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Abstract. Real-time hybrid simulation (RTHS) plays an important role in obtain-
ing the structural responses under dynamic loads. However, the nonlinearities in
physical testing system often induce time-delay, which is detrimental to RTHS.
To deal with this issue, a Kalman filter based adaptive delay compensation (KF-
ADC) method had been proposed based on the discrete system model, whose
parameters is estimated by Kalman filter (KF) algorithm. The delay compensa-
tion method was validated through a Benchmark problem in RTHS. This study
intends to further investigate the performance of KF-ADC dealing with nonlinear
physical substructures (PS). Virtual RTHSs are carried out on PS with bilinear
and Bouc-wen restoring force characteristics, respectively. The results of virtual
RTHSs reveal that the KF-ADC has an excellent tracking performance for nonlin-
ear physical substructure and is beneficial for improving the accuracy and stability
of RTHS.

Keywords: Real-time hybrid simulation · Adaptive delay compensation ·
Kalman filter

1 Introduction

A huge number of efforts had been paid to obtain the structural seismic performance,
such as the quasi-static testing, shaking table testing, and hybrid simulation (HS) [1]. Due
to the effectiveness and economics in acquiring the structural dynamics, HS, especially
the real-time HS (RTHS), has received widespread attention.

However, the accuracy and stability of RTHS are often affected by the time-delay,
which is usually induced by the nonlinearities of physical testing system. In the past
almost two decades, many delay compensation methods or control strategies had been
proposed. Polynomial extrapolation time-delay compensationmethodwas first proposed
by Horiuchi et al. [2], which is the most widely used time-delay compensation method
in RTHS. Darby et al. [3] proposed a more accurate time-delay estimation method
based on linear feedback theory, and verified the performance of the method for linear
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and nonlinear systems. Chen et al. [4] proposed an adaptive inverse control compensa-
tion method using an error tracking indicator to adapt compensation parameters. Then
Phillips and Spencer proposed a model-based feedforward - feedback actuator control
[5]. In addition, Chae et al. [6] proposed an adaptive time series compensation scheme,
which updates the coefficients of the system transfer function by online real-time linear
regression analysis. Zhou and Li [7] proposed an improving model-based compensation
method considering the error between the identified transfer function and the control
plant.

For practical application, Ning et al. [8] proposed an adaptive delay compensation
method based on the discrete physical testing system model. Subsequently, the Kalman
filter was introduced to improve the parameter estimation method by Ning et al. [9],
which is termed as KF-ADC. This study intends to further investigate the performance
of the proposed KF-ADC method in dealing with nonlinear substructure.

2 Kalman Filter-Based Adaptive Control Method

Block diagram of real-time hybrid simulation with KF-ADC is shown in Fig. 1. As can
be seen in this figure, the KF-ADC consists of a feedforward controller with adjustable
parameters and an online parameter estimator using Kalman filter algorithm. The trans-
fer system and PS can be collectively seen as system model. The parameter estimator
can rapidly calculate the system model by the relationship between on the command
displacement d c and the measured displacement dm. Then, the estimated parameters are
forwarded to the feedforward controller.

Fig. 1. Block diagram of real-time hybrid simulation with KF-ADC.

In the proposed control strategy, the feedforward controller is determined by the
discrete inversemodel of the systemmodel, which is formulated as a difference equation,
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namely

dc
k = ϕT

k x (1)

where ϕT
k = [dk , dk−1, · · · , dk−q], x = [x1, x2, · · · , xq]T . d and dc are the desired

displacement and the command displacement, respectively; x are the parameters of
system model; x is the state vector which is consists of the parameter x. It should be
noted, for application convenience, the measured displacements dm are replaced by the
desired displacement d , as shown in Eq. (1).

The parameters x in Eq. (1) are estimated and updated by the estimator, which can
be written in the state-space format, namely

xk+1 = xk
yk = Hkxk + υk

(2)

where Hk = [dm
k , dm

k−1, · · · , dm
k−q], yk is the displacement command at the k-th time

step, and υ is the measurement noise that satisfies normal distribution

Eυk = 0,Eυkυ
T
k = R (3)

where R is the measurement noise covariance.

3 RTHS with Nonlinear Physical Substructure

3.1 Overview of the Simulation

The validation simulations are carried out using the Benchmark problem in RTHS by
Silva et al. [10]. A three-story two-bay moment-resisting steel frame structure is divided
into a physical substructure with one-bay one-story and a numerical substructure with
the rest. The structure ismodeled by a three degree of freedom equation ofmotion, where
only the horizontal DOF is considered. The PS and the NS are associated together by a
transfer system, which is represented by transfer functions as shown in Fig. 2. It should
be noted, the parameters in the figure are estimated employing the experimental data,
and uncertainties in the parameters are accounted for by using random variable with a

Fig. 2. Block diagram of the transfer system in the Benchmark problem.
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Table 1. Parametric values of the transfer system.

