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Abstract. Due to the nonlinear behaviour in hydraulic shake table system and 
control-structure-interaction (CSI) effect, the phase-lag between displacement 
command and response can be clearly discovered in time domain. This problem is 
very crucial since the phase-lag of the actuator control can diminish the testing 
fidelity and might cause numerical instability in real-time hybrid simulation 
(RTHS). In this paper, the optimal model-based control algorithm named model 
predictive control (MPC) is adopted to compensate the time delay of the hydraulic 
shake table control system. The performance of the newly developed MPC is 
compared to that of the state-of-the-art PID controller numerically. The results 
show that the proposed MPC algorithm can successfully improve the tracking 
performance and time delay issue of the hydraulic shake table control system. This 
fact makes MPC a great method to implement the hydraulic shake table control 
part for the RTHS application. 

Keywords. Model predictive control, real-time hybrid simulation, time delay 
compensation. 

1. Introduction 

For observing and validating the dynamic performance of high-performance structures 

under different levels of excitations, real-time hybrid simulation (RTHS) could be a 

promising alternatives or additives to the current shake-table test. In RTHS, it is crucial 

that the time delay introduced by the hydraulic control system and data acquisition 

system, is properly compensated to avoid instability and accuracy problems. Horiuchi 

et al. showed that the delayed response of an actuator adds negative damping to the test 

structure, resulting in the divergence of the structural response during the testing [1]. 

Moreover, the installed specimen will interfere the control performance of the shake 

table, which is so-called control-structure-interaction (CSI) effect [2]. 
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To compensate the time delay issue, researchers have been developing different 

kinds of compensation techniques. Horiuchi et al. [1] utilized a third order polynomial 

function to extrapolate and predict the reference displacement command for actuator 

control. Chae et al. [3] proposed the adaptive time series compensator by updating the 

coefficients of a second order compensator using a least-square algorithm to minimize 

the system delay. Recently, the adaptive model reference control strategy is proposed 

by Amirali and B.F. Spencer [4]. This method combines the adaptive law with the 

model-based control scheme, which improves the robustness while maintaining the 

good tracking performance. 

In this paper, a model predictive control (MPC) strategy is utilized to compensate 

the time delay in the real-time shake table control. The dynamic model that contains the 

hydraulic shake table control system and the installed specimen is modelled, and the 

parameters are identified by grey-box system identification method for the controller 

design. Numerical simulation results show that this approach successfully improves the 

tracking performance and phase response. The robustness against the specimen 

nonlinearity is also proved in both numerical simulation and real-time experiment. 

2. Description of the Control System and System Identification 

2.1. Model of Shake Table System with SDOF Specimen 

The control model for the shake table control system considered in this paper is created 

by physical modeling and parameters identification technique. The hydraulic shake 

table system including the PID controller, hydraulic actuator, shake table and the tested 

specimen. The basic schematic is presented in figure 1.  

Figure 1. Schematic of a SDOF specimen mounted on the shake table.

Considering the transfer functions of servo valve, actuator and the PID controller, 

the bare table control system can be represented by a third order system model, which 

takes displacement command as input and generate displacement feedback as output 

[5]. The governing equations of the bare table control system expressed in the state 

space form is given in equation (1), 
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where, 
t
x and

t
x� are the table displacement and velocity; 

t
m  is the mass of the shake 

table; 
a
k , 

a
  and 

a
  are the control gain, the natural frequency and equivalent 

damping ratio of the shake table system; 
a
f  is the actuator force applied to the shake 

table; 
d
x  is the target displacement. 

And the specimen model can be modelled analytically to consider the control-

structure interaction, the governing equations of the specimen can be written as 

equation (2) and (3). 
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where, 
s
x  is the relative displacement of the specimen relative to the shake table; 

s
m ,

s
k ,

s
c  are the mass, stiffness and damping of the specimen, respectively.  

