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Abstract 
 

 This paper explores the use of a wireless sensor network as an underlying 
infrastructure for the control of large-scale civil structures (e.g. buildings and bridges).   
Civil structures are expensive societal assets that can experience damage during strong 
seismic excitation; control systems are often installed within the structures to reduce 
deflections.  As both sensing and actuation technologies mature, their declining costs 
are matched with increasing functionality.  Wireless communication between sensors 
would prevent the cost of installing coaxial wires between hundreds of nodes in a 
structure from overtaking the cost saving offered by today’s low-cost sensing and 
actuation devices.  A control strategy is sought that is consistent with the limitation of 
current wireless radio technologies including limited ranges, stochastic delays and 
occasional data loss.  To alleviate overuse of the wireless communication channel, a 
state-estimation framework is implemented upon a partially decentralized network of 
wireless active sensing units.  The real-time performance of the implemented control 
solution is successfully validated using the semi-actively controlled Kajima-Shizuoka 
Building.   
  

 
1    Introduction 
 
The field of structural control offers many exciting opportunities to limit the deflection of 
critical infrastructure systems during earthquakes.  Significant research has been done in the 
area since Yao [11] first proposed the concept of controlling civil structures in 1972; the field 
has undergone rapid change with control systems deploying larger numbers of smaller, less 
expensive and more energy-efficient actuators [10].  For example, semi-active actuators, such 
as variable dampers, are today’s preferred structural actuation technology because they are 
compact and consume little electrical power (often, less than 100 W).  Structural sensing 
technology has followed a similar evolutionary trend with sensors continuously reducing in 
cost while functionality improves.  As the cost of actuation and sensing devices continue to 
decline, future structural control systems could potentially employ hundreds of actuators and 
sensors within a single structure.  In such a scenario, the costs associated with wiring every 
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system node (sensor or actuator) to a centralized controller would overshadow the cost 
savings achieved by reducing the costs of the actuators or sensors.  To eradicate these 
mounting installation costs, the use of wireless networks is attractive for adoption in large-
scale structural control systems.     
 In this study, the feasibility of employing a low-cost wireless sensor network for the 
control of a civil structure is explored in detail.  While wireless communications is a cost-
effective technology, there exists some inherent limitations that will impact the design 
strategy of a wireless structural control system.  Specifically, a wireless network can suffer 
from short communication ranges, limited bandwidth and non-deterministic delays.  As a 
wireless network experiences higher demand for its fixed bandwidth, the performance of the 
wireless network reduces with greater delays experienced in the delivery data [4].  In a large-
scale control system defined by high nodal densities, the performance of the wireless network 
would be poor if all nodes seek to simultaneously communicate at each time-step; as a result, 
centralized control architectures would be difficult to implement on a wireless sensor 
network.  To overcome the limitations of the wireless communication channel, a partially 
decentralized control system design is introduced as a means of substantially reducing the 
use of the channel.  To implement the partially decentralized control solution in a structural 
control system, wireless active sensing units originally proposed by Lynch et al. [7] for 
structural monitoring are used to serve as a local-controller for each system actuator.  The 
computational core of the wireless active sensing unit is used for estimation of the full state 
response of the structure based on sensor data derived from each unit’s associated degree-of-
freedom.  Unlike traditional control system designs where state estimation is employed to 
avoid installation of sensors at each degree-of-freedom, in this study, state estimation is used 
to limit bandwidth usage [12].  Only if the estimate of the system state is inaccurate, is the 
wireless network used for the communication of the true measured state parameters.  To 
assess the performance of the partially decentralized control strategy, the semi-actively 
controlled Kajima-Shizuoka Building is modeled using MATLAB.  The wireless 
communication channel is conservatively modeled to experience frequent data loss; in the 
face of the poor performance of the wireless communication channel, excellent control 
performance will be attained. 
 
 
2    Related Work 
 
2.1  Networked Control Systems 
 
When a spatially distributed control system is implemented upon a network (cable-based or 
otherwise), network quality and time delays can impact the performance of the distributed 
control solution.  Researchers have quantified the impact of time delays associated with 
various networks using different communication protocols (e.g. CSMA/CD, token bus, CAN 
bus) [5].  The distribution and characteristics of network-induced delays are mainly 
influenced by the medium access control (MAC) protocol used.  Delays inherent in the 
network can either be constant, bounded or random.  Constant network delays would be 
preferred since they are predictable and are easier to design a suitable control solution for.  
Lian et al. [4] proposes the use of network protocols that guarantee deterministic 
transmission times between transmitting and receiving nodes.  Their study also provides tools 
for designers of networked distributed control systems to assess the performance of their 
network and the impact of network quality on closed-loop control.  
 Time delays in networked distributed control systems can also be reduced by decreasing 
the level of communication in the network.  Towards this end, Yook et al. [13] proposes the 



use of state estimation at each distributed controller node of a networked control system to 
minimize the need for communication.  Ordinarily, estimated state information is employed 
to determine control actions.  However, if the estimate of a state parameter exceeds the true 
measured value by a selected threshold, the true state parameter is then communicated to the 
other network nodes.  The estimator framework implemented on a distributed network 
control system results in significant bandwidth savings without sacrificing control 
performance.   
 