Parameter Component Nominal value Standard deviation Units

α1β0 Servo-valve 2.13 × 1013 – m·Pa·s−1

α2 CSI 4.23 × 106 – m Pa

α3 Actuator 3.3 1.3 1/s

β1 Servo-valve 425 3.3 unitless

β2 Servo-valve 10 × 104 3.3 × 103 1/s

normal distribution of each parameter. The parameters used in this study are listed in
Table 1.

In this study, the reference floor mass and modal damping ratio are 1300 kg and
3%, respectively. Two types of nonlinear physical substructure are considered, one is
represented by a bilinear model (Kz = 1.1688 × 106 N/m, dy = 0.0025 m, b = 0.45)
and the other is represented by a Bouc-wen model (k = 1.19 × 106 N/m, α = 0.02,
β = 300, γ = 300, n = 1.05). The external excitation is El-Centro earthquake record,
which is scaled to 0.3g. A total of 21 virtual RTHS were carried out, one is for transfer
systemwith nominal value, and the others are with perturbed parameters. Pure numerical
simulation with ideal transfer system is served as the reference solution.

The adaptive controller designed by Ning et al. [9] is used in this study, which is
given by:

d c
k = x1dk + x2dk−1 + x3dk−2 + x4dk−3 (4)

The initial value x0, measurement noise variance R, and the initial covariance matrix
are given by [11.2458 −21.0426 14.6847 −3.9078]T, 1 × 10–4, and diag([11.24582

21.04262 14.68472 3.90782]), respectively.

3.2 Analysis of Simulation Results

The displacement time histories of the first story for the nominal case with bilinear
model and Bouc-wen model are shown in Fig. 3 and Fig. 4, respectively. The reference
solutions are also provided in these two figures.

It is seen from these two figures that the measurement displacements are almost
identical to the reference ones, demonstrating that the time-delay of the system is almost
eliminated with the proposed adaptive controller. However, a peak tracking error can be
observed from the enlarged figures, especially in Fig. 4(b). The result indicates that the
PS of Bouc-wen model had stronger nonlinear compared with bilinear model, which
can be seen from Fig. 5(b). Tough, an excellent tracking performance is still observed
from Figs. 3 and 4. It can be also concluded that the controller designed using the linear
system can compensate the varying time-delay of nonlinear system. This can be further
validated by the small mean and standard deviation of the 21 virtual RTHSs, as shown
in Table 2 and Table 3, respectively.



Kalman Filter Based Adaptive Control 955

Fig. 3. Displacement time histories of the first floor for bilinearmodel. (a)Overview; (b) Enlarged.

Fig. 4. Displacement time histories of the first floor for Bouc-wen model. (a) Overview; (b)
Enlarged.

Fig. 5. Hysteresis relationship of two nonlinear physical substructures. (a) bilinear model; (b)
Bouc-wen model.
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Table 2. Virtual RTHS evaluation criteria for bilinear model.

Data type Evaluation criteria

J1(ms) J2(%) J3(%) J4(%) J5(%) J6(%) J7(%) J8(%) J9(%)

