
  

 

Abstract—A highly reconfigurable cyber-physical Real-time 

Hybrid Test (RTHT) instrument is under development that is 

particularly suitable for Civil Engineering structural control 

testing applications. The instrument serves as a testbed for 

studying structural system behavior under dynamic loading and 

associated vibration mitigation control techniques. The focus of 

this paper is to validate the developed framework 

experimentally regarding both its accuracy and efficiency in 

conducting RTHT. A MATLAB-based nonlinear finite element 

simulation tool, designed to predict seismically excited 

non-linear building response, is used as an analytical 

substructure, with a magneto-rheological (MR) damper as a 

physical substructure. A model based control scheme is adopted 

to compensate for de-synchronization between substructure 

interfaces caused by hydraulic actuator dynamics. The RTHT is 

then conducted for both passive and semi-active MR damper 

control cases, the results of which show an excellent match 

between RTHT and pure numerical simulation outputs, thus 

demonstrating the effectiveness of the prototype instrument. 

I. INTRODUCTION 

Two methodologies are commonly used for evaluating the 

performance of structural systems when subjected to 

earthquake loads: the shake table test and the so called 

pseudo-dynamic test (PSD). Although more realistic motions 

can be achieved through a shake table test, only reduced-scale 

structural models are usually tested due to the payload 

constraints of the shake table. Alternatively, in PSD tests, the 

structural specimen is subjected to a set of displacement 

increments that are sequentially imposed by the use of 

hydraulic actuators. Within each loading step, force signals 

measured from the test specimen are fed back into a 

numerical integration scheme to solve the equation of motion 

and calculate the next displacements to be imposed. 

However, the suitability of PSD for testing velocity 

dependent devices (e.g. dampers) is limited due to their 

expanded time scale execution. Consequently, continuous or 

real-time strategies for PSD tests, in which a one-to-one time 

scale for experiment-to-simulation execution is achieved, are 

desirable to reproduce more realistic motions. 
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Hybrid testing techniques can also be integrated with PSD 

test implementations to reduce the cost involved with 

fabrication and full-scale testing of large-scale structures. 

Within a hybrid test implementation, critical components of 

the structural system under evaluation can be physically 

tested to be better understood, while others (e.g., more 

predictable ones) can be represented with computational 

models. As a result, a real-time hybrid test (RTHT) 

implementation provides a suitable platform to evaluate 

structural / rate-dependent systems under actual dynamic and 

inertial conditions without requiring whole system testing. 

Some PSD and RTHT platforms can be found currently 

through the George E. Brown Network for Earthquake 

Engineering Simulation. One of the NEES Facilities is 

entirely focused on this technology to advance our ability to 

achieve resilience in our communities. The RTMD NEES 

facility at Lehigh University (http://www.nees.lehigh.edu) 

has been leading the development of this technology and 

provides capabilities to use these methods to advanced testing 

of structural systems. An in depth description of this project 

and other implementations from different NEES facilities can 

be found at the NEES web site: (http://www.nees.org). 

The main objective of this paper is to introduce and present 

preliminary experimental results of a scaled RTHT 

framework that is currently being implemented at the 

Intelligent Infrastructure Systems Laboratory (IISL) at 

Purdue University. The implementation is primarily aimed 

for structural control applications. Therefore, an experimental 

setup with a physical MR damper along with an analytical 

building model is used to validate the accuracy and efficiency 

of the proposed RTHT framework. This paper is organized in 

three main sections. Components and mathematical 

background of the RTHT framework are introduced in 

Section II. Section III describes the experimental setup 

components. Physical substructure characterization and the 

design of the analytical substructure are also described in 

Section III. Finally, Section IV presents validation results for 

the RTHT implementation, including a qualitative evaluation 

of the real-time processing capacity of the simulation tool. 

II. FRAMEWORK COMPONENTS OF CURRENT 

IMPLEMENTATION 

Inherent hydraulic actuator dynamics may prevent a 

calculated analytical substructure displacement from being 

applied accurately to an experimental substructure. Modeling 

and compensation of these dynamics are essential features for 

successful conduct of a RTHT. An MR damper is a type of 

highly nonlinear device that is nonetheless promising for use 
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in structural vibration control applications. Reliable damper 

models are therefore necessary, to develop baselines that can 

be used to validate and interpret results obtained from an 

RTHT framework. In our approach, a Linear Quadratic 

Gaussian (LQG) scheme with acceleration feedback is used 

as the primary controller to regulate structural response, with 

a clipped optimal secondary controller to drive the MR 

damper. A simulation tool used as analytical substructure is 

introduced at the end of this section. 

