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Abstract. Real-time substructuring techniques are currently an advanced experimental method for testing 
large size specimens in the laboratory. In dynamic substructuring, the whole tested system is split into two 
linked parts, the part of particular interest or nonlinearity, which is tested physically, and the remanding part 
which is tested numerically. To achieve near-perfect synchronization of the interface response between the 
physical specimen and the numerical model, a good controller is needed to compensate for transfer system 
dynamics, nonlinearities, uncertainties and time-varying parameters within the physical substructures. This 
paper presents the substructuring approach and control performance of the linear and the adaptive controllers 
for testing the dynamic characteristics of soil-structure-interaction system (SSI). This is difficult to emulate 
as an entire system in the laboratory because of the size and power supply limitations of the experimental 
facilities. A modified linear substructuring controller (MLSC) is proposed to replace the linear substructuring 
controller (LSC).The MLSC doesn’t require the accurate mathematical model of the physical structure that 
is required by the LSC. The effects of parameter identification errors of physical structure and the shaking 
table on the control performance of the MLSC are analysed. An adaptive controller was designed to 
compensate for the errors from the simplification of the physical model in the MLSC, and from parameter 
identification errors. Comparative simulation and experimental tests were then performed to evaluate the 
performance of the MLSC and the adaptive controller. 
 

Keywords:  soil-structure-interaction; dynamic substructuring; linear substructuring control; identification 
errors; adaptive control 

 
 
1. Introduction 
 

Soil structure interaction (SSI) has been investigated for more than one hundred years. A lot of 
theoretical research (Wolf 1985, Mylonakis and Gazetas 2000, Medina, Aznarez et al. 2013) shows 
that SSI can be beneficial as well as detrimental to structures; however these conclusions were not 
successfully verified by experiment, because of the lack of adequate testing facilities and 
techniques. The primary experimental techniques for SSI are holistic. They include small and large 
scale models that take both soil and superstructure as specimens. In the large scale models, the 
large size (even full size) test specimen is built outdoors (Shang, Zhang et al. 2007) as a real 
structure to ensure the reality of the SSI system. Because no strong excitation can be imposed on 
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the SSI system; this can only test the effect of SSI on the natural characteristics of structure, such 

as frequency and damping, in the small scale models, the semi-infinite soil is simulated using a 

soil box (Chen, Lü et al. 2006, Pitilakis, Dietz et al. 2008). The whole SSI system can be tested 

using a shaking table to simulate the seismic excitation. The structures in civil engineering are 

huge, and the soil box required needs to be much bigger than the superstructure (Chen, Lü et al. 

2006, Pitilakis, Dietz et al. 2008). So the size and power of the testing facilities limit the size of 

the scale models. The limited size of the model creates significant scaling effects. A novel solution 

is supplied by real-time dynamic substructuring (RTDS) (Nakashima, Kato et al. 1992) to 

overcome the disadvantages of the holistic method. In substructuring, the whole system is divided 

into two coupled parts. The part of particular interest or nonlinearity is tested physically. The other 

part behaves linearly, and is tested numerically. The most important advantage of substructuring is 

that the specimen can be sized according to the limit of the power of the testing equipment. This 

makes possible the use of large size components (or even prototype tests). Taking the 

soil-foundation system (Konagai and Ahsan 2002, Wang, Wang et al. 2011) and superstructure as 

numerical model (Heath, Darby et al. 2008), real-time substructure testing for SSI was also 

realized to simulate the SSI effect on frame (Wang, Wang et al. 2011) and bridge (Yan, Li et al. 

2014).  

The key point of substructuring is to reproduce the numerical response of the substructure 

interface by transfer systems (actuator or shaking table).To ensure the test results are close to those 

obtained from directly testing the overall system, an adaptable controller (Horiuchi, Inoue et al. 

1999, Horiuchi and Konno 2001, Zhu, Wang et al. 2014, Wallace, Wagg et al. 2005) is expected to 

compensate for transfer systems dynamics, nonlinearities, uncertainties and time-varying 

parameters within the physical substructures (PS) and transfer system (TS).  