Combining equation (1), (2) and (3), the state space form of the shake table system 

which contains the hydraulic dynamics, and the CSI effect can be given in equation (4), 
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2.2. Parameters Identification 

The control model for the shake table control system considered in this paper is created 

by physical modeling approach and parameters identification technique. Several ground 

motions are used to excite the shake table within the frequency of interest. Both the 

displacement command and the displacement feedback are recorded to conduct the 

parameter estimation by grey boxing system identification method. The identified 

parameters are listed in table 1. 

Table 1. Parameters of the shake table control system and SDOF specimen. 

Mass of the specimen, 
s

m [kg] 136.5752 

Damping coefficient of the specimen, 
s
c  1289.667 

Stiffness of the specimen, 
s
k [N/mm] 297800 
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Mass of the shake table, 
t

m  575(kg) 

Control gain of the shake table, 
a
k  60 

Damping ratio of the shake table system, 
a

  0.8 

Natural frequency of the shake table, 
a

  232.4779 

3. Model Predictive Control Design 

MPC strategy includes three key processes: prediction, optimization and receding 

horizon, the basic process is illustrated in figure 2. The general design objective of 

MPC is to compute a trajectory of a future command to optimize the future response of 

the shake table.  

 
(a) Prediction at time step k (b) Prediction at time step k+1 

Figure 2. Schematic of MPC control strategy.

First, the proposed model in section 2 which is discretized with the sampling 

frequency equals 1000 Hz, is used in MPC to predict the shake table’s response with 

the future control command as the adjustable variables. Second, MPC will find the 

optimal control sequence such that a cost function is minimized within the prediction 

horizon. Third, with the receding horizon control principle, only the first sample in the 

control sequence is implemented. This procedure is repeated in real time to improve the 

control performance.  

A steady state Kalman filter is designed to obtain the values for the unmeasurable 

states and predict the future plant output. The filter is designed by solving the discrete 

algebraic Ricatti equation to get the a priori estimate error covariance M in equation 

(5). The Kalman gain is designed as constant throughout the entire control process and 

be calculated in equation (6). With the known Kalman gain, the Kalman filter 

estimation can be applied, and the steps are presented in equation (7) and (7). By using 

the states obtained from the steady state Kalman filter in equation (8), the MPC can 

make predictions for the output variable and solve the optimization problem to generate 

the optimal control sequence. 
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4. Numerical Simulation 

4.1. Numerical Simulation with Linear Specimen 

To investigate the performance of the MPC design strategy, the linear model simulation 

is conducted by utilizing the parameters identified in table 1. The control performance 

of using just PID controller is presented as the benchmark result. The 1980 Irpinia Italy 

earthquake record is chosen to be the reference signal and the comparison result is 

presented in figure 3. It can be clearly shown that both the tracking performance and 

time delay are improved. 

Figure 3. Linear specimen simulation result.

4.2. Numerical Simulation with Nonlinear Specimen 

To further investigate the effectiveness and robustness of MPC, a nonlinear SDOF 

specimen is designed in simulation framework to by using the bouc-wen hysteric 

model [6] presented in equation 5 to represent the specimen nonlinearity and the same 

MPC controller designed in section 3 is used in the simulation.  
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The simulation result shown in figure 4 shows that even the nonlinear effect exists 

in the specimen, MPC is still robust enough to achieve good control performance and 

improve the time delay issue. 
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5. Conclusion 

In this study, MPC is introduced in time delay compensation indued by the nonlinear 

dynamics of the shake table and the CSI effect. A Kalman filter is used to provide MPC 

with future plant output, in order to derive the optimal control sequence. In this paper, 

the dynamic model including the shake table control system and a SDOF specimen was 

established, and its parameters were identified using grey-box identification method. 

Then, the MPC controller based on the control model was addressed, followed by two 

numerical cases, with linear and nonlinear specimens. Results from two cases illustrate 

that both the tracking performance and time delay are improved and validate that the 

proposed MPC has a receiving effectiveness and robustness. Further work will focus on 

conducting a real RTHS test using the proposed MPC strategy.  

onlinear specimen simulation result NFigure 4. 
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