A. Hydraulic actuator dynamics and compensation 

One of the main challenges in conducting a successful and 

accurate RTHT is to synchronize the displacement and force 

at each interface between both numerical and experimental 

substructures. Although inevitable computation and 

communication delays are observed among various cyber and 

physical components, experimental studies [1] reveal that the 

phase lag associated with hydraulic actuator dynamics 

contributes the largest portion to this apparent delay in the 

time domain. 

Extensive research has been performed to model and 

compensate actuator dynamics via a suitable control scheme. 

By simplifying the actuator model as a constant time delay 

device, a polynomial function based predictive approach was 

proposed [6] to compensate for delay by extrapolating 

command displacement values using an n
th

 order polynomial 

function. Chen [2] proposed a simple delay model by 

idealizing linear actuator displacement response within each 

time step. The inverse of this model is therefore used for 

actuator delay compensation. A model reference adaptive 

control [7] strategy is applied with the assumption that the 

plant (actuator dynamics) can be approximated by a 

first-order transfer function system. 

A model based compensation strategy is adopted for the 

verification experiment in this study. The scheme is based on 

the dynamic models developed [8] for associated actuator 

components. The basic mechanism of a servo hydraulic 

actuator is that the valve receives a current input ic from 

controller which creates the spool valve displacement xv. 

civkvxvxv                 (1) 

Controlled hydraulic flow QL 
due to spool displacement 

causes pressure difference PL inside actuator chambers that 

will further induce the piston displacement xm. 

LpcKvxqKLQ
''

                (2) 

The continuity equation (conservation of mass flow) 

essentially governs the behavior of the hydraulic actuator. 

LpetVLp
l

CmxALQ  )4/(           (3) 

Parameters of the above equations are defined as follows: kv 
is 

the valve gain, v 
is the servo-valve time constant, Kq’ is the 

valve flow gain, Kc’ is the valve flow-pressure gain, A is the 

area of the piston, Cl is the total leakage coefficient of the 

piston, Vt is the total volume of the fluid under compression in 

both actuator chambers and e is the effective bulk modulus. 

Command displacement xc is applied by an inner-loop PID 

controller (P gain only in this specific experiment), 

cipKmxcx                  (4) 

and equilibrium of force is governed by the equation of 

motion: 

mkxmxtcmxtmALppf            (5) 

where mt, ct, and k are the mass, damping and stiffness of the 

piston plus the testing specimen. A feed-forward 

compensation scheme [1] is thus proposed based on this 

linear system model which essentially consists of the inverse 

of the actuator model in series with a unit gain low pass filter. 
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where pp,i are poles of the actuator and α is the control 

variable for the low pass filter. 

B. MR damper modeling 

An MR damper is a kind of semi-active control device that 

requires much less energy consumption to operate when 

compared to active control devices. An MR damper’s 

operation is based on controllable MR fluids. MR fluids have 

the ability to change from a free-flowing, linear, viscous fluid 

condition to a semi-solid condition in milliseconds when 

exposed to a magnetic field. Among various mathematical 

models for characterizing MR dampers, a phenomenological 

Bouc-Wen model [12] is used as the simulation model to 

validate experimental results in this study. 

C. Semi-active control strategy 

The H2/LQG algorithm is a disturbance rejection scheme 

which has been successfully applied in the structural control 

community for vibration mitigation applications [4]. State 

space formulation of a linear structure system can be 

constructed as: 

vgxHDfCzy

gxGBfAzz








              (7) 

where state variable vector z includes displacement and 

velocity on each discrete mass location. Output variable y can 

be any linear combination of states (e.g. accelerations for 

estimation of full states) and v is the measurement noise. 

Matrix coefficients are 
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and Ms, 
Cs, 

and Ks are the mass, damping and linear stiffness 

of the structure respectively.  is the vector considering 

structure mass influence and  is the matrix considering 

control force f  interactions and  is determined by the control 

device placement in the structure. 

The control law f=-Kz is achieved by minimizing the 

quadratic cost function 

 dtRfTfQyTyEJ 
  0 )(            (9) 

where Q and R are weighting matrices to define the tradeoff 

between regulated responses and control efforts. In practice it 

is not always feasible to measure all state variables directly, 

so Kalman state estimator ẑ is then constructed to minimize 

the steady state error covariance
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The nominal control force needs to be applied by physical 

MR damper devices which take the input voltage as a control 

variable. Dyke et al. [4] proposed a clipped-optimal strategy 

as the secondary controller for acceleration feedback control 

of an MR damper. The voltage applied to each MR damper vi 
is determined by the comparison of nominal desired control 

force fdi and measured force fmi  mifmif
di

fHviv  )(max            (11) 

where vmax is the voltage to the current driver associated with 

saturation of the magnetic field in the MR damper, and }{H is 

the Heaviside step function. 