Until recently, inverse compensation (Horiuchi, Inoue et al. 1999, Horiuchi and Konno 2001, 

Zhu, Wang et al. 2014, Wallace, Wagg et al. 2005, Chen, Chang et al. 2015) was the commonly 

used method for substructuring control. However, this method has two limitations. First, accurate 

estimation of the transfer function or delay is required. The estimation errors of the transfer 

function may cause poor performance, even instability (Chen and Ricles 2009, Enokida, Stoten et 

al. 2015). Second, the inverse compensation method does not considerate the physical model. The 

interaction between the physical substructure and the transfer system is inevitable. Only small 

mass physical models or structural components can be tested using real-time substructuring.  A 

linear substructuring controller (LSC) (Stoten et al. 2007, Stoten and Hyde 2006) was proposed to 

overcome the interaction. The physical substructure of the LSC is taken as the control plant 

together with the transfer system. A series of adaptive controllers (Stoten, Lim et al. 2007, Stoten 

and Hyde 2006, Stoten, Tu et al. 2009, Tu, Lin et al. 2010, Neild, Stoten et al. 2005) were 

developed to compensate for the estimation errors, strong nonlinearity, uncertainties and 

time-varying parameters of transfer systems and the physical model. The performance was found 

to be satisfactory (Tu, Lin et al. 2010, Neild, Stoten et al. 2005). 

In SSI testing systems using RTDS, the specimens (superstructures) are always large and 

complex. The LSC together with the adaptive controllers is suitable for this system. The only 

drawback is that the transfer function of the physical model is needed in LSC, but structures in 

civil engineering are complicated systems with tens of degrees of freedom (DOFs). The 

undesirable high-order transfer function and the numerous parameters that need to be identified are 

inevitable. Therefore, a modified LSC controller (MLCS) for SSI systems is necessary. The system 

identification errors of TS and PS are also inescapable, and this part of effects are planned to be 

compensated by the adaptive minimal control synthesis algorithm with error feedback (MCSEF) 
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algorithm. Section 2 describes the RTDS scheme of SSI. The control strategies of RTDS for SSI 

system are developed with the combination of MLSC and MCSEF and their performance are 

discussed in Section 3. Comparative simulation tests of the developed control strategies are 

performed to show the control performance in section 4. In section 5 an experimental test is 

described to verify the validity of the MLSC-MCSEF controlled RTDS system to simulate SSI 

effect. Section 6 summarizes the conclusions. 

 

 

2. The RTDS scheme for SSI systems 
 

In the monolithic model of SSI system often used in civil engineering applications, the 

superstructure and its foundation together with the soil in its vicinity are used to describe the SSI 

systems with all the nonlinearities of material (irreversible soil behaviour, sliding along the 

interface) or geometric origin (uplift of the foundation). These descriptions of the SSI system are 

complex and computationally expensive. To simplify the complexity of the foundation-soil system, 

different numerical models (Wolf 1985, Luan and Lin 1996, Chatzigogos, Pecker et al. 2009) were 

developed .The simplified models make it easier to analyse global SSI systems numerically and 

provide an opportunity to evolve a novel method based on substructuring to investigate SSI 

experimentally. The lumped-parameters model (LPM) (Luan and Lin 1996) was chosen for the 

development of SSI substructuring herein. In this model shown in Fig. 1, only the lateral 

movement of SSI system is considered. The soil-foundation system is represented by a two DOFs 

system, with two mass blocks (mf1,mf2), three springs (kf1,kf2,kf3) and three dashpots(cf1,cf2,cf3). The 

mass (Mf), damping (Cf) and stiffness (Kf) matrices of this system are governed by 

2 2 2 2

2 2 2 3 2 2 3

* * * * * * *

f1 f1 f f f1 f f

f fe f fe f fe* * * * * * *

f f f f f f f

m c c c k k k
M , C , K

m c c c k k k

        
       

             
M C Κ  (1) 

where Mfe, Cfe and Kfe are the unified mass, damping and stiffness respectively. In case of strip 

footing on an elastic foundation, the unified parameters can be obtained from the following 

equations (Luan and Lin 1996) 
2

2

0 0 08
, ,

2

s
fe s fe s fe s

s s

v r r r
K K C K K K

v v





 
     

  
 (2) 

where Ks is the static stiffness, vs is the shear wave velocity of soil,is Poisson’s ratio and r0 is the 

characteristic length of foundation. When the system is excited by external force, the dynamic 

impedance function of foundation can be estimated by the transfer function between the external 

force (pf1(s)) and the displacement of foundation (yf1(s)).This transfer function can be formulated 

from the mass, damping and stiffness matrices in Eq. (1) 

1 211 22 12 21
0 0

1 22

( )
( ) , ( )

( )

f

ij s ij ij ij

f

p s S S S S
K S K k a m ia c

y s S



      (3) 

where mij, cij, kij are the corresponding elements of the mass, damping and stiffness matrices in Eq. 

