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ABSTRACT

This study investigates the feasibility of deplayimireless communication and embedded
computing technologies for structural control apgiions. A feedback control system involves a
network of sensors and control devices. As comtevices are becoming smaller, more cost effective
and reliable, opportunities are now available ttriiment a structure with large number of control
devices. However, instrumenting a large scalerakrmtd control system with cables can be time
consuming and labor intensive. This study explatesentralized feedback control using wireless
sensors incorporated with computational core agdasigeneration module. Decentralized control
schemes are designed to make decisions basedaadatptired from sensors located in the vicinity of
a control device. Specifically, this paper dessiban experimental study of a time-delayed

decentralized structural control strategy that aimsinimize theH.,, norm of a closed-loop control

system. The decentralized controller design engpiohiomotopy method that gradually transforms a
centralized controller into multiple decentralizemhtrollers. Linear matrix inequality constraiati®e
included in the homotopic transformation to enswmimal control performance. Different

decentralized,, control architectures are implemented with a nétved wireless sensing and control

devices instrumented on a six-story scaled stemhdr structure. The sensor network supports
simultaneous communication within multiple wirelesgbnets. Experimental tests are conducted to
demonstrate the performance of the wireless deadez@d control schemes.

INTRODUCTION

Utilizing a network of sensors, controllers and tcohdevices, feedback control systems can
potentially mitigate excessive dynamic responsesa asfructure subjected to strong dynamic loads,
such as earthquakes or typhoons (Houshat. 1997; Spencer and Nagarajaiah 2003). For a large
structure, the instrumentation of a cable-basednwonication network that connects large number of
sensors, control devices, and controllers can lite gastly. Furthermore, maintaining the relialili
and performance of a large-scale inter-connectatitirme system can be challenging. This study
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investigates the feasibility of deploying wirelesommunication and embedded computing
technologies for structural control applications.

As control devices are becoming smaller, more effsctive and reliable, opportunities are now
available to instrument a structure with large namdf control devices. Scalability of current sags
and control devices for large-scale control systamshindered by their dependence on centralized
control strategy where a central controller is oegible for acquiring data and making control
decisions. To mitigate some of the difficultiesiwitentralized feedback control systems, decengwaliz
control strategies can be explored (Lunze 1992¢centralized control schemes can be designed to
make decisions based on data acquired from selsoased in the vicinity of a control device.
Furthermore, decentralized feedback control caa talvantage of wireless sensors incorporated with
computational core and signal generation modulen@Vet al. 2007). For a wireless sensing and
control system, the wireless sensors can not avllgat and communicate sensor data, but also make
optimal control decisions and directly command oalrdevices in real-time. With the wireless sensor
devices, decentralized control algorithms can bbeglded and performed in a parallel and distributive
manner.

This paper describes an experimental study of &-tielayed decentralized structural control
strategy that aims to minimize ti&, norm of a closed-loop control systent, control can offer

excellent control performance particularly when tetecase” external disturbances are encountered.
Centralized, controller design in the continuous-time domaindtuctural control has been studied

by many researchers (Johnsgnal. 1998; Linet al. 2006; Yanget al. 2004). Their studies have
shown the effectiveness of centralizag control for civil structures. For example, itshaeen shown

that H, control design can achieve excellent performantetienuating transient vibrations of

structures (Chase et al. 1996). We have also @vedunumerical simulations to evaluate the
performance of time-delayed decentralizegl control (Wang 2009; Wangt al. 2009). The

decentralized controller design employs a homotogyhod that gradually transforms a centralized
controller into multiple decentralized controllersinear matrix inequality constraints are included
the homotopic transformation to ensure optimal idrgerformance. This paper presents the results
of an experimental study on the time-delayed deakmed 7 controller design. Different
decentralized+., control architectures are implemented with a netvwed wireless sensing and control

devices instrumented on a six-story scaled stemhdr structure. Shake table experiments are
conducted to examine the performance of differecedtralized control architectures.

The paper is organized as follows. First, the fdetion for decentralized, controller design is

summarized. The experimental setup of the sixysttrel frame structure instrumented with wireless
sensing and control units is then described. Hxpertal results will then be presented to evaltiage

effectiveness of the wireless decentralizédcontrol strategies. Finally, this paper is coneftiavith
a brief summary and discussion.

