays are adoite
different feedback patterns.
[5]

DC®, 15ms time delay is adopted. For feedback pattern
DC® and DC3, controllers are re-computed based on the
different time delays. Simulated peak inter-stdrifts and (6]
actuator forces are presented in Fig. 7. A corsparbetween
Fig. 7(a) and Fig. 6(a) shows that due to longeeftilelay, the [7]
performance of cases B and DO3® degrades. Among the
three feedback cases shown in Fig. 7(a), the ﬁigrtia[g]
decentralized case D®@ offers the most preferable
performance in terms of reducing peak inter-staifgsd Fig.

7(b) illustrates that case DZ again requires the highest peak®!
actuator forces. The peak floor accelerationseasd by
DC @ are comparable with D® ; both these two cases

achieve slightly larger peak accelerations than@.C [10]
V. CONCLUSION [11]

This paper presents a decentralized controllergdetiat
aims to minimize the closed-logl,, norm of a controlled [12]

structure. The design is formulated in discreteetdomain,

and considers possible feedback time delay. Therdesdized
controller design employs a homotopy method, which?!
gradually degenerates a centralized controller ateet of
uncoupled decentralized controllers. LMI consti®in
describing the closed-loopH, norm performance are (14]

ensured at each homotopy step. Performance of the
decentralized’™, controller design is validated through°!

numerical simulations. It is illustrated that dealized
control strategies may provide equivalent or evettep [16]
control performance, given that their centralizedrierparts
could suffer longer sampling periods due to commation 7]
and computation constraints.

(18]
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