(1) ignoring the unified mass, damping and stiffness, a0=r0/vs is a dimensionless frequency 

parameter, and is the frequency of external excitation. The dynamic impedance function K() is 

determined by mf1
*
, mf2

*
, cf1

*
, cf2

*
, cf3

*
, kf1

*
, kf2

*
, kf3

*
 and Ks . To obtain a general soil-foundation 

model, the dynamic impedance function presented in Eq. (3) is normalized by the static stiffness 
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(Ks). Using the dynamic impedance function developed by Veletsos and Wei (1970) for the elastic 

half-plane foundation, the parameters of LPM were estimated by multiple regression analysis. The 

evaluated values of all parameters for this model are shown in Table 1. The comparative results of 

the LPM and Veletsos’s analytical model presented in Fig. 2 show that LPM is suitable to represent 

the soil-foundation system in RTDS. 

Based on LPM, The emulated system shown in Fig. 3(a) can be substructured as the RTDS 

system shown in Fig. 3(b). LPM model represents the soil-foundation system. The superstructure 

is installed on a shaking table, which is used as the transfer system to simulate the interface 

acceleration (an). As can be seen in Fig. 3(b), the interface acceleration is resulted from external 

excitation(r) and reaction force of superstructure (f) 

n fr ffa G r G f   (4) 

 

 

 
Table 1 Parameters of the used lumped parameters model 

m
*

f1 m
*
f2 c

*
f1 c

*
f2 c

*
f3 k

*
f1 k

*
f2 k

*
f3 

0.033 0.003 0.501 -0.008 0.014 1.660 -0.124 0.157 

 

 

 

Fig. 1 Lumped parameter model 

 

 

 
(a) real part  (b) imaginary part 

Fig. 2 Dynamic stiffness of elastic half-plane foundation 
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(a) Emulated system (b) Substructured system 

Fig. 3 Division of the whole SSI system 

 

 

From Fig. 3(b), the transfer function models for the different parts can be determined. Gfr(s) is 

the transfer function between the acceleration of foundation and the external excitation, and Gff(s) 

represents the transfer function between the acceleration of foundation and the reaction force of 

physical substructure. 

2
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2 2 2

1 1 2 1 2 2 2 3 2 3 2 2

( )( ) ( )[( ) ( )]

[ ( ) ( )][ ( ) ( )] ( )

f f f f f f f f f f f

fr

f f f f f f f f f f f f

c s k m s c s k c s k c c s k k
G ( s )

m s c c s k k m s c c s k k c s k

       


         

 

(5) 
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(6) 

Normally, the achieved value of interface acceleration is not an but ap after going through 

shaking table because of its dynamics. That leads the needs of RTDS controller. As Tu, Lin et al. 

(2010) said, the shaking table can be approximated to a first-order system such that 

as

a
sGs


)(  (7) 

where a is the product of the time constant and the proportional gain of shaking table. And then the 

reaction force is formulated as 

( ) ( )f pf s G a s  (8) 

Gf represents the transfer function of the total shear force (f(s)) of superstructure from 

excitation (ap(s)), which is determined by the dynamic equation and parameters. It will be 

1173



 

 

 

 

 

 

Jun Guo, Zhenyun Tang, Shicai Chen and Zhenbao Li 

discussed in next section. 

 

 

3. RTDS control strategy for SSI systems 
 

3.1 Modified linear substructuring control 
 

To formulate the synthesis procedure of RTDS dynamics and control, a framework of linear 

substructuring controller (LSC) was proposed by Stoten and Hyde (2006), as illustrated in Fig. 4. 

An emulated system is conceptually decomposed into at least two substructures, ∑n and ∑p. For 

practical cases ∑n represents the numerical model and ∑p represents the physical model. Control 

and excitation signals are denoted by u and r, respectively. Here, the RTDS dynamics are 

represented by three generalized blocks, G(s), constraint; G1(s), excitation; and G2(s), transfer 

system dynamics. G1(s)=the relationship between the displacements of the top of the foundation 

(anr) and the ground motion (r); G(s) = the relationship between the control signals (u) and the 

acceleration of the top of the foundation (anf) from the reaction force, including the TS dynamics 

Gs(s), the reaction force dynamics Gf(s) and the numerical substructure dynamics Gff(s);G2(s)=the 

TS dynamics, thus 

   1 frG s G s  

(9) 

          

       s f ffG s G s G s G s  

   2 sG s G s  

With reference to Fig. 4, the error dynamics (e= an-ap) of an LSC-controlled DSS can be 

written as (Stoten and Hyde 2006, Stoten, Tu et al. 2009) 

 
       

   
1 2

21

r

err

e

G s G s G s K s
G s

G s G s K

   
   

 (10) 

where Gerr(s) is the transfer function between the error dynamics(e)  and external excitation(r). To 

synchronize the two outputs {an,ap}, the substructuring error is expected to equal zero, the 

numerator of Eq. (10) is set equal to zero, then 

1

2

( )
( )