FORMULATION FOR TIME-DELAYED DECENTRALIZED STRUCTURL CONTROL

Fig. 1 depicts the schematics of a structural cbsystem defined for this study. For a structural
model withn degrees-of-freedom (DOF) and instrumented witttontrol devices, the discrete-time
system dynamics can be written as (Waihg. 2009):

Xs[k+1] = A xs[K] + Eqw, [K] +Byu[K]
z[k] = C,xs[K] + F,w, [k] + D,u[K] 1)
m[k] = C,xs[K] + F,w,[k] + D, u[K]

In Eq. (1),xdKOR*™, wy[K]OR™* andu[k] OR™*denote the state vector, the external excitation
vector, and control force vector, respectively.séme a lumped mass structural model witifoors,
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Fig. 1. Schematics of a control system

Suppose time delay over a sampling pediddexists for the sensor measurement signi&], for
example, due to computational and/or communicatigrhead. Taking into consideration of sensor

noise, denoted ag,[K|OR™=, the time-delay discrete system can be defined as:
m(k
talio=Aal + 8 )
2

()
y1=Coxalid 0o 7]

Here, we letA,, =0, B, =[I 0], C, =1, and D, :[0 SNZI]. The inputs to the time-delay

system are the measurement sigm@k] and the sensor noisg,[k]. The output of the time-delay
system is the delayed noisy sigifi], which is the feedback signal to be used for mirdecisions.
The parametes,, is a scaling factor representing sensor noisd.leFFer simplicity, we assume the
same scaling factor applies to all sensors, althpimggeneral, different scaling factors can bégassl
to different sensors by modifying the diagonal iestin the matribs,,I. The formulation can also be
extended to model multiple time delay steps as agetlifferent time delays for different channels.

The dynamical system as described by Egs. (1) 2ndaonstitutes an open-loop system (Fig. 1).
The sensor measurement veatgik] from the structural system becomes the inputttime-delay
system. The inputs of the open-loop system incthéeexcitatiorw;[k], the sensor noises,[K], and
the control forcesi[K] while the outputs include the structural respergsk] and the feedback signals
y[k]. The number of state variables in the open-lsggtem is thus equal to the total number of state
variables in the structural system and the timeydsly/stemi.e. no. = 2n + nyp. The structural system
and the time-delay system can be cascaded (for @gamsing thesysi ¢ command in the Matlab
Robust Control Toolbox (Chiang and Safonov 1998))he following form:

x[k +1] = Ax[k] + B,w[k] + Bu[K]
z[k] =Cx[K] + D, w[K] + D u[K] 3)
y[K] =Cx[Kk] + D,w[k] + D u[K]

wherew=[ w;' w,']"OR™* contains both the external excitatiwnand the sensor noise.



For feedback control, the controller system takesdignaly[k] as input and outputs the desired
(optimal) control force vectar[k] according to the following state-space equations:

{xe[k +1] = Agxo [K] +Boy[K] @)

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

where Ag, Bs, Cc andDg are the parametric matrices of the controller tocomputed and, for

convenience, are often collectively denoted by a chatrmatrixGOR ™ ") aq:
A. B
G= b (5)
CG DG

In this study, we assume both the controller and the tgmgnsystem have the same number of states,
i.e. Ag OR™™ andng = no.

A decentralized control strategy can be defined byi§peg a sparsity pattern in the controller
matricesAg, Bg, Cc andDg. The feedback signajgk] and the control forceg[k] are divided inta\
groups. For each group of control forces, the feedbacklsignaresponding to the communication
patterns are grouped accordingly to reflect the deakzed control decisions. The decentralized
architecture, denoted by a set of controllés G, ..., andGy, can be obtained by rewriting the
controller matrices in block diagonal forms:

(
Bg =diag(BG,, G 'vBGN) (6)
Ce =diag(CG‘ Cq, »++:Co,
D, =diag(Dg .Dg, /Dy, )

The control system in Eq. (4) is thus equivalerd et of uncoupled decentralized control subsystem
each requiring only one group of feedback sigmaldetermine the desired (optimal) control forces fo
that subsystem.