2.2  Closed-Loop Control over Wireless Networks 
 
Implementation of real-time closed-loop control using wireless networks has begun to 
receive considerable research attention.  Eker et al. [2] has studied the performance of a 
linear quadratic regulation (LQR) control solution of a single input-single output plant using 
a remote wireless controller.  In their study, Bluetooth was used for communication between 
a controller and the plant’s sensors and actuators.  Random varying delays in the transfer of 
data between a controller and the plant are compensated for in the design of the LQR 
controller using a technique proposed by Nilsson et al. [8].  
 More recent, Ploplys et al. [9] has investigated real-time control of unstable multi-input 
multi-output plants using 802.11b communications.  Their study utilized a User Datagram 
Protocol (UDP) for communication to attain fast sampling rates and to relieve network 
congestion associated with retransmission of lost data.  A novel timing scheme is proposed 
for the wireless UDP control system to attain real-time performance.  At each time step, the 
sensor initiates communication with the wirelessly remote controller by sending its state data.  
As an event-driven controller, an actuator command is determined only when the controller 
receives sensor data.  The controller then proceeds to communicate the command to the 
actuator.  If the actuator receives the command, it acts accordingly; if the wireless channel 
prevents the controller’s command from being received, the actuator applies no control force 
at that time-step.  This approach is shown to attain outstanding control performance when 
applied to an inverted pendulum plant controlled at high-sample rates with minimal data loss.     
 
2.3  Wireless Structural Monitoring Systems 
 
Wireless networks have been previously proposed for the communication of sensor data in 
structural monitoring systems.  Addressing the high cost of installing extensive lengths of 
coaxial cables in civil structures, wireless communications has been shown to be a reliable 
and cost-effective substitute.  Lynch [6] proposes the design of a low-cost wireless sensing 
unit optimized for power-efficient operation within complex structural environments.  The 
wireless sensing unit has been validated upon numerous laboratory and field structures 
including the Alamosa Canyon Bridge in New Mexico.  More recently, a wireless sensor 
prototype with an actuation interface has been proposed [7].  This wireless active sensing 
unit would be capable of collecting state data from sensors, processing sensor data for 
determination of control actions, and issuing commands to structural actuators.   
 
 
3    Problem Statement 

 
The benefits of a wireless network for the control of large-scale systems (those with a high 
number of sensing and actuation nodes) include low-cost installations and flexible network 
configurations.  In this study, a civil structure controlled by semi-active hydraulic dampers is 
used as an example large-scale system, in which wireless communications is attractive for 



adoption.  The availability of low-cost wireless active sensing units that can serve as 
distributed controllers in the structure is another motivation of this study.  In order to show 
the effectiveness of a proposed wireless control framework, the five-story Kajima-Shizuoka 
Building in Japan is selected to serve as this study’s testbed structure.  Figure 1 shows the 
Kajima-Shizuoka Building, which is a steel structure with floor area of 11.8 m by 24 m and a 
total structural height of 18.6 m [3].  In total, 8 semi-active hydraulic dampers (SHD) are 
installed with two SHD installed per floor on the first four floors.  The maximum actuation 
force that can be generated by the SHD actuator is over 1,000 kN.  As shown in Figure 1, a 
wireless active sensing unit is designated to serve as a controller for each degree-of-freedom 
of the system.   
 While the wireless communication channel is beneficial from a cost standpoint, its 
adoption does present some technical challenges.  For example, the availability of the fixed 
wireless bandwidth would pose a limiting factor on the design of the control system.  
Particularly for large-scale systems where a high-density of nodes must compete for use of 
the bandwidth, stochastic communication delays and data loss are possible.  These limitations 
are best alleviated by limiting the demand for the communication medium.  Towards this 
end, the estimation-framework introduced by Yook et al. [12] is proposed for adoption in 
large-scale wireless control systems.  The framework is implemented upon the Kajima-
Shizuoka Building in a simulation environment (MATLAB) where the wireless 
communication channel is modeled as an unreliable data link.  For example, to model the 
potential loss of data in the network, conservative estimates for the probability of lost data in 
the wireless network are established a priori, as shown in Table 1.  
 In this study, multiple control architectures will be implemented to assess their feasibility 
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Figure 1: The Kajima-Shizuoka Building located in Shizuoka, Japan.  A wireless active 
sensing unit is collocated with each semi-active actuator to act as distributed controllers. 