( ) ( )
r

G s
K s

G s G s



 (11) 

And the achieved interface acceleration (ap(s)) resulted from external excitation(r) can be 

expressed as 

1 2

2

( ) ( )

( ) 1 ( )

p e r
p

e

a s K G K G
G

r s K G G


 

 
 (12) 

As known from the procedures of LSC design, the achieved interface acceleration is completely 

equivalent to the acceleration of the foundation in an entire system, when the models of different 

parts used in LSC controller are accurate. In this case, the response presented in Eq. (12) 

represents the acceleration of the foundation in emulated system, which can be used as the baseline 

for the error analysis in the following discussion. 
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Fig. 4 Linear substructuring controller 

 

 

In the design of LSC, the accurate model of numerical and physical substructure and transfer 

system are all needed. However, in civil engineering applications, the superstructure system has 

100s of DOF, which results in three problems: (a) high orders controller for substructuring control; 

(b) high computation requirement for hardware used in experiment and,(c)complicated parameter 

identification for PS. Eq. (9) shows that the transfer function Gf(s) is related to superstructures for 

LSC design, which represents the summation of the reaction force of all the DOFs, and the transfer 

function Gf(s) of MDOF can be written as 

  2

1

n

f pi pi

i

G s m s G


   

(13) 
( )

( )

pi

pi

a s
G

r s
  

where mpi is the mass of ith DOF in n DOFs, Gpi is the transfer function between the acceleration 

of ith DOF (api(s)) and the ground motion (r(s)). Therefore, all the parameters (mass, stiffness and 

damping) of superstructures are needed for the LSC design, actually, that is an overwhelming 

difficulty in civil engineering at present. 

In the dynamic analysis of structures, the mode superposition methods (Clough and Penzien 

1993) are adopted to decouple the dynamic equilibrium equations. The n DOFs systems are 

resolved into n SDOF systems. The response of the n DOFs system is then equal to the 

superposition of the responses of all the n SDOF systems. However, the used mode shapes need 

not be the exact free-vibration mode shapes for the sparse mode structure. The responses of the n 

DOFs system are exact enough when the dominant mode shapes are employed. This requires that 

the participating mass ratio (the ration of the participating mass to the total mass) of the included 

mode in the calculation of response is more than 90 percent (Wilson 2002). Thus, using mode 

superposition methods the modified LSC (MLSC) can be achieved, and the reaction force of PS 

will be 

 
2

2

2 2
1

2

2

n
pj pj pj

fm pefcj

j pj pj pj

G s m s
s

  

  


 

 
  (14) 

1175



 

 

 

 

 

 

Jun Guo, Zhenyun Tang, Shicai Chen and Zhenbao Li 

  
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j p

pefcj

j

m I
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M

   
  

   
T

j j p jM m      

where mpefcj,pj,pj are the participating mass, natural frequency and damping ratio of jth mode 

respectively , {j} is the model shape vector of jth mode. I is unit vector, [mp] is the mass matrix of 

the n DOFs system (shown in Fig. 3). l is the number of the modes which satisfy the 90 percent 

participation rule (Wilson 2002). From Eq. (14), not all the parameters (mass, stiffness and 

damping) of superstructures but only the participating mass, natural frequency and damping ratio 

of the modes are needed for the LSC design, of which the natural frequency and damping ratio can 

be acquired experimentally, and the mass matrix can be readily gotten through the density and 

volume of the structures. 

The substitution of Eq. (14) into Eq. (9) yields the block G(s) for MLSC. 

       m s fm ffG s G s G s G s  (15) 

Hence, from Eq. (11), the forward transfer function Kr of MLSC is  

 
 

   
1

2

rm

m

G s
K s

G s G s



 (16) 

The transfer function between the achieved interface acceleration (ap) and external excitation(r) 

for the RTDS system controlled by MLSC is 

1 2

2

( )

1 ( )

e rm
pm

e

K G K G
G

K G G




 
 (17) 

The combination of Eqs. (12) and (17) produces the relative control error resulting from MLSC 

pm

err

p

G
G

G
  (18) 

To verify the validity of MLSC, a RTDS system is designed for the simulation of SSI. A 

mass-spring-damper system with two DOFs is used as the superstructure. The superstructure is 

constructed on the surface of a semi-infinite soil foundation.This work pays more attention to 

develop an accurate control strategy for SSI sub-structuring testing system. To ensure the test run 

in real time, the SSI effects are not expected to be very strong. Hence Poisson’s ratio and 

the mass density =2000kg/m
3
, the length of foundation r0 =12m and the shear wave velocity 

vs=200m/s are adopted. The parameter for the shaking table a=100rad/s is selected. Substituting 

these parameters into Eq. (2), the unified mass, stiffness, and damping of the lumped parameter 

model can be calculated. The parameters of this system are listed in Table 2 together with the 

parameters of the scaled model with the scale ratio of 1/1000, which will be used in the 

experimental test. 

