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1. Introduction

Traditional active, semi-active, and hybrid structural
control systems often use cables to communicate between
sensors, controllers, and actuators. In such systems,
installing wired sensors is usually very time-consuming
and expensive. Moreover, it is difficult to establish such
extensive cabling in large-scale civil structures. In order to
reduce the financial and time costs of wire-based systems,
new wireless communication technologies have been used
in structures in academic and industrial research for
wireless measurement and monitoring. Recently, wireless
structural control has been introduced as an alternative
method to wired control systems. Lower installation time
and maintenance cost along with lower energy
consumption make wireless control more attractive
compared to classical control system.

In previous researches, the wireless control system has
been studied on various structures. This study examined
using a wireless sensor network and its implementation on
a three-story benchmark structure, and designing
controller. Moreover, fuzzy control trained by genetic
algorithm was used to control the system considering time
delay.

2. Statement of the problem

Figure 1 shows the general strategy of wireless control. In
this model, together with base excitation, the sensors
transmit their measured data to the controller through the
network. The measured data of dampers in previous step is
also sent to the controller by another wireless network.
After determining the required voltage of the damper, the
controller sends the data through another network to the
sensors in the floors. All wireless networks transmit data
with the collected noises to the source sensor.

3. Numerical modeling

For numerical study a three story benchmark building was
selected. This structure is 36.58 m by 54.87 m in plan, and
11.89 m in elevation. The bays are 9.15 m on center, in
both directions, with four bays in the north-south (N-S)
direction and six bays in the east-west (E-W) direction.

The building’s lateral load-resisting system is comprised
of steel perimeter moment-resisting frames (MRFs) with
simple framing between the two furthest south E-W
frames. The interior bays of the structure contain simple
framing with composite floors.
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Figure 1. An overview of wireless benchmark model

The control strategy implemented is semi-active. Semi-
active control has the advantages of both active and
passive systems at the same time. Some prominent features
such as good control, low cost, and low energy
consumption make this system a high efficient one. In the
control process, the control device can adjust its
parameters using external energy. On the other hand, no
additional energy is applied to the floors. As a result, the
system is always stable.

In this structure, due to the limitation in MR damper
capacity, three actuators in the first floor and two actuators
in the second and third floors are installed. A
phenomenological model of an MR damper, based on a
Bouc-Wen element, is employed in the analysis. In order
to evaluate proposed control strategies, four historical
records are selected: i) El Centro; ii) Hachinohe; iii)
Northridge; and iv) Kobe.

Six evaluation criteria related to the building responses
were used. The first three criteria are based on peak inter-
story drift ratio (J,), level acceleration (J,), and base shear
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(J3). The next three criteria are based on normed building
responses. The inter-story drift (J,), level acceleration (Js),
and base shear (Jg) are defined in their normed based
forms.

The wireless network model is implemented in
TOSSIM. To realistically simulate the wireless network,
experimentally collected noise traces and received signal
strength indication (RSSI) traces are utilized as inputs to
TOSSIM. The network employs a TDMA protocol that
divides time into time slots synchronized among all
sensors, and each time slot can accommodate the
transmission of a data package. WSN standards based on
IEEE 802.15.4 radios commonly employ 10-ms time slot.
The amount of time delay in the whole system is 30-ms.

3. Controller

The proposed controller of Fazaeli and Karamodin, which
includes a linear LQG controller and an optimized fuzzy
controller, was used. In the proposed system, the
acceleration of the floors is selected as the input of the
LQG linear controller, and then the output of the controller
is the required force of the damper. The force of the LQG
linear controller and the force generated by the MR damper
in the previous step are the inputs of the Takagi-Sugeno
fuzzy controller. The output parameters of the fuzzy model
are calculated by the genetic algorithm in such a way that
the desired objective function is minimized. The
optimization criteria is to minimize peak inter-story drift
ratio of controlled to uncontrolled structure. First, the
controller is trained by genetic algorithm for 1.5 scale of
El Centro earthquake by MATLAB software, and then the
performance of the wireless controller is evaluated in other
earthquakes with different intensities.

4. Conclusion

This study focused on developing a control system for the

nonlinear 3-story benchmark building with wireless sensor

network. The MR damper was controlled using a Fuzzy-

Genetic algorithm that supplies continuously varying

command voltages. In general, the use of wireless control

caused a slight increase in the responses of the structure
compared to the wireless mode due to longer time delay.

Based on the numerical simulations, the following

conclusions are drawn:

1. The results show that both wired and wireless controls
have a suitable performance in reducing structural
responses such as displacement and acceleration and
have close performance to each other;

2. Both types of wired and wireless control in El Centro
and Hachinohe reduced the amount of relative
displacement and acceleration of floors compared to
the uncontrolled state;

3. The acceleration values are close to the uncontrolled
state in El Centro earthquake. However, wired control
has a better performance at the first and second floors;

4. The maximum relative displacement of the floors in the
structure with wireless sensor decreased compared to
the uncontrolled structure in Kobe earthquake;

5. The performance of the wireless system was suitable in
reducing the maximum acceleration of the floors in the
Kobe earthquake and it was able to reduce the

acceleration of the second and third floors compared to
the wired control;

. Wireless control caused a 17% increase in first

evaluation criteria (J1) compared to the wired mode;
In the second evaluation criterion (J2), which shows

the maximum acceleration of the floors of the

controlled structure to the uncontrolled structure, the
wireless control shows a 13% increase compared to the
wired mode;

