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ABSTRACT

This study proposed three classic control algorithms (H2, H∞, Mixed H2 and H∞) to generate
adequate controllers for either centralized or decentralized control of building structure using both
cable and wireless sensing and control units. The complete control system contains three
Magneto-Rheological (MR) dampers located on each floor of a 3-story steel-frame structure and
tested it on a shaking table. With MR dampers installed in the structure, structural responses during
seismic excitation are measured by wireless sensors and communicated to the MR damper’s wireless 
active sensing unit where H2 controller have been implemented. Both cable and wireless structural
sensing and control system are used to verify the accuracy of semi-active control algorithms to
building control. Finally, by evaluating the control performance from each control system, the
feasibility of the decentralized control has been proved for three different control algorithms.
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1. INTRODUCTION

In the field of application on the semi-active control, low-power consumption and high reliability
control system attracted a serious of researchers on this issue. Researchers aimed on the development
of semi-active control devices, including Spencer et al. [1997], Patten et al. [1998], and Jalili and
Fallahi [2002], etc., and researchers focused on the mathematical modeling for semi-active control
devices (such as MR dampers) including Stanway et al., 1987, Masri et al., 1995, Dyke et al., 1996,
Wereley et al., 1998, and Li et al., 2000, etc., and researchers studied on various control strategies for
the employment of semi-active control devices, including Jansen and Dyke, 2000, etc. Traditionally,
the conventionally classic control algorithm has been proposed for the active control application.
Some modern control algorithms, such as the fuzzy theory and the neural network system, were
applied for the semi-active control [Schurter and Roschke, 2001 and Xu et al., 2003]. According to
the selection of measurement, the control algorithms could adopt different response for feedback to
controllers. Dyke et al. [1996] proposed the control algorithms focused on the acceleration feedback
due to the easily available reason. Through the appropriate transformation by Kalman estimator, the
control gain from the classic control algorithms didn’t need to depend on the displacement and
velocity responses, the state vector of the state-space equation. As for the change the control strategy
on the control algorithm Lynch and Law [2002] used different control methods to implement the
decentralized control algorithms on the ASCE benchmark problem. For large structural system it is
more attractive to use the decentralized control system than the centralized control system. Xu [2003]
applied the decentralized control on a cable-stayed bridge using the neural network theory. The



decentralized control strategy contains the advantage of less risk on the malfunction of the sensors and
actuation, so as to reduce the risk to shut down the actuator at the same time.

To improve the disadvantage of the wired control system, the wireless sensing and control
system needs to be developed. As regards the sensing system, the wireless system could decrease the
trouble on monitoring large-scale structures [Straser and Kiremidjian, 1998]. Recently, Lynch et al.
[2004] extended the wireless sensing & monitoring system with embedded damage identification
algorithms. Lynch [2006] also proposed a close-loop control strategy with MR dampers using
wireless sensor networks. The work realized the possibility of the application on the semi-active
control using the wireless sensing and control system.

In this study, the semi-active control strategy was tested using three MR dampers as control
devices, and implemented on a 3-story steel-frame building. Both wired and wireless structural
sensing and control system were used to control the structure. During the experiment six control
algorithms, including three centralized control algorithms and three decentralized control algorithms
are investigated All control algorithms, including H2, H∞, and mixed H2 and H∞, are derived from the
transformation of the classical control algorithms with or without considering the external
disturbance. Because the MR dampers need to be driven by the voltage command, so the model to
covert the desired force from the calculation of control algorithms into the command by using the
clipped technology will be developed, which divided the voltage range into several levels by an
exponential function of voltages and velocity. The measurement for using of all control cases focused
on the acceleration feedback for controllers and on the relative velocity responses for MR dampers.
Finally, the data of all control cases were utilized to compare the control effectiveness between the
centralized and decentralized control systems. The comparison on the control difference between the
wired and wireless sensing and control system is also involved.

2. EXPERIMENTAL HARDWARE PLACEMENT

The main purpose of this control experiment will focus on the comparison on different control
algorithms and the control effectiveness using the wireless control system. An overall control
framework included a designed structure, control devices, and sensing system is briefly introduced as
follows:
Test Structure A three-story steel-frame building, was designed and constructed at the National
Center for Research on Earthquake Engineering (NCREE) in Taipei, Taiwan. The building, as shown
in Fig. 1, consisted of only one bay with a floor area of 3m by 2m and 3 m high between two stories, in
which each column and girder was made by H150×150×7×10 steel I-beam that the joint of beam and
column used a bolted connection. To emulate the real building system, the additional mass was placed
on the floor as well as the dead loading, up to 6,000 kg per floor. The response under the selected
excitation was involved for identification of the relative damping and stiff matrices, assembling a
reduced-order equation of motion. The reduced-order mathematical model only considered three
shear-type degrees of freedom (DOFs) with the natural frequencies 1.08 Hz, 3.25 Hz, and 5.06 Hz,
respectively. System identification technique was applied to the seismic response data of shaking
table test under the excitation of El Centro record with the peak ground acceleration (PGA) of 200 gal.
The identified natural frequencies from the Fourier spectrum of the responses are 1.06 Hz, 3.15 Hz,
and 4.99 Hz, respectively, as shown in Fig. 2, which indicates good consistent with the model.
Control Devices Three MR dampers were installed between two adjacent floors which connecting
joints from base to roof, respectively. The maximum resisting force capacity of the damper is about ±
20 kN and the bounds of stroke and velocity for the damper is approximately equal to 4 cm and 45
cm/sec, respectively. For simulation purpose, a mathematical model for MR damper is needed to
evaluate the control force. In this study, the modified Bouc-Wen model as well as the mechanic model
is adopted to simulate the MR dampers. The model combined the mass and damping with the
Bouc-Wen hysteretic loop. The completely mathematical form is expressed as follows:



Fig.1: Sketch of the test structure. Fig.2: (a) Displacement & Fourier amplitude spectrum from measurement of bare
frame, (b) Comparison between simulation and test data

0( )f z c x x mx f     (1a)
3 2

3 2 1 0( )c x a x a x a x a       (1b)
1n nz x z z x z Ax      (1c)

Here, z is the evolutionary variable with response dependence and the time-delayed effect is neglected
for the saturation of the MR fluid, a0~a3 are voltage dependent parameters. The performance test data
were used to estimate the model parameters. The validation for the MR damper is shown in Fig. 3. It
shows the comparison on the time history of the damper force and force-velocity relationship between
the testing data and the simulation at the voltage level of 1.2 volt. Besides, all coefficients of this
model depend on the voltage level, and the driving voltage in this experiment ranges from 0 volt to 1.2
volt.

Fig. 3: Comparison between the performance test data and the simulation at the voltage of 1.2 Volts, (a) on MR damper
force, and (b) Damper force-velocity diagram, (solid line: experimental result, dash line: simulation).

Sensing System Regarding the sensing system, two groups of sensing and communication system
are included in the experiment. The first group of sensing system is measurement of structural
responses and feed signals to controllers to calculate the control forces (i.e. acceleration response
from each floor including the basement), and the second group of sensing system is the consecutive
response measurement between two ends of each control devices to calculate the control voltage (i.e.
velocity signals between two floors). A prototype system, WiSSCon (Wireless Structural Sensing and
Control System, designed for real-time wireless structural sensing and feedback control [Wang et al.
2005 and Lynch et al. 2006] is used for control test. In the WiSSCon system, wireless communication
is used for the feedback of structural response data to wireless sensors serving as the control kernel
(i.e. to calculate control solutions based on received data). Fig. 4 shows the basic architecture of the
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wireless sensing and control unit. The wireless sensing unit is responsible for measuring the dynamic
response of the structure and the action board converts the digital signal (8 bit) into an analog signal
(16 bit) for control purposes. For the calculation of control forces at each time-step, the wireless
sensing unit was also designated as the control kernel (termed the wireless control unit) utilizes its
local embedded computing resources to quickly process sensor data, generate control signals, and
apply control commands to structural actuators within the designated time-step duration. On each
floor a WiSSCon system is installed and connected to the MR-damper via VCCS (voltage to current
converter). Fig. 5a shows the schematic diagram on detail arrangement of the control system. The
operation of WiSSCon system and the program flow can be explained from server side and the
embedded code side which is summarized into the following five steps: Step 1: Boot up the system
from both PC server and embedded system; Step 2: The server checks all the wireless sensing and
control units in the network through the wireless transceiver (as shown in Fig. 5b for detail
description of step 2) and reset clock/counter once the synchronization process is verified; Step 3:
From the embedded code, each wireless control unit broadcasts a beacon to all other units in the
network sequentially announcing that a new time step begins. For the centralized control it is set at 20
milliseconds for each sensing unit to receive the signal from other units in this study (as shown in Fig.
5b). For cases of centralized control a total of 60 milliseconds are needed for all units that receive all
the signals from other units, and left 35 milliseconds for calculating the control force. So a total of 95
milliseconds are required to conduct the centralized active control. This is the reason to set the
sampling rate of 10Hz for centralized control; Step 4 and Step 5: Feedback the results to PC server
and exit the control program.

Fig. 4a: Configuration of hardware for the wireless control unit.

3 CONTROL ALGORITHMS

Numerous control algorithms, generally based on the state-space equation for generation of
time-independent control gains with respect to the full state responses, have been developed. Besides,
the Kalman estimator will be required to estimate the full state responses if only limited measurement
is provided. In the classic control theories, most of researches are focus on the centralized control
algorithm in which a control method is viewing the structure with control devices as only one system.
Instead of the centralized control method, by using many subsystems which are separated from the
full structural system, the concept of the decentralized control method is proposed. For this study each
floor system is designated as a subsystem and the definition of the subsystem is setting of
measurement and the placement with the control devices. In this study, three control theories, H2, H∞,
and Mixed H2 and H∞, are examined and modified from the forms of centralized control into the
forms of decentralized control forms. The calculated control force for each control algorithm is shown
below [Chang, Loh, Lynch, Lu, Lin; 2006]:
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Fig 5: (a) Control setup using wireless sensing and control unit and its connection with the control device (MR- damper),
(b) Description on synchronization & check start (Step 2) and time required to collect data (Step 3).
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4. EXPERIMENTAL RESULTS