The prototype is used to illustrate the performance of MLSC firstly. From Eq. (14), the 

participating mass of the first mode is 2.46×10
5
kg, and the total mass of this superstructure is 

2.55×10
5
 kg giving a participating mass ratio of 96.5%. As this is greater than 90%, a SDOF 

system can be used to replace the two DOFs system for the MLSC controller design. The 
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equivalent SDOF system will have: mass=2.46×10
5
kg, natural frequency=3.3Hz, damping 

ration=1.3%. To ensure the stability of the RTDS-SSI system, the roots’ loci method is used to 

select Ke. As known from the roots’ loci map, the closed-loop system is unconditionally stable and 

the value of the feedback gain that allocates the dominant conjugate pair with a real part 

(arbitrarily) at s=-0.3 is found to be Ke=1.5. From Eq. (18), the MLSC control error relative to the 

accurately LSC control in Fig. 5 shows that the error lies in a very small frequency range near the 

second natural frequency of superstructure, and in this frequency band, the maximal  magnitude 

error is less than 3%, and the maximal  delay is around 80 degree. MLSC supplies adequate 

control accuracy relative to LSC without the limitations on the identification of all physical 

parameters. 

 

3.2 The effect of the identification errors on MLSC performance  
 

The parameters of PS and TS need to be identified before designing MLSC controller, generally, 

which are analysed from the response of PS and TS loading white noise or swept sinusoidal 

signals. Due to the complexity of the structural system, materials, dynamics of transducer and 

external disturbance, an error in these parameters is inevitable. Nevertheless, its effect on the linear 

controller is unknown. In this section, the effect of the identification errors on MLSC were 

analysed based on the system shown in Table 2. The relationship of the value of these parameters 

used in the MLSC design and the real value are assumed as 

pe p m p

pe p p

pe p p

e a

m m m

a a a







   

   



 


 


 
  

 (19) 

 
Table 2 Parameters of the prototype and the tested model 

Numerical substructure Physical substructure 

 Mfe 

(kg) 

Cfe 

(Ns/m) 

Ke 

(N/m) 

mp1 

(kg) 

cp1 

(Ns/m) 

kp1 

(N/m) 

mp2 

(kg) 

cp2 

(Ns/m) 

kp2 

(N/m) 

Prototype 1.58e7 2.63e8 4.39e9 1.40e5 1.72e5 1.33e8 1.15e5 1.69e5 1.55e8 

Model 1.58e4 2.63e5 4.39e6 1.40e2 1.72e2 1.33e5 1.15e2 1.69e2 1.55e5 

 

 

Fig. 5 Control error of MLSC 
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where mpe, pe,pe, ae are the mass, damping ratio and natural frequency of the first mode of  PS, 

and the parameter of shaking table for MLSC design respectively, mp, p,p, a are the real value, i

（i=m,,,a）are the offset ratio between designed value and real value. The substitution of Eq. 

(19) into Eqs. (14) and (9) produces the blocks of {G, G2} for MLSC design 

       e se fe ffG s G s G s G s  

(20) 

   2e seG s G s  

  e
se

e

a
G s

s a



 

            
2

2

2 2

2

2

pe pe pe

fe pe

pe pe pe

s
G s m s

s s

  

  




 
 

The substitution of Ge(s), G2e(s) in Eq, (20) into E. (11) yields the forward transfer function Kre  

 
 

   
1

2

re

e e

G S
K s

G S G S



 (21) 

The same as section 3.1, set Ke=1.5, then from Eq. (12). The transfer function between the 

achieved interface acceleration (ap) and external excitation(r) for the RTDS system controlled by 

MLSC with identification error of PS and transfer system is 

1 2

2

( )

1 ( )

e re
pe

e

K G K G
G

K G G




 
 (22) 

Eq. (12) gives the accurate acceleration of interface from ground motion for the emulated 

system, the combination of Eqs. (12) and (22) produces the relative control error resulting from 

identification errors 

pe

err

p

G
G

G
  (23) 

Taken the system presented in Table 2 as an example: mp=2.46×10
5
kg, p=3.3Hz, p=1.3%, 

a=100rad/s, from Eq. (23), the relative control errors resulting from the identification error of mp, 

p , p and a individually are discussed with the offset ratioi(i=m,,,a)=±0.1, ±0.3 and±0.5 . 