{XG [k+1=Ag xg [K] +Bg Y, [K]

u, [K] =Cq g [K] +Dg ¥, [K]’
7)

{XGN [k+1]=Ag %o, [K]+Bg,yu[K]

uy [K] =Cqg, Xs, [K] + Dg, ¥ [K]

A decentralizedH., structural control design using a homotopy methaith viinear matrix

inequality (LMI) constraints is adopted in this dyu(Wang 2009). LeH,, OC™™ represent the
discrete-time closed-loop transfer function frone tthisturbancen to the output response The

objective ofH,, control is to minimize thé&{..-norm of the closed-loop system:

M.l = sup a[H,, ()] ®)

oo an ]

where w represents angular frequenayy = 77/AT is the Nyquist frequency, j is the imaginary unit,
and 5[-] denotes the largest singular value of a matrir. e$sence, the{, -norm represents the



largest amplification gain from the disturbarvedo the output within the Nyquist frequency range.
The homotopy method described by Zhatial. (2001) for designing decentralizéd,, controllers in

continuous-time domain is adapted for the discliete- feedback control problem. The method
gradually transforms a centralized controller irdoset of uncoupled decentralized controllers
corresponding to the decentralized feedback patteffor each homotopy step, LMI constraints are

used to ensure the closed-logdp norm performance.
SHAKE-TABLE EXPERIMENTS WITH A SIX-STORY LABORATORYSTRUCTURE

To study the performance of the decentralizédstructural control scheme with wireless sensing

and actuation devices, shake table experimentisl ¢@sa six-story scaled structure were condudted a
the National Center for Research on Earthquake ngeging (NCREE) in Taipei, Taiwan. This
section describes the experimental setup, cordgroldlation, and test results.

Experimental Setup for Decentralized Wireless FaeKIControl

An experimental six-story steel frame structursimmented with RD-1005-3 magnetorheological
(MR) dampers manufactured by Lord Corporation, ésighed and constructed by researchers at
NCREE (see Fig.2a). The structure is mounted ddmax 5m six-DOF shake table, which can
generate ground excitations with frequencies spanfiom 0.1Hz to 50Hz. For this study, only
longitudinal excitations are used. Accelerometeedocity meters, and linear variable displacement
transducers (LVDT) are instrumented on the shakke tand on every floor to measure the dynamic
responses of the structure. The sensors aredneztfto a high-precision wire-based data acquisitio
(DAQ) system at the NCREE facility; the DAQ systenset to operate with a sampling rate of 200 Hz.

The basic configuration of the prototype wirelessising and control system is schematically
shown in Fig.2b. A total of six Narada wirelesstsir(Swartz and Lynch 2009) are installed in
accordance with the deployment strategy. Eachlegseunit consists of four functional modules:
sensor signal digitization, computational core, eldiss communication, and command signal
generation. In the experiments, every wireless ealiects velocity data at its own floor and theof
above from the Tokyo Sokushin VSE15-D velocity metehat provide absolute velocity

C;: Narada wireless sensing/
control unit

Ti: Wireless transceiver

Tokyo Sokushin VSE15-D = i
velocity meter — i D;: MR Damper

V;: Velocity meter

Narada wireless unit
with a battery pack Floor plan: 1.5mx 1.0 m
Story height: 1.0 m

Floor mass: ~860 kg

MR damper and

Six-story test structure Lab experiment ’Q‘j
mass blocks s
on the shake table command server; = (7)

(a) The six-story experimental structure (b) Schematics of the wireless control setup

Fig.2. Experimental setup fét., feedback control using wireless sensing/contrakun




measurements. The sensitivity of the velocity mistd 0V/(m/s) with a measurement limit of £1 m/s.
A remote data and command server with a wirelegsstreiver is also included for initiating each test
run, and for retrieving test data from the six \é@ss units.

In addition to collecting and transmitting the @ty data, each wireless uni€{ throughCs in
Fig.2b) sends command signal to the MR damperitliiconnected to. The damper on each floor is
connected to the upper floor through a V-brace.(Rig). Each damper can provide a maximum
damping force over 2kN. The damping properties lsarchanged by the command voltage signal
(ranging from 0 to 0.8V) through an input curreotice, which determines the electric current of the
electromagnetic coil in the MR damper. The curtbienh generates a variable magnetic field that sets
the viscous damping properties of the MR dampealib@tion tests are first conducted on the MR
dampers before mounting them onto the structureaamadified Bouc-Wen force-displacement model
is developed for the damper (lat al. 2008). In the feedback control tests, the hysterenodel
parameters for the MR dampers are an integral elemithe control procedure embedded in the
wireless units for calculating command voltagestii@ dampers.

