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Abstract—Semi-active control devices are promising
technologies to provide economical and reliable protection for
the safety of civil infrastructure assets as well as preserving the
comfort of their occupants due to their low costs and power
requirements. However, these devices can be limited in their
capacity to provide large control forces necessitating
installations in large numbers, creating additional expense and
vulnerabilities to the system in the form of extensive lengths of
signal cables. Wireless sensor networks are gaining popularity
as a means of collecting, coordinating, and processing data
from spatially distributed locations in civil structures. Their
inherent computational abilities can also be harnessed to
command networks of structural control actuators, however
significant issues exist with regard to communication delays
and computational power that must be addressed. This study
demonstrates the successful application of a modal-domain
state-space control algorithm for use in wireless structural
control of a six-story shear building with magneto-rheological
actuators. Control laws and state estimators are derived in
modal coordinates for models of increasing size. Increasing the
complexity of the underlying model yields a more optimal
control law; however due to the limitations of the wireless
actuator nodes in computational power, this increase in
complexity comes at the expense of significantly increased
latency which degrades performance. The trade-off between
speed and model order is explored in terms of control
performance. Both simulation and experimental results are
presented.

I. INTRODUCTION

IVIL engineering structures are continually subjected to

deleterious effects of the environment in which they are
constructed (with wind and seismic loadings representing
two of the most significant stochastic hazards). Civil
structural design has evolved to protect building occupants
during extreme stochastic events (e.g., large earthquakes)
occasionally at the cost of the structure itself. Ductile design
of buildings ensures energy dissipation during large
earthquakes through yielding of lateral load support
members. The resulting damage may require significant
repair or even replacement of the structure. For high-value
structures, including critical planning facilities and
emergency response centers, evacuation is often not
acceptable. In such cases, it may be preferable to dissipate
seismically induced energy through use of a structural
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control system [1-3]. Control devices may be designed to
reject unwanted disturbances created by wind or seismic
forces offering both protection for the structure and
enhanced comfort for its occupants. One approach would be
the use of passive devices (e.g., tuned-mass or tuned-liquid
dampers) that could reduce the effects of lateral excitations
near the fundamental resonant frequency of the structure.
Such devices are limited in the amount of control authority
they can provide. Active control technologies, (e.g., active
mass dampers) can produce very good control effects, but
are typically very costly to install and rely on large amounts
of external power to operate. In recent years, semi-active
control devices (e.g., variable-orifice dampers, variable-
stiffness braces, magneto-rheological or electro-rheological
dampers, etc.) have become available as an attractive
combination of the two previous approaches [4]. These
devices impart control forces indirectly by making strategic,
real-time changes in structural parameters. As such, large
numbers (potentially in the hundreds) of these devices are
necessary to achieve satisfactory control performance. As
with the installation of sensors in civil structures, the
installation of dedicated signal lines in buildings or bridges
introduces a significant new cost (a few thousand dollars per
channel [5]) reducing their attractiveness. One solution is to
forego data connections between devices [6] sacrificing the
advantages that can be gained through coordination.
However, another solution is the introduction of wireless
sensing and actuation nodes that can collect response data,
compute control forces, and issue commands to collocated
actuators in real time.

Wireless control nodes are not a perfect replacement for
traditional tethered systems. Limitations in computational
power, memory, communication bandwidth, and energy (in
battery powered networks) present significant challenges.
Wang, et al. [7] used wireless actuation networks to compute
and command magneto-rheological dampers to reject
seismic excitations in a three-story building. By limiting
communications between sensors, Wang et al. [8, 9] were
able to increase the speed of the network by decreasing
latency due to wireless data transmission and improve
control performance by varying the communication topology
for the same three-story structure as well as for a six-story
structure.  Utilizing a faster wireless radio, Swartz and
Lynch [10] were able to decrease latency due to
communication for control of the six-story structure and
improved communication channel performance by limiting
data transferred between units. Reducing communication
between wireless nodes can improve performance by
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decreasing latency, but the practice of not sharing data
between units increases the computational burden placed on
the wireless computers. Embedded estimators must compute
the unknown state data and the number of floating-point
computations required to do so increases dramatically with
the number of degrees of freedom (DOF) in the structure. In
resource-constrained wireless networks, these floating-point
computations can represent a significant source of latency
and negatively impact control performance.

This study investigates the use of reduced-order models
for control of civil structures over wireless networks. By
sacrificing model fidelity, it will be possible to decrease
latency in the controller. Modal-domain condensation of the
model is employed to reduce the size of the state-space
model used by the controller and associated state estimator.
As the size of the model decreases, the size of the time step
required by the wireless actuator units to sense, compute,
and actuate also decreases. The tradeoff between model size
and time step length is investigated both in simulation and
experimentally.