The magnitude and phase errors caused by the identification errors of the mass, damping ratio and 

natural frequency of the PS, and the parameter a  for shaking table dynamics are shown in Figs. 

6-9. 

Fig. 6 shows that the major relative error occurs near p (p/), for the frequency 

identification error with same absolute value, the relative error is symmetrical. The frequency band 

affected by m observed from |Gerr| is around (0.8-1.2)p, while a relatively narrow frequency band 

of  (0.85-1.05)p was measured  in  the plot of ∠Gerr. Unlike the mass identification error, for 

the damping identification error with same absolute value shown in Fig. 7, the relative error 

resulting from negative identification error is more than the positive identification error. 

Meanwhile, the frequency band affected by  observed from |Gerr| and ∠Gerr are both  

(0.95-1.05)p, which is a more narrow range than it resulted by m. As can be seen in Fig. 8, for 
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the frequency identification error, the positive identification error resulted in larger relative error 

than the negative identification error, when the identification error is small, the relative error only 

occurs in a small frequency range near p, with the increase of , the additionally natural 

frequency of physical substructure appears and the frequency band affected by  broadens. Fig. 9 

shows that the identification error of shaking table deteriorates the control performance of MLSC 

not only near p, but also with the increase of frequency of reference signals. The positive value of 

identification error caused much smaller relative control error than the negative value.  

In general, the comparison of Figs. 6-9 revealed that, the control error of MLSC caused by the 

small identification error (i.e., i=±0.1) is slightly and ignorable. However, when the identification 

error is relatively large (i.e., i=±0.3 and ±0.5), Extra attention should be paid on the controller  

of RTDS-SSI system. 

 

3.3 Adaptive substructuring controllers 
 

As illustrated by the preceding section on the control errors of MLSC and the influence of 

identification errors on the performance of MLSC, the unknown and time-varying parameters and 

the uncertainties existing in the RTDS system are needed to compensate for through an adaptive 

controller. 

 

 

 

Fig. 6 Relative error resulting from identification error of PS: mass 

 

 

 

Fig. 7 Relative error resulting from identification error of PS: damping ratio 
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Fig. 8 Relative error resulting from identification error of PS: frequency 

 

 

 

Fig. 9 Relative error resulting from identification error of shaking table 

 

 

In this section, the application of the minimal control synthesis with error feedback (MCSEF) 

algorithm (Stoten and Hyde 2006) together with MLSC to RTDS-SSI is introduced. The MCSEF 

algorithm is a derivative of the adaptive minimal control synthesis (MCS) algorithm (Stoten 1989). 

The MCS algorithm is an adaptive model reference control strategy. The advantage of which is 

that the dynamics of the shaking table and the substructure are not required when designing the 

controller. A further potential advantage is that theoretically the controller can compensate for 

parameter variations. The modifications have been made to allow it to be used in substructuring 

(Stoten, Lim et al. 2007, Stoten and Hyde 2006, Stoten, Tu et al. 2009, Tu, Lin et al. 2010, Neild, 

Stoten et al. 2005). Normally, the MCS algorithm includes the reference model, so that the state 

error between the model and the plant is ensured to be globally asymptotically stable. In order to 

take full advantage of the structure of MLSC and the adaptively of MCS algorithm, the reference 

model of MCS has been replaced by the numerical model of RTDS (see Fig. 10). 

The control signal and adaptive gains of MCSEF in Fig. 10 are generated according to the 

following equations 

                 r e ra eau t K s r s K s e s K t r t K t e t     
(24) 

         
0

t
T T

ra e eK t y t r t dt y t r t dt    
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         
0

t
T T

ea e eK t y t e t dt y t e t dt    

where {,} are adaptive weights，the ratio α=10β, which has been shown to work well 

empirically (Stoten, Lim et al. 2007), is used here. The term ye is the output error, generated 

directly from e, according to ye(t)=Cee(t),where Ce is selected to ensure a strictly positive real 

dynamic in the hyper stability proof for the MCSEF controller (Stoten, Lim et al. 2007), for 

first-order control, Ce is normally defined as (Stoten, Lim et al. 2007): Ce=4/ts, where ts is the step 

response time of the implicit reference model. 

 

 

4. Comparative simulations  
 

In the foregoing section, the efficacy of the MLSC algorithm with identification error of 

physical substructures and shaking table were demonstrated in frequency domain in terms of 

magnitude and phase errors. To overcome the drawback of MLSC, an adaptive control strategy 

called MCSEF was incorporated. In this section, as seen in Table 2, using the LPM for soil as the 

numerical model, the two DOFs mass-spring-damping system as the physical model, and the 

first-order system with a=100 rad/s as the shaking table, the performance of MLSC and 

MLSC-MCSEF is to be performed in time domain. The four cases comparative simulations listed 

in Table 3 are discussed. For the cases with identification errors, the offset ratio of the physical 

substructure and shaking table are made congruent (i.e., m===a=). 