A 3-story steel frame structure is selected for control test on the shaking table of NCREE. Three
MR dampers are installed in the middle of the floor system with the V-type bracing system. The
stiffness of the V-type bracing for anchor the damper was designed with stiffness much larger than the
stiffness of each floor. To evaluate the control performance using MR-damper EL Centro earthquake
ground motion data, normalized to PGA=200 gal, is used as the desired input ground motion for
shaking table. In the microcontroller of WiSSCon system two software need to be embedded: one is
the Kalman estimator (based on the measured acceleration data to estimate the full state) and the other
is to calculate the commend voltage to sensing unit. Fig. 6a shows the schematic diagram of the
program architecture. In order to minimize the computation time a voltage-velocity-command force
relationship is pre-embedded in the microcontroller. Fig. 6b shows the relationship among them.
Seven levels of voltages (between 0. volt and 1.2 volt) are pre-assigned. Based on the measure
velocity and the calculated command force, the voltage for the MR-damper can be roughly estimated
and send it to VCCS to convert voltage to current for MR-damper.

In this experiment, several control cases are examined:
(1) To compare the difference between the wired and the wireless control systems, the H2 control
algorithm under the centralized control system are involved. Due to the limitation of communication
in the WiSSCon system the sampling rate for developing voltage command is 10 Hz instead of 200Hz
(200 Hz is for wired control system). Fig. 7 show the comparison on the relative displacement
responses and acceleration responses from the 1st floor to the 3rd floor between the wired control
system and the wireless control system using the centralized H2 control algorithms.

Record
Relative velocity

(i-th floor)

Broadcast
Floor Acceleration

WiSSCon Unit

Calculate
Control Force
(MR-Model)

Convert
Force to Voltage

Action Board
(16 bit D/A converter)

0.0 V ~ 1. 2 V

VCCS
(convert voltage to
current : 0~2amp

Amp)

Power Supply
(24 Volt)

Sensing unit

Accelerometer

Velocity
meter

i-th floor

(i+1)-th floor



Fig. 6: (a) Embedded computation algorithm in microcontroller of WiSSCon system; (b) Damper force in relating to the
damper velocity and voltage. Seven Voltage levels are assigned for estimating the damper force.

Figure 7: Comparison on the acceleration and displacement responses from the wired control system (dash line)
and the wireless control system (solid line).

(1)

Fig.8: (a) Drift ratio and maximum absolute acceleration response among the cases of passive-off, passive-on, and the
centralized wireless systems, (b) Comparison on the drift ratio responses among the passive cases, three
centralized control systems, and three decentralized control systems.
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(2) Three different centralized control strategies, the H2, H∞and Mixed H2 and H∞control algorithms,
are used with the Kalman estimator to evaluate the control performance. From these three control
strategies, the H2 control algorithm considered the minimization on the energy only from the
structural system with the control forces. The H∞ control algorithm obtained the control gain by
minimizing the energy from the structural system plus the external disturbance. In the Mixed H2 and
H∞control algorithm, two goals on minimization the energy in the H2 and H∞control algorithm were
involved. The centralized control system incorporates the control gain with only one Kalman
estimator; the decentralized control system engages three control gains for corresponding stories with
three Kalman estimators. Consider only the wired control cases, Fig.8 shows the drift ratio responses
among the passive control cases, three centralized control systems, and three decentralized control
systems. The H∞control case in the centralized and decentralized systems performs a better control
effectiveness than the other two on the 3rd floor.

5. CONCLUSIONS

This study proposed three classic control algorithms (H2, H∞, Mixed H2 and H∞) to generate
adequate controllers for either centralized or decentralized control of building structure. With MR
dampers installed in the structure, structural responses during seismic excitation are measured by
wireless sensors and communicated to the MR damper’s wireless active sensing unit whereH2

controller have been implemented. Both wired and wireless structural sensing and control system are
used to verify the accuracy of semi-active control algorithms to building control. To avoid the risk on
the malfunction of hardware during the earthquake attack, the decentralized control system can
maintain and promise the operation continuously though the control of some subsystems. Some
conclusion can be drawn:
1. The wireless structural sensing and control system (WiSSCon) can apply to the damage

monitoring and extent the function to conduct the structural control. The advantages of this
system can be used as a backup system for structural control when the wired control system is out
of function.

2. MR damper in this experiment demonstrates with high reliability and strong ability to resist the
severely external excitation. Although MR dampers have the complex dynamic characteristic,
the mathematical model can be developed. However, the control effectiveness by using MR
damper is much superior than the active control using actuators.

3. The centralized control strategy has been widely applied either through the traditionally classic
control or through the modern and smart control. Due to the consideration of risk in malfunction
during the control action, the decentralized control strategy can provide a feasible and reliable
control system. In this study, three decentralized control strategies, the H2, H∞and Mixed H2 and
H∞ control algorithms, have been proposed and verified by control experiment. All of the
control cases can be applied to mitigate the seismic response effectively.
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