In the next section, the theoretical underpinnings for the
algorithm used in this study are presented. The following
section introduces the wireless sensor and actuator network
used in this study and also includes a description of the
methods and setup for the simulation and experimental
studies. Next, results from the two phases of the study are
presented followed by discussion and conclusions.

II. THEORY

The multiple-input multiple-output (MIMO) control
approach used for this study is based on a state-space
representation of equation of motion for a six-story lumped-
mass shear structure:

ME(1)+ C,x(¢)+ Kx{r) = -MF, (1) + Lu(?) (1)

where x is the vector of lateral floor displacements, M, Cy,
and K are the structural mass, damping, and stiffness
matrices respectively, u is the vector of control forces, L
gives the configuration of the actuators, and ¢ is a vector of
ones. The state space representation of Eqn. (1) is:

i(r) = Az(r) + Bu(r) + Ex (1)
y(t)=Cz(r)+ Du(t)+ Fx,(¢)
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and C, D, and F are dependent on the sensor output. For
inter-story drift feedback:
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For acceleration feedback:

C =

C=[-M'K -M'c;] D=[-M1'L] E=[-¢] (5

An optimal control law can be derived for this system based

on LQR control that minimizes the cost function, J:

I =3 (& ()Q,2(0)+ u” (£)Q,u(k)) 6)
k=1
where Q7 and @ are weighting matrices that balance control
effort expended against control performance [11]. The
optimal control force is given by:

u(t) = —Gz(t) = —[[Q, + BTPB]"'BTPA]z(t) (7

where P is the solution to the algebraic Riccati equation. To
implement the controller on a digital computer, conversion
to a discrete time model is necessary. Using a zero-order
hold approximation, the state-space representation becomes:

o +1) = ®2(k)+ Tu(k)+ A, (K) ®)
re([levar)p  a=([Pevar)e (9)

where T is the time step of the controller [12]. Because
direct measurement of the entire state vector is impractical
for this application, an optimal Kalman-based state estimator
is employed that seeks to minimize the covariance:

P = lim[(z - )z - 2]

AT
D=c""

(10)

where Z is the state estimate [12]. By treating the estimation
error as a disturbance to be rejected, an optimal control gain
L is derived that estimates the full state vector according to:

Z(k+1)=z(k+ 1)+ L((y(k) — Cz(k)) (11)
where:

z(k + 1) = ®z(k) + Tu(k) (12)

Combining terms can gain some computational efficiency:
Z2(k + 1) = Agst2(k) + Bosy (k) (13)
Apee =P -TG—-LC Bes; =L (14)

The effectiveness of the controller (in terms of rejecting
transient disturbances) is dependent both the size of the time
step used in the zero-order hold approximation, as well as
the accuracy of the estimator. The size of the time step is
dependent on the speed of the digital computer responsible
for computing control forces; in wireless control nodes, this
delay can become significant with just a few DOFs. If the
size of the underlying model can be reduced, the size of the
time step may be reduced as well. In this study, modal
condensation is used to reduce the model size by eliminating
higher order modes (those that have the highest frequency)
that are less dominant in the response of the structure.

To derive the reduced-order model, the system must first
be converted into modal coordinates. The i column of the
conversion matrix, ¥, used for this conversion is the i™
mode shape, P; (length normalized to 1), derived from the
eigenvectors of:

Yy = [1[)1 1I)n]
P; = eigenvectors(M 1K)

(15)
(16)
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where 7 is the number of floors in the structure. A change of
basis matrix, T, is constructed from the relationship:

¥ 0
T, = 17
0=lp w (17)
and the modal-domain representation of the system is:
Ao = TEIATO BO = TalB EO = To_lE (18)
C0=CT0 DO=D FO=F

The reduced representation of the system is derived by
removing the rows and columns of the state-space matrices
associated with the higher order modes. The accuracy of the
resulting estimator is dependent upon the participation of
these high-order modes in the response of the structure (low
for many seismically excited civil structures). With the
reduced, continuous-time  representation  computed,
derivation of the optimal LQR control law, the discrete-time
model, and the Kalman estimator may then proceed as
described above. The size of the control and estimation
matrices (G}, Ay » and B, ,) will then be dependent on the
number of sensors, p, the number of controllers, ¢, and the
number of states retained, m:

G, € Rx™ (19)

The ultimate time step achievable for a given model size,
m, is a function of the wireless computing platform used.
The platform used in this study is detailed in the following
section.