 

 

 

Fig. 10 MLSC-MCSEF controlled RTDS system 

 

 
Table 3 Conditions for comparative simulation 

Condition label Case1 Case2 Case3 Case4 

Parameters errors None None m===a= m===a= 

Controller LSC MLSC MLSC MLSC-MCSEF 
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A sine sweep of amplitude 0.1 m/s
2
, frequency range from 0.1 to 20 Hz and period 20s was 

chosen as the ground motion. The substructuring error of interface response between the emulated 

system and substructuring system is presented to indicate the control performance of controller for 

the RTDS-SSI system. Fig. 11 shows the substructuring errors of different cases together with the 

accurate interface acceleration response. 

In Case1, the idealized model was used for numerical and physical substructure and shaking 

table in LSC controller design, thus, LSC produced a predictably near-perfect response, with 

virtually zero substructuring error (See Fig. 11(b)). 

 

 

 
 

 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

(c) 

 

 

 

 

(d) 

 

 

 

 

 

(e) 

 

 

 

 

(f) 

 

 

Fig. 11 Interface acceleration of RTDS-SSI system controlled by MLSC and MLSC-MCSEF 
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In Case 2, the RTDS-SSI system was controlled by MLSC, during the design procedures of 

which, the two DOFs physical substructure needed by LSC was replaced by a SDOF system with 

the parameters of mp=2.46×10
5
kg, p=3.3 Hz, p=1.3%. The corresponding MLSC response in Fig. 

11(c) shows a visible substructuring error between 2s to 9s (equivalent to the excitation frequency 

from 2 Hz to 9 Hz) that is resulted from the magnitude and phase error near the natural frequencies 

of the first and second mode shown in Fig. 5.   

With the consideration of the identical identification error for physical substructure and shaking 

table in the design of MLSC in Case3, the parameters of physical substructure and shaking table 

become mpe=3.69×10
5
kg, pe=4.95 Hz, pe=1.95% and ae=150rad/s. The MLSC controller with 

identification errors produced a much larger substructuring error than the idealized MLSC as can 

be seen in Figs. 11(c) and 11(d). In this case, substructuring error includes two parts. One part lies 

in the range between the two natural frequencies of physical substructure (3.3 Hz-8.76 Hz) as 

shown in Fig. 6 to Fig. 8, which appears around 2s to 9s in Fig. 11(d). It is resulted from the 

parameter error of physical substructure. The other part lies in the range over 9s equivalent to more 

than 9 Hz is caused by the parameter error of shaking table as can be seen in Fig. 9. 

However, as was seen in section 3.3, the adaptive MLSC incorporating MCSEF strategy would 

be expected to melt the substructuring error caused by MLSC and identification error. This 

expectation is put to Case 4. The initial conditions of which are as follows: =1000, =100 and 

ts=0.01s, a process based on empirical selection, as described by Stoten and Benchoubane (1990). 

The substructuring responses are as shown in Fig. 11(e), which are virtually identical to those in 

Fig. 11(b). The adaptive gains of MCSEF in Fig. 11(f) varying with the substructuring error shown 

in Fig. 11(d) demonstrates that MLSC-MCSEF has displayed good adaptability to the 

identification error. 

 

 

5. Experimental tests  
 

In this section, the performance of RTDS system controlled by MLSC and MLSC-MCSEF was 

evaluated in an authentic experiment. Based on the authentic testing system, the effect of SSI on 

frame structure was checked roughly. 
 

5.1 Physical substructure 
 

The parameters of prototype structure listed in Table 2 were scaled in scale ratio 1:1000 in the 

experimental test. The scaled parameters of physical and numerical substructure were also 

presented in Table 2. Based on the scaled model, a two-story steel frame as shown in Fig. 12 was 

constructed. For each story, four cold formed steel members with angle section and a steel plate 

with additional mass-blocks were used. 

Before conducting RTDS test, a conventional shaking table test with white noise excitation was 

carried on to identify the dynamic parameters of the physical substructure. The acceleration 

spectrums of top story were shown in Fig. 13. As can be seen, the frequencies of the first and 

second mode were 3.235 Hz and 8.469 Hz, which were close to the designed values of 3.3 Hz and 

8.76 Hz respectively. For the design of MLSC controller in this test, the modal damping ratio and 

mass of the first mode were also needed. Estimating from the measured acceleration of the top and 

bottom story, the damping ratio of the first mode was1.94%, and the corresponding model shape 

vector was [1 0.483]
T
. Substituting the two values into Eq. (14) gave the model mass of 226 kg.  
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Fig. 12 Physical substructure used in the test 

 

 

 

Fig. 13 Acceleration spectrum of top story 

 

 

Compare with the designed value of the mass, damping ratio and frequency of the first mode: 

246kg, 1.3% and 3.3Hz, the identified results leaded -8%, 46% and -2% error for the mass, 

damping ratio and frequency. Based on the analytical results in Section 3.2, the identification error 

of damping ratio may cause remarkable control error in MLSC relative to mass and frequency.  

 
5.2 RTDS test for the simulation of SSI 
 

The efficiency of LPM to describe the properties of soil-foundation system has been verified by 

Wang, Wang et al. (2011) using finite element model. And in their studies, the simulation of SSI 

using RTDS also has been implemented successfully. In this work, a larger physical substructure 

and a shaking table with more complicated dynamics, which gives greater challenge for RTDS 

control, was used. The tested models of physical and numerical substructure have been listed in 

Table 2. The shaking table used here is controlled by three-variable controller. The estimated 

parameter of the shaking table used in MLSC design was a=100rad/s. A seismic wave measured 

from Kobe Earthquake (see Fig. 14) was selected as the input excitation of the SSI system. In the 

implementation of this test, the reaction force of the physical substructure was represented by the 

total inertia force of the lumped mass of each story, which was the product of the absolute 

acceleration and the mass of each story. 
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Fig. 14 Seismic wave used in the test 

 

 

In the experiment, the MLSC and MLSC-MCSEF controlled RTDS-SSI tests were conducted 

for comparison. Fig. 15 displayed the desired and achieved acceleration of shaking table in the 

form of synchronization subplots. It was seen that MLSC supplied an acceptable accuracy for 

RTDS-SSI test. After using MLSC-MCSEF, the agreement of the desired and achieved response 

was improved further as shown in Figs. 15(a) and 15(b), because MCSEF can track and correct the 

parameters error, uncertainties and other disturbance existing in the operation of test. That was 

verified by the adaptive gains of MCSEF shown in Fig. 15(c).  

To evaluate the effect of SSI on the dynamic response of frame structure, the soft soil 

foundation system with the shear wave velocity vs=200m/s was tested using the MLSC-MCSEF 

controlled RTDS. For comparison, the hard soil foundation system was also tested using the 

conventional shaking table test without the consideration of SSI. The tested results of acceleration 

and displacement response from 22s to 32s were shown in Fig. 16. In general, the SSI effect 

reduced both the relative acceleration and displacement of structure. The reduction ratio of 

acceleration for bottom and top story was around 14% and 18% respectively, while the 

corresponding value of displacement was around 16% and 17%. It was obvious that the SSI effect 

had less influence on the lower story than the upper story for the frame structure.  

 

 

               
(a) ap vs an controlled by 

MLSC 

(b) ap vs an controlled by MLSC-MCSEF (c) Adaptive gains of MCSEF 

Fig. 15 Control performance of RTDS-SSI system 
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(a) Bottom story (b) Top story 

Fig. 16 Structural response comparison with and without soil-structure interaction 

 
 
6. Conclusions 
 

The huge size and weight of structures make it difficult to test large size SSI system 

experimentally, together with soil. Establishing a framework for the application of real-time 

dynamically substructured systems to SSI system enables the large size or even prototype tests to 

be possible, which built a bridge between the theoretic and testing research for SSI. 

The complexity of structures in civil engineering cannot give an accurately mathematical model 

using limited DOFs for the physical model needed for linear substructuring controller. For this 

problem, the modified linear substructuring controller was proposed based on the mode 

superposition methods. It was found that the physical model for MLSC design was simplified 

greatly, while the control performance of MLSC was still reasonable. 

The adaptability of MLSC to identification error of physical substructure and shaking table, due 

to the complexity of the structural system, materials, dynamics of transducer and the external 

disturbance, was analysed. The results showed that MLSC had good robustness to these 

identification errors when their values are not too large (i.e., less than 10%), while when the values 

of these identification errors were relative large, extra controller was needed to handle the control 

error. 

An adaptive control algorithm (MCSEF) incorporating with MLSC was synthesized to deal 

with these identification errors which are intractable for MLSC. The simulated showed that 

MLSC-MCSEF controlled RTDS-SSI system produced a good response, with negligible 

substructuring error even when the identification error of physical substructure and shaking table 

was large (i.e., 50%). Finally, an experimental test verified that MLSC-MCSEF supplied a 
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successful control strategy for RTDS-SSI system.  
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