Controller Design for the Six-story Experimentalusture

For the experimental setup, the velocity differenbetween every two neighboring floors are
measured by the wireless units as the sensor nezasntan[k] in Eq. (1):

m=[4, 6-6 - G -G 9)

The measurement matrices associated with the setugherefore chosen as:

1 ifj=2
[cm]mn(i,j):{—l ifjJ:Z'—Z, F.=0,D, =0 (10)
0 otherwise

When formulating thé<,, controllers, inter-story drifts are considered fas major controlling factors
for minimizing the dynamic responses and the outpatrices are defined as:

C V300 If] =2-1 0
C, =[0 2 } Whel’e[cz ] (i, J) =<—-J/300 ifj=42-3 F,=0, D, :[I nxnj|x10—4.5 (11)
nx2n 1 _Inx2n 0 OtherWiS( "

Four decentralized/centralized feedback controlhitgctures are adopted in the control
experiments (Fig. 3). The degrees of centralipatioC) of different architectures reflect the diffat
communication network configurations, with eachelss channel representing one communication
subnet. The wireless units assigned to a subeetllnwed to access the wireless sensor data within
that subnet. As an example, for case DC2, eadatlegs channel covers only two stories and a tétal o
three wireless channels (subnets) are in operatidaring the experiments, very little interference
among different wireless channels has been obsewved when the channels operate simultaneously.
For case DC1, each wireless unit only utilizesvélecity difference between two neighboring floors
for control decisions; therefore, no data transimisss required. For case DC4, one wireless chHanne
(subnet) is used for all six wireless units, whigkquivalent to a centralized feedback pattern.

The control sampling time step (or frequency) fackeconfiguration is determined by the wireless
communication and embedded computations. For #radd units with Chipcon CC2420 radio, each
wireless data transmission takes about 1.5ms to Zfos example, in case DC2, approximately 4ms
are needed at every time step for the two wirelests in each channel to transmit the sensor data.
The computational procedures performed by a wiselast include calculating the desired control
force for the MR damper (as described in Eq. (dpdating the damper hysteresis model, and
determining appropriate command signal for the dampin this study, the computational time
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Fig. 3. Multiple feedback control architectures dimel associated sampling time step lengths.

constitutes the dominant part of the feedback tdaky, which, for case DC2, is set to be 12ms.
Different decentralized architectures with diffare@mmunication configurations require different
computational demand on the wireless unit, whiell¢eto different time delays as shown in Fig. 3.

Control Performance of Wireless Decentralizéd Feedback Control

The 1940 El Centro NS (Imperial Valley IrrigationsDict Station) earthquake excitation with the
peak ground acceleration (PGA) scaled to Ingsemployed in this study. Fig. 4a shows the
simulated peak inter-story drifts for different ¢ar architectures in Fig. 3, as well as two passiv
cases where the damper command voltages are fixedet maximum (0.8V) and minimum (0V)
values, respectively. Among all the passive aredli@ck control cases, the simulation results ineica
that the feedback control case DC3 achieves the umiform inter-story drifts among the six stories
while DC4 shows smaller inter-story drifts on thppar floors.

Fig. 4b presents the experimental peak inter-doifis for the two passive and the four feedback
control cases. Although the peak drift values fritim experiments are somewhat different from the

simulated values, the results are of reasonableeaggnt. As shown in Fig. 4b, thé, feedback

control through real-time wireless sensing feedbzak achieve better performance than the passive
control cases (with damper command voltages s€t8d or 0V). For this set of experiments, the
centralized case DC4 achieves slightly better obrmterformance than the decentralized case DCS3.
Such slight difference could well be attributedtite structure and damper model uncertainties that
need further investigations. Both simulation anghezimental results reveal the importance of a
balance between minimizing time delays and thelabitity of sensor measurement data for optimal
control decision.

Maximum Inter-story Drifts, Elc100 Maximum Inter-story Drifts, Elc 100

Passive 0.8V
Passive 0V

|
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(a) Simulation results
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Fig. 4. Peak inter-story drifts for EI Centro grduexcitation with PGA scaled to 1rfi/s



SUMMARY AND DISCUSSION

This paper presents an experimental study for ae-tielayed decentralizéfd,, structural control

design using homotopic transformation through lin@atrix inequalities. A multi-channel network
that allows simultaneous wireless communicationldesn successfully implemented for decentralized

feedback control. Both simulation and experimenésiults demonstrate that the decentralizéd

structural control approach using wireless sensing embedded computing are viable and can
outperform passive controls. Future work may esplthe implementation of wireless sensor data
feedback with information overlapping between npldticontrol groups, as well as the adoption of
embedded hardware that minimize computational tdelay.
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