Table 1: The probability of state data loss during wireless transmission 
 

 Receiver at 
Floor 1 

Receiver at 
Floor 2 

Receiver at 
Floor 3 

Receiver at 
Floor 4 

Receiver at 
Floor 5 

Transmitter 
at Floor 1 - 0.17 0.34 0.51 0.68 

Transmitter 
at Floor 2 0.17 - 0.17 0.34 0.51 

Transmitter 
at Floor 3 0.34 0.17 - 0.17 0.34 

Transmitter 
at Floor 4 0.51 0.34 0.17 - 0.17 

Transmitter 
at Floor 5 0.68 0.51 0.34 0.17 - 



using a wireless network for communication.  A centralized controller is initially designed to 
obtain a centralized feedback gain matrix that will be used at each degree-of-freedom to 
calculate optimal control forces for system actuators.  A partially decentralized control 
system is designed using state estimators at each degree of freedom  to limit the use of the 
wireless communication channel.  In this implementation, communication is only performed 
when the difference between the estimated and true state parameter exceeds an error 
threshold; when the threshold is exceeded, the controller wirelessly communicates the true 
state parameter for updating at the other distributed controllers.  To assess the performance 
limits of this approach, two additional control system architectures are implemented.  First,  a 
centralized control system is implemented upon a perfect wireless network without loss or 
delay (which the authors recognize as an unrealistic scenario) to determine what is the best 
possible control performance of the structure using a feedback gain matrix.  In contrast, the 
worst possible performance is attained by implementing a fully decentralized system with no 
communication permitted between controllers; rather, estimators alone are used for 
estimation of the full system state.   
 
3.1  Centralized LQR Control Solution 
 
Several techniques are available for designing a stable centralized controller including pole 
placement techniques and linear quadratic regulator (LQR) models. In this study, an LQR 
controller is designed because of its optimality properties. The state space representation of 
the dynamic system is given as: 
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where, X(t) is the plant state vector, A the system matrix, U(t) the control force vector, B the 
control location matrix, Y(t) the measurement vector, and C the sensor location matrix.  
Process noise, w, and measurement noise, v, are also modeled in the control system design 
using the G and H matrices.   
 Sensors are placed at each degree-of-freedom to measure the system state parameters 
associated with that degree-of-freedom.  For the Kajima-Shizuoka Building, the sensor 
provides a measure of the floor displacement and velocity.  An LQR controller is designed to  
provide an optimal control solution through the minimization of a cost function, J.  The cost 
function, J, consists of two control objectives; minimization of the system response, X(t), and 
minimization of input control forces, U(t): 
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The semi-positive definite weighting matrices, Q and R, are selected as I and 10-13 I, 
respectively.  The result of the minimization of the cost function is a static gain matrix, K, 
that when multiplied by the state of the system yields the optimal control force vector, U(t).  
 
3.2  Design of Kalman State Estimators 
 
Traditionally, state estimators are employed by a control system so that a reduced number of 
sensors can be installed in the plant.  For this study, the motivation of employing estimators 
is to assist in decreasing the use of the wireless bandwidth.  State estimators take as input 
available state parameters to generate an estimate for the full state vector.  In our analysis, 



identical estimators are implemented at each structural degree-of-freedom to estimate the full 
state for computation of control commands to be applied to each actuator.   
 The steady state gain matrix, L, of a Kalman filter is calculated to serve as the basis of the 
estimator designed for each degree of freedom.  Several iterations of the filter are designed 
assuming various covariance matrices for the process and measurement noise so that the 
most accurate estimator design is attained.  The process noise covariance, V, and 
measurement noise covariance, W, are finally set as:   
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4     Performance of Partially Decentralized Control using 

State Estimation 
 
In this section, the performance of a partially decentralized control architecture using state 
estimation at each degree-of-freedom is implemented upon the wireless network of 
controllers (wireless active sensing units) in the Kajima-Shizuoka Building.  The 
performance of the partially decentralized system will be compared to the centralized and 
fully decentralized implementations that bound the partially decentralized system’s 
performance.   
 
4.1  Centralized Control Architecture 
The centralized controller calculated for the Kajima-Shizuoka Building is implemented in the 
system assuming perfect communication between the controllers.  With a controller situated 
upon each floor of the structure, the response of the floor (displacement and velocity) is 
communicated by the controller to the entire system at each time step.  When the El Centro 
(1940 NS) earthquake is applied to the structure, excellent control performance is attained.  
Plotted in Figure 2, dramatic reductions in the displacement of each floor is experienced.   
 
4.2  Fully Decentralized Control Architecture 

 
Flexibility, better fault-tolerance and parallel controller processing are reasons that render 
fully decentralized controllers desirable for many control applications.  In the initial 
implementation of the wireless control system in the Kajima-Shizuoka Building, no 
communication is permitted between the controllers at the different degrees-of-freedom.  The 
Kalman estimator previously determined is used to estimate the full state response of the 
structure for use in determining the appropriate control force applied to the structural system 
via the SHD dampers.  When the El Centro earthquake record is used to externally excite the 
structure, the fully decentralized control system is effective in reducing the displacement of 
the structure.  For example, Figure 3 plots the displacement time-history of each floor of the 
structure compared to the displacement when no control is applied.  Comparing the 
displacement of the structure using a fully decentralized control architecture (Figure 3) to one 
centralized (Figure 2), the performance of the fully decentralized implementation is slightly 
worse.   
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Figure 2: Time-history displacement response of the Kajima-Shizuoka Building during 
the El Centro earthquake (the response is presented for both a centralized control 
implementation and the uncontrolled structure) 
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Figure 3: Time-history displacement response of the Kajima-Shizuoka Building during 
the El Centro earthquake (the response is presented for both the fully decentralized 
control implementation and the uncontrolled structure) 



4.3  Partially Decentralized Architecture 
 
When state estimators are used to determine the full state for the calculation of control forces, 
the performance of the control system is ideal when no error exists in the estimation.  
However, the Kalman estimators designed in this study will have small levels of error when 
estimating the full state response.  To maintain a level of high accuracy in the control system, 
the wireless communication channel is utilized to transmit state data when an estimated state 
parameter deviates from the true value by more than a pre-specified tolerance.  For each 
controller in the distributed controller system, the estimated displacement and velocity of the 
controller’s degree-of-freedom are compared to their true values.  If the error is beyond the 
threshold, then the true displacement and velocity is transmitted to the other controllers so 
that they can update their state estimates.   
 While the control system performance will improve with an estimator framework 
implemented upon the distributed controller architecture, it is important to take into account 
the performance of the wireless communication channel.  The empirical model proposed in 
[9] is helpful in estimating the probability that data transferred between a transmitter and 
receiver is lost.  The probability of data loss can be estimated based upon the radio wave 
specifications of a typical wireless transceiver and the geometry of the Kajima-Shizuoka 
building.  The probability of packet loss in the Kajima-Shizuoka Building is modeled as 
dependent upon the location of the wireless active sensing units in the structure; Table 1 
presents conservative estimates for the probability of data loss.  During simulation of the 
structure, a random number generator is used to determine if for a given time step and 
transmitter-receive pair, state update data is lost or not.  
 As presented in Figure 4, for an error threshold of 0.2 cm on the estimated displacement 
of the structure, the partially decentralized control solution is outstanding during the El 
Centro earthquake.  To compare the performance of the partially decentralized architecture to 
the centralized and fully decentralized control solutions, the maximum absolute displacement 
of each floor is plotted for each control system implementation.  As seen in Figure 5, the 
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Figure 4: Time-history displacement response of the Kajima-Shizuoka Building during 
the El Centro earthquake (the response is presented for both the partially decentralized 
control implementation (E = 0.2 cm) and the uncontrolled structure)  



partially decentralized control implementation falls between the centralized and fully 
decentralized control implementations.  To illustrate that the centralized and fully 
decentralized implementations bound the partially decentralized system, the error threshold 
on the estimated state data in the partially decentralized implementation is reduced to 0.01 
cm.  At this small threshold, the profile of the maximum absolute floor displacement nearly 
overlays that of the centralized implementation.   
 
 
5    Conclusion 
 
The aim of this research study was to explore the feasibility of wireless communications for 
use within a structural control system. The study gives a firm footing in understanding how 
the performance of the wireless communication channel impacts the quality of a real-time 
closed-loop structural control system.  To limit the use of the wireless channel, a partially 
decentralized control architecture is proposed.  Embedding state estimators with each 
controller of the network allows the controllers to minimize their dependence upon the 
wireless network.  The partially decentralized control architecture, along with state 
estimators, provides satisfactory performance when comparing the displacement of the 
controlled structure to that of the structure uncontrolled.  Future work will implement the 
distributed control system within an actual civil structure using wireless active sensing units 
collocated with semi-active actuators.  Work is already underway to empirically determine 
the probability of data loss in a real civil structure.   
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