Aest_r € Rmxm Best_r € Rmxp

III. METHODS

A. Narada Wireless Sensing and Actuation Platform

A wireless sensor platform is used to collect data in
situations where installation of dedicated data cables is
excessively expensive or onerous. To accomplish its task a
sensor interface is required to convert (usually analog)
transducer signals into digital numbers, a wireless radio is
required to receive commands and send results to users, and
a computational core is required to coordinate sensing, data
storage, and communication tasks within the sensor as well
as perform embedded data interrogation (if required). In
wireless control networks, an actuation interface is also
required to send analog command signals to collocated
actuators. In battery powered wireless networks, all of these
components must be as power efficient as possible to keep
maintenance costs (due to battery replacement) from eroding
the cost savings realized by use of wireless sensors. This
power limitation will limit computational speed of the
microcontroller. This limitation in wireless control networks
has a direct effect on the controller speed.

In this study, the Narada wireless sensing and actuation
platform (Fig. 1) is used for the experimental study and
provides the performance specifications used in the
computational study. The Narada platform was developed
by Swartz, et al. [13] for sensing and actuation applications
in civil structures. For a sensing interface, it has a Texas
Instruments ADS8341, 4-channel, 16-bit analog-to-digital
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Fig. 1. Narada wireless sensing and actuation node.

converter (ADC). The wireless communication interface is
the Chipcon CC2420, an IEEE802.15.4 compliant wireless
transceiver designed to form and participate in adaptive ad-
hoc sensor networks. The actuation interface is a Texas
Instruments DAC7612, 2-channel, 12-bit digital-to-analog
converter (DAC). The key aspect of the Narada unit with
relation to this study is the computational core, the Atmel
Atmegal28 microcontroller. The Atmegal28 is an 8-bit
AVR microcontroller with 128 kB of flash memory, 4 kB of
on-board SRAM, and 4 kB of EEPROM. On Narada, it
operates at a clock speed of 8 MHz and is augmented with
an additional 128 kB of external SRAM for data storage.
The AVR core executes each assembly instruction in a
single clock cycle, but floating point computations required
in state-space estimation and feedback control require
multiple instructions (and therefore, multiple clock cycles)
per mathematical operation.  This computational time
becomes significant as the model size grows large.

B. Computational and Simulation Study

Validation of the approach is performed both within the
simulation environment and experimentally using a scale,
six-story steel laboratory specimen as the test structure (Fig.
2). The structure has a 1.0m x 1.5m footprint and is 1.0 m
high from floor to floor (6 m high in total). The mass of
each floor is taken as approximately 640 kg, the structure
has story stiffness values of approximately 2.4x10° N/m, and
damping is assumed to be 1.25% Rayleigh damping [14].
The simulation models the effects on the structure of
dynamic unidirectional lateral ground motion based on the
El Centro 1940 NS (USGS Station 117) ground record that
has been scaled to a peak acceleration of 1.0 m/s* (100 gals).
Modal-space control requires the conversion of the model
from standard coordinates (Fig. 3, top) to modal coordinates
(Fig. 3, bottom), found from Eqn. 16. Simulations are
performed in the Matlab environment using Newmark
integration [14] to update the equation of motion.

The LQR control formulation is based on penalizing inter-
story drift in the structure. Inter-story drift is linked to
damage of structural and non-structural components. The
LQR formulation (in modal coordinates) used in both the
simulation and experimental portions of this study is:
Q, =10°1

Q:=0Q"Q (20)
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Fig. 2. Six-story laboratory test specimen with wireless
sensors and MR-dampers installed.
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Fig. 3. Standard and modal basis vectors.
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Control forces are provided by MR-dampers on the
structure.  The simulation computes the loads applied
through use of a bi-linear, bi-viscous, hysteretic damper
model [15] with a saturation force of 2.0 kN. Simulated
wireless sensor and actuation nodes collect acceleration or
drift data from their local floor, transmit it to the network,
use this data to update the Kalman estimation of the state
vector, compute control forces, and use a look-up table of
achievable forces to decide upon a command voltage.
Structural response is modeled using Newmark integration
(average acceleration method) [14].

The time required to complete a single control step on the
Narada wireless platform is calculated and incorporated into
the simulation. This time step consists of fixed length
activities (e.g., sampling, communication, and calculating
command voltages) and model-dependent activities (e.g.,
calculating state estimates and control forces). These values
are experimentally derived, and represented in Table 1.

Table 1. Sampling time derivation.

Modes Fixed LOR Estimator Total
Retained Time Time Time Time (Ty)

(ms) (ms) (ms) (ms)

6 16 1 24 41

5 16 0.7 18.3 35

4 16 0.5 13.5 30

3 16 0.3 9.7 26

2 16 0.2 6.8 23

1 16 0.1 3.9 20

It can be seen that the size of the time step increases in an
approximately affine manner, with a slope of about 4
ms/mode over the range of model sizes studied. Structural
response using the same excitation record is computed using
model sizes ranging from one retained mode to all six modes
retained.