D. Simulation tool 

Another key component to ensure an adequate RTHT 

implementation is the ability of the computational tool to 

recreate the physical behavior of the simulated portion of the 

test with sufficient accuracy. Additionally, the computational 

tool must have intensive execution capabilities to guarantee 

robust compatibility between simulated and experimental 

components during testing. 

Herein, a compatible version of a MATLAB-based 

simulation tool [10] adequate to be compiled and executed 

under the real-time kernel platform used in this study (section 

III-A), is proposed as the simulation tool. This simulation 

tool, developed for analysis of seismically excited non-linear 

buildings, has been used throughout the community for a 

benchmark control problem [11] and been verified through 

comparison with the structural analysis program IDARC2D 

[14].  The tool implements a bilinear hysteresis model with a 

kinematic hardening rule to recreate yielding locations that 

are assumed to occur at the moment resisting connections of 

steel buildings. 

The bilinear properties can be predefined for each 

structural element depending on the selected section. The 

yielding location can be represented with either a spread 

plasticity model (SPM) or a concentrated plasticity model 

(CPM), where yielding is limited only to the ends of the 

member while the interior is assumed to be elastic [3, 5]. In 

the SPM, a simple supported beam model is utilized for 

derivation of the 2x2 stiffness matrix relating moments and 

rotations at ends as follows: 
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GA and L are the shear stiffness and the length of the member, 

respectively. EIA and EIB are the instantaneous flexural 

stiffness at the member end sections, whose values are 

progressively updated from the hysteresis model. αA, αB
 
and 

EI0
 
are yield penetration parameters and flexural stiffness at 

the center of the member,  respectively. The yield penetration 

parameters are functions of the moment distribution and 

previous yield penetration history. Therefore, the 4x4 element 

stiffness matrix 
eK

~
 can be derived by using the equilibrium 

matrix between shear forces and moments as: 

 TBMAMeR
T

BMBVAMAV
~

][          (13) 

where, 
T
eRsKeReK

~~~~
  

Additionally, an unconditional stable Newmark-type 

integration scheme [9] is adopted in conjunction with the 

pseudo-force method [13] to solve the incremental equation 

of motion and evaluate the non-linear response. After 

substituting the corresponding Newmark’s equations with 

parameters β=1/4 and γ=1/2 into the incremental equation of 

motion, the resulting expression to solve for the displacement 

increment U
~

  is: 

DFUDK
~~~

                   (14) 

where:  
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,
~

 are the global lumped mass, Rayleigh damping and   

stiffness matrices, respectively. tUtU
 ~

,
~

 are the velocity and 

acceleration vectors at time t. fgx  ,  are the ground 
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acceleration and control force  increments, respectively. PG
~

,
~  

are the loading vectors for ground motion and control forces, 

respectively. errF
~

  is the vector of unbalanced forces. The 

unbalanced force is the force-difference between the restoring 

force evaluated using the hysteretic model and the one 

calculated by assuming a constant linear stiffness at time t 

during the time interval t ~ t+∆t.  This unbalanced force is 

added into the equation of motion at the next time step as an 

external pseudo-force. 

     In section IV, a preliminary evaluation of the performance 

of the proposed simulation tool under real-time processing 

conditions is presented and discussed. 

III. EXPERIMENTAL COMPONENTS 

A. Real-time kernel platform 

Our RTHT algorithm development for this work is based 

on MATLAB/SIMULINK [15]. The xPC Target is a flexible 

real-time testing solution that combines target machine and 

I/O modules that can both be chosen from a large variety of 

hardware options. Generated code is downloaded from a host 

computer onto a target kernel machine and executed directly 

atop the target machine hardware. The target machine for this 

experiment is a standard desktop PC with a Pentium IV 2.6 

GHz processor and 512 MB memory. The I/O device used is a 

NI PCI-6251 multifunction DAQ board with a resolution of 

16 bits that supports a maximum sample rate of 1.25 MS/s. 

B. Servo-controller and actuator 

The Bowen lab at Purdue University houses a MTS 

hydraulic pump that can be operated at 3,000 psi with a 

maximum flow rate of 120 GPM. Flow passes through a 

hydraulic manifold rated at 60 GPM and 3000 psi oil service. 

A Shore Western SC6000 analog controller in displacement 

feedback control mode accepts desired trajectory calculated 

from target PC, then apply it on a Shore-Western 910D 

double-ended hydraulic actuator to drive the physical test 

specimen. A Schenck Pegasus 162M servo-valve rated for 15 

GPM at a 1,000 psi pressure drop is used to control the 

actuator. The servo-valve has a nominal operational 

frequency range of 0-60 Hz. An Omega LC101-1k load cell 

with a range of 1 kip is included in series with the physical 

test specimen to measure the corresponding force at the 

interface between numerical and physical substructures. 

C. MR damper specimen 

The experimental substructure for this study is composed 

of a MR damper specimen that is 8.5in long in its extended 

position with an operational stroke of +/- 1 in. The main 

cylinder, with a 1.5 in diameter, contains the MR fluid, the 

magnetic circuit and the piston. The magnetic field can be 

varied from 0 to 200 kA/m by applying currents of 0 to 1 amp 

in the electromagnet coil. The peak power required is less 

than 10 watts, which allows the damper to be operated 

continuously for more than an hour on a small camera battery. 

With this device, forces up to 675 lb are expected to be 

achieved under small variations over a broad temperature 

range (less than 10%). 

A series of tests is conducted to measure the damper 

response under various loading conditions to characterize the 

proposed damper model. Comparison between the 

experimentally measured responses and the Bouc-Wen model 

are presented in Figure 1. A 5 Hz sinusoidal displacement 

command (a) with amplitude of 0.2 in is tested for both cases 

with constant voltage of 0V and 3V respectively. 

Band-limited white noise displacement input (b) is also tested 

at RMS amplitude of 0.1 in and band width of 10 Hz. The 

excellent match in all cases demonstrates the effectiveness of 

the identified model to represent the physical device. 

 

D. Numerical substructure model 

A 2D two-story-one-bay steel frame numerical model is 

utilized as the analytical sub-structure component in the 

experimental validation. Nonlinear frame elements, in 

agreement with the concentrated plasticity formulation, are 

used to model the beam members while linear elastic frame 

elements are used for the columns. A moment-curvature 

bilinear hysteresis model for the beam-column connections is 

defined with a post-yielding stiffness reduction of 90% with 

respect to the original flexural stiffness. Additional to a 

regulated non-linear response, member sections and mass 

distribution are designed in accordance to the force 

operational range of the damper device. Each story has a 

dimension of 19.7 in and the bay width is 23.6 in, defining a 

total height to width aspect ratio of H/W=1.67. Columns are 

 
(a) sinusoidal command 

 
(b) band limited white noise command 

 

Fig. 1.  Comparison of MR damper response with Bouc-Wen model 
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designed with rectangular cross section members of 2 in x 5/4 

in placed under a continuous length format so that no 

column-column connections (splices) are utilized. Likewise, 

beams are designed with rectangular cross section members 

of 1 in x 1/2 in. Inertial effects are accounted for by a lumped 

mass matrix approach with a mass distribution of 7.14 lb-s
2
/in 

per floor. The damping matrix is determined based on an 

assumption of Rayleigh damping with a critical modal 

damping ratio of 2%. Finally, boundary conditions at the 

column supports are assumed to be fixed in translation and 

rotation. The resulting analytical model leads to a 6 nodes – 

12 active global degrees of freedom - system with natural 

frequencies corresponding to the first and second mode of 

2.00 Hz and 11.75 Hz respectively. 

IV. EXPERIMENTAL VALIDATION 

A. Real-time processing evaluation of simulation tool 

A preliminary evaluation of the real-time processing 

capacity of the proposed simulation tool is presented in this 

section. Non-linear dynamic analyses of 3-story-one bay 

(Model 1), 4-story-two bay (Model 2), 3-story-four bay 

(Model 3), 9-story-five bay (Model 4) and 20-story-five bay 

(Model 5) building models were performed using a real time 

processor. Every structural scenario was subjected to the N-S 

earthquake record component measured at the Kobe Japanese 

Meteorological Agency (JMA) station during the Kobe 

earthquake of January 17, 1995. The target system mentioned 

in section III-A is used to evaluate every scenario. Table I 

shows the corresponding maximum sampling frequencies that 

the simulation tool is able to achieve for each of the proposed 

cases. Successful real-time performance is reached for the 

Models 1, 2, and 3, since sampling frequencies much greater 

than 1024 Hz are achieved. (1024 Hz sampling frequency 

value is used as reference since it is commonly accepted for 

most of the RTHT implementations). Conversely, when the 

structural complexity increases by a considerable amount (in 

the number of DOF), a substantial decrease in the sampling 

frequency is observed (Models 4 and 5). 

 

B. RTHT validation 

Verification experiments were conducted using the 

nonlinear structural model and MR damper devices described 

in section III. The structure is subjected to half intensity of the 

NS component of the 1940 El Centro earthquake with the MR 

damper experimental setup shown in Figure 2.  

The model based compensation scheme requires 

knowledge of actuator dynamics a priori in order to generate 

effective control. The transfer function between the input 

command displacement xc and output measurement xm are 

experimentally obtained. The displacement input is chosen as 

a band-limited white noise from 0-50 Hz with RMS 

amplitude of 0.03 in. The sampling frequency of the system is 

set to be 1024 Hz and the transfer function is calculated with 

4096 FFT points. Successive sections are Hanning windowed 

with 50% overlap and 50 averages. Two experimental 

transfer functions are obtained separately when the damper is 

subject to 0V and 3V. The MR damper needs to be operated 

under rapid voltage switches in typical semiactive control 

applications, and thus it is important to have a compensation 

scheme that is robust to account for such actuator dynamic 

changes at variable input voltages. The model based 

compensation scheme is thus further developed [1] by adding 

a bumpless transfer element GT where t determines the speed 

and smoothness of transition 

)]1(max/[1)(  stVsTG               (15)  

 
Four different control cases are considered here: (1) an 

uncontrolled case (structure without the MR damper) (2) a 

passive off case (the MR damper is used as a passive device 

with constant 0 input voltage) (3) a Passive on case (the MR 

damper is used as a passive device with constant maximum 

input 3V) and (4) a Semiactive case (voltage to the MR 

damper device varies and is determined by the clipped 

optimal control algorithm described in section II-C). The 

Bouc-Wen model is implemented as a continuous dynamic 

system in SIMULINK and evaluated by a Runge-Kutta 

numerical integration solver with a fixed time step of 1024 

Hz. Compensation feed-forward gain is taken as =3 and 

t=0.0048. The semiactive controller is designed by placing a 

high weighting on both floor displacements. 

A comparison of 1
st
 story displacement responses from the 

experiment and the simulation is presented in Figure 3. Only 

the first 20s results are considered since the peak responses 

occur during this portion of the earthquake. Excellent 

agreement is observed for all three control cases, which 

demonstrates the capability of the developed framework for 

conducting RTHTs. The uncontrolled simulation response is 

also included in the semiactive control plot to demonstrate the 

effectiveness of the semiactive controller in mitigating 

structure vibration. RMS structure responses (shown in Table 

II) provide a direct comparison. The semiactive controller 

performs better than both passive cases and reduces 

approximately 40% of structure displacement compared with 

the uncontrolled case in this particular application. 

 
 

Fig. 2.  Validation test experimental Setup 

 

TABLE I 

REAL TIME PROCESSING EVALUATION 

Model # Degree of Freedom Maximum Fs (Hz) 

1 18 10000 

2 45 2200 
3 45 2000 

4 180 125 

5 396 25 
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V. SUMMARY 

We are developing hardware and software components to 

build an innovative instrument to perform real-time hybrid 

testing of structural systems. A successful validation 

experiment was conducted to demonstrate the effectiveness 

and efficiency of the current stage of development. Our future 

plans include developing advanced adaptive and robust 

algorithms that can handle model uncertainties in physical 

substructure testing, further validating the platform for more 

realistic and complicated MIMO structure testing; 

accommodating distributed computational resources in 

real-time testing; and designing and implementing more user 

friendly visualization and control tools. An improved version 

of the proposed computational tool with more 

advanced simulation capabilities will be available as an 

open-source tool in the near future. 
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TABLE II 
RMS VALUE OF STRUCTURE DISPLACEMENT 

 
1st floor (in) 2nd floor (in) 

Uncontrolled 0.1233 0.3676 

Passive off 0.1133 0.3384 

Passive on 0.0749 0.2259 
Semiactive 0.0736 0.2239 
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(c) semiactive vs. uncontrolled 

 

Fig. 3.  Comparison of RTHT and simulation response 

 

0 2 4 6 8 10 12 14 16 18 20
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Time (s)

D
is

p
 (

in
)

 

 

Simulation

Experiment

0 2 4 6 8 10 12 14 16 18 20
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Time (s)

D
is

p
 (

in
)

 

 

Simulation

Experiment

0 2 4 6 8 10 12 14 16 18 20
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Time (s)

D
is

p
 (

in
)

 

 

Simulation

Experiment

Uncontrolled

3306