Nominal 0.20 1.52 4.47 3.55 4.84 3.41 3.40 2.13 2.14

Perturbed 0.00 1.52 4.96 2.88 4.82 2.67 2.67 1.69 1.69

0.00 1.55 5.46 2.48 4.75 2.18 2.18 2.15 2.06

0.00 1.48 4.74 2.72 4.52 2.53 2.52 1.58 1.57

0.00 1.83 5.33 2.37 4.14 1.84 1.83 2.00 1.97

0.00 1.51 4.76 3.19 4.81 3.06 3.06 2.02 2.01

0.00 1.55 4.91 2.34 4.29 2.03 2.03 1.75 1.67

0.50 1.79 4.22 5.11 5.31 4.93 4.90 3.51 3.52

0.00 1.50 4.88 3.18 4.87 3.00 3.00 1.83 1.82

0.20 1.63 4.26 4.15 4.98 4.03 4.02 2.66 2.70

0.00 1.64 5.48 2.32 4.50 1.94 1.94 2.19 2.11

0.00 1.63 5.08 2.21 4.34 1.80 1.80 1.90 1.81

0.00 1.89 5.86 2.77 4.27 2.25 2.23 2.71 2.64

0.70 2.16 3.78 7.42 6.09 7.24 7.20 5.47 5.49

0.20 1.63 4.30 4.15 4.91 4.05 4.03 2.66 2.69

0.00 1.58 5.12 2.21 4.32 1.90 1.90 1.87 1.79

0.50 1.84 3.97 5.42 5.18 5.24 5.21 3.77 3.79

0.20 1.65 4.18 3.89 4.71 3.74 3.72 2.46 2.49

0.00 1.53 4.96 2.75 4.74 2.52 2.52 1.56 1.55

0.00 1.56 5.35 2.33 4.60 2.01 2.01 2.09 2.00

Mean 0.14 1.66 4.80 3.46 4.79 3.21 3.20 2.48 2.46

Standard 0.23 0.17 0.56 1.42 0.49 1.50 1.48 0.98 1.00

InTable 2 andTable 3, J1 represents tracking time delay; J2 and J3 are the normalized
root mean square of the tracking error and the peaking tracking error, respectively; J4
to J6 denotes the root mean square errors of the displacement of the first, second and
third floor, respectively. J7 to J9 are the peak errors of the first, second and third floor,
respectively. The computational formulas of J1 to J9 can be found in the Benchmark
problem [10].

As shown in Table 2, the values of evaluation criteria are mostly less than 5%. The
nominal values of evaluation criteria are almost same with the mean values of ones. In
addition, the standard values of J1, J2, and J3 are less than 1%. Overall the table suggests
that the proposed delay compensationmethod has an excellent tracking performance and
exhibits a strong robustness.
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In comparison with Table 2, the values of evaluation criteria in Table 3 are much
larger. And, some perturbed cases are more than 15%, which demonstrates that the
physical substructurewithBouc-wenmodel has stronger nonlinear than thatwith bilinear
model. However, the standard values of J1 to J3 are less than 1%, meanwhile the mean
values of J1 to J3 are almost identical with the nominal values of ones. It demonstrates
that the performance of KF-ADC is acceptable in solving variant time-delay problem of
stronger nonlinear system.

Table 3. Virtual RTHS evaluation criteria for Bouc-wen model.

Data type Evaluation criteria

J1(ms) J2(%) J3(%) J4(%) J5(%) J6(%) J7(%) J8(%) J9(%)

Nominal 0.00 2.23 5.86 3.22 5.34 2.61 2.62 2.02 2.03

Perturbed 0.00 2.91 7.53 4.80 5.67 3.56 3.54 4.08 4.05

0.00 2.34 6.31 3.17 5.08 2.34 2.32 2.92 2.93

0.00 2.24 5.87 15.70 9.14 15.47 15.52 9.06 8.97

0.00 2.27 6.44 14.23 8.34 14.26 14.31 8.37 8.29

0.00 2.19 5.83 14.94 8.79 14.80 14.85 8.72 8.63

0.00 2.24 5.44 8.48 4.83 8.07 8.10 4.60 4.56

0.00 2.83 6.93 12.10 9.13 11.00 11.00 8.06 7.98

0.00 2.42 6.75 7.51 5.31 7.65 7.68 4.32 4.29

0.00 2.48 6.94 15.20 9.02 15.55 15.60 9.08 9.00

0.00 2.47 6.82 5.58 5.55 5.50 5.53 3.03 3.01

0.00 2.72 7.49 9.37 5.55 9.70 9.74 5.64 5.59

0.20 2.24 5.38 9.34 5.29 8.93 8.97 5.12 5.07

0.00 2.59 7.02 4.64 5.88 3.65 3.63 4.02 4.03

0.00 2.59 6.89 4.13 5.46 3.92 3.94 2.40 2.35

0.50 2.53 4.80 5.96 5.69 6.48 6.47 5.23 5.17

0.00 2.37 6.72 9.03 5.26 9.14 9.18 5.27 5.23

0.00 2.22 5.75 9.60 7.71 9.52 9.51 7.25 7.14

0.50 2.43 4.85 8.25 6.50 8.90 8.90 6.53 6.41

0.50 2.35 4.72 6.15 5.96 6.54 6.53 5.47 5.41

Mean 0.12 2.45 6.13 9.62 7.00 9.51 9.53 6.25 6.20

Standard 0.23 0.21 0.99 5.15 2.58 5.44 5.46 3.08 3.06

The evaluations of the estimated systemmodel parameters for two nonlinear physical
substructures are respectively shown in Fig. 6 and Fig. 7. As shown in these two figures,
the variation trends of the system model parameters for two physical substructures are
almost identical. Actually, in these two graphs, the convergence trend of system model
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parameters is not obvious. It is because that the compensator is designed using linear
system and is used to address the variant time-delay of a higher-order nonlinear system.
Combined with the above analysis, the performance of the proposed KF-ADC still can
be acceptable.

Fig. 6. Evaluations of the estimated system model parameters for bilinear model.

Fig. 7. Evaluations of the estimated system model parameters for bouc-wen model.

4 Conclusion

A Kalman filter-based adaptive control strategy is proposed to deal with the variant
time-delay problem of RTHS with nonlinear physical substructures. In this method, a
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