C. Experimental Setup

The experimental setup is intended to closely mirror the
simulation setup. The laboratory structure depicted in Fig. 1
is installed on a 5m x Sm, shaking table (capable of
supplying 6-DOF excitations) and excited in the lateral
strong direction. Lateral braces are connected to each floor
of the structure and support Lord Corp. RD-1005-3 MR-
dampers that provide the lateral control forces. Narada
wireless sensor and actuation units are placed on each floor
and connected to transducers. Two series of tests are
performed. In the first series, the wireless units are provided
acceleration measurements from their associated floor. A
seventh unit monitors ground acceleration and broadcasts it
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Experimental Drift Performance Versus Time (El Centro - 2 Mode Control)
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Fig. 4. Controlled and uncontrolled time-history results for inter-story drift.

to the network. In the second series, LVDTs measure inter-
story drift at the damper braces. In both setups, Narada
units calculate their control forces based on models of
varying sizes and command collocated MR-dampers. The
analog voltage output signals of the Narada units are
amplified and converted into equivalent current signals
before being fed into the damper. After each ground motion
record is applied, the wireless network reports its collected
data to a PC for off-line analysis. A parallel tethered data
acquisition system records structural response, command
voltages, and ground motion for validation.

IV. RESULTS

The system was able to mitigate the seismically induced
disturbances in terms of minimizing peak drift during
excitation with acceleration feedback performing generally
better than drift feedback. Results from a representative
experimental excitation record (using acceleration feedback
and a model based on the first two dynamic modes of the
structure) are presented in Fig. 4. The figure shows the
inter-story drift for the controlled structure overlaid with the
record from the uncontrolled structure (subject to the same
excitation) for comparison. To get a more quantitative
measure of the effectiveness of the controller, a performance
function is proposed for peak drift by which the performance
of the controller is normalized by the response of the
uncontrolled structure [16]:

glax( ‘ dFWControlled | )
oor,t

_ _ (22)
g});ayxtd drmuncontrolled |)

The performance function is computed for different model
sizes to give an indication of the dependency of control
performance on model size and time step. The performance
function is plotted versus model size for the simulation study
(Fig. 5) and experimental study (Fig. 6) under acceleration
feedback. In general, there is good agreement between the
experimental and simulation results. The performance of the
lowest order models suffer due to inaccuracies resulting
from the exclusion of the high-frequency modes of the
structure. As the model size increases, the controller
performance improves up to a model size of four or five
modes, and then performance begins to decline. In the
experimental portion of the study, a sharp decline in
performance is observed for the controller based on the full
set of six modes of the structure that is not predicted by the
simulation. Later analysis revealed that some unexpectedly
high data packet loss occurred during the full six-mode
controller test that would account for that discrepancy.

V. DISCUSSION AND CONCLUSIONS

This study demonstrates that, in resource limited wireless
sensor networks, there exists a tradeoff between model size
and latency that affects control performance. As model size
increases, floating-point computations within the wireless
sensor nodes begin to consume more time. Under a constant
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Fig. 5. Simulated control performance of the

acceleration feedback controller for six different model
sizes.
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Fig. 6. Experimentally derived control performance of
the acceleration feedback controller for six different
model sizes.

sample and actuation rate, the increase in model size will
result in improved state estimates and improved control
performance. When computational demands increase, the
sample and actuation rate decrease, degrading the
performance. This paper demonstrates that on a six-DOF
system that the loss in performance becomes significant
compared with the effect of model size. Using a series of
reduced-order models derived using model condensation
methods; control performance degrades with model size.
However, when increased latency due to computations is
considered, the performance of controllers based on the
larger models is diminished and an optimal model size
becomes apparent.

Additional work is warranted in characterizing the optimal
model size for arbitrary plants and control objectives. In
addition, the control latencies that are presented in this study
are hardware specific. Actuator nodes based on newer,
faster microcontrollers may soon be available and will alter
the balance between model size and latency. It is expected
that such actuator nodes will be able to handle larger models
with more degrees of freedom before latency begins to be an
issue, but validation of the fact and characterization of that
tradeoff will be necessary when and if such devices become
available. In addition, this study focuses on a very simplistic
modal condensation method. More sophisticated approaches
have been proposed in the literature (ignored here to limit
the number of variables) for control using reduced order
systems and should be evaluated in this application to try to

reduce the negative effect of the unmeasured modes.
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