. The average maximum base shear of the controlled to

uncontrolled structure (J3) in the wireless structure
increased by 15% compared to the wired system.
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Semi-active control of three-story benchmark structure using a wireless sensor network
Hossein Fazaeli Abbas Karamodin

Abstract Control of structures in order to prevent serious damage to structures has become a prominent issue in
earthquake engineering. In traditional structural control systems, wires were used to communicate between sensors,
actuators, controllers and integrate the entire system as a single network. Using of wireless sensors for measurement,
communication and control in structures has increased with the advancement of technology. The use of this technology
has attracted the attention of engineers due to the reduction of installation costs and flexible system. In this article, the
benchmark nonlinear three-story structure with magnetorheological damper (MR) equipped by wireless sensor network
is investigated. The seismically excited building is combined with a wireless sensor network simulated by TOSSIM in
the MATLAB 2018 simulator environment. For real network simulation, noise and wireless signals collected from a
real structure have been used. In this network, a time division multiple access protocol (TDMA) is used. This protocol
assigns a specific time to each sensor to send information. The benchmark structure is trained by a fuzzy-genetic
controller. Then, the structure equipped with wire and wireless sensors was evaluated under the various earthquakes.
Examining the evaluation criteria and time history charts shows the proper performance of the wireless system in
reducing structural responses. At the same time, the wireless system has caused a slight increase in the average
displacement and acceleration of floors compared to the wired mode.

Keywords Benchmark structure, Wireless sensor, nonlinear building, magnetorheological damper, Semi active
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Nt NOTES

I I Beams (248 MPa):

I beam sizes as indicated in figure.

I Columns (345 MPa):

Sk I column sizes same throughout elevation
I Restraints:
1—4 columns fixed at base;
At _ta Connections:

- indicates a moment resisting connection:
- - indicates a simple (hinged) connection

Elevation Dimensions:
all measurements are center line;
floor-to-floor heights 3.96m (13-0");
bay widths (all) 9.15m (30-07).
Seismic Mass:
e [weas [Bwors JOiweas fO = including steel framing, for both N-S MRFs.
H 1st-2nd levels 9.57x10%kg:
- 3rd level 1.04x108 kg;
Ground 3, \\ entire structure 2.95x108 kg
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Interstory drift ratio Level acceleration Base shear
d.(t
max, I Ih( )| 5 max,; | %, (t) | max,; | > m&,(t)|
‘]l = MaXgicentro Ti 2 = MaX Elafgl?itr:ghe K, J3 = MaX gicentro imax
Hachinohe ) Northridge al Hachinohe Fb
Northridge Kobe Northridge
Kobe Kobe
Normed interstory drift Normed Level acceleration Normed base shear
d.(t
max.; ” I( )” max ” Xai (t) ” max l meai @l
— hi ‘]5 = max Elcentro T —— _ ' i
‘]4 - maXEIcen_tro T emax Hachinohe ” XM ” JG - maXEIcen_tro T
Hachinohe | 6™ | Northridge a Hachinohe "™ |l
Northridge Kobe Northridge
Kobe Kobe
3 oS J 1S 4 s sl bl ¥ Jsd>
Pi q; L Pi q; n
mfl -0.282 0.421 0.414 mfl4 -0.029 3.788 1.397
mf2 3.234 2959 1.656 mf15 -3.405 1.404 0.227
mf3 0.388 2.880 -1.378 mf16 -2.951 2.777 0.459
mf4 -0.051 0.790 -1.182 mf17 3.972 -1.894 0.735
mf5 2.077 3.627 -0.758 mf18 -0.525 -0.544 1.410
mf6 3.437 3.875 -1.294 mf19 2.013 -0.561 -0.029
mf7 -0.035 2.480 0.302 mf20 -2.977 0.257 -1.297
mf8 -1.003 2.211 0.381 mf21 1.488 -1.111 -1.660
mf9 1.022 -2.272 -0.981 mf22 0.265 -1.867 -1.220
mf10 3.375 3.673 -0.592 mf23 3.070 2.124 -1.152
mfll 2.598 1.887 0.606 mf24 3.390 0.222 1.980
mfl12 -1.092 3.578 -1.575 mf25 -3.219 2.393 0.508
mf13 -1.974 1.171 1.406
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Elcentro Hachinohe Northridge Kobe
AVG
Controller | 0.5 1 1.5 0.5 1 1.5 0.5 1 0.5 1
Wired | 0.313 | 0.454 | 0.641 | 0.211 | 0.319 | 0.406 | 0.435 | 0.793 | 0.799 | 0.864 | 0.524
" Wireless | 0.343 | 0.697 | 0.660 | 0.187 | 0.364 | 0.515 | 0.578 | 0.779 | 1.149 | 0.898 | 0.617
Wired | 0.595 | 0.752 | 1.010 | 0.568 | 0.496 | 0.735 | 0.855 | 1.045 | 1.080 | 0.795 | 0.793
2 Wireless | 0.718 | 0.923 | 1.15 | 0.668 | 0.628 | 0.988 | 1.041 | 0.988 | 1.050 | 0.806 | 0.896
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» Wireless | 1.910 | 2.373 | 2.314 | 1.185 | 0.157 | 1.318 | 1.933 | 2.041 | 2.557 | 2.874 | 1.966
Wired | 0.605 | 0.615 | 0.615 | 0.375 | 0.365 | 0.398 | 1.408 | 1.606 | 0.543 | 0.706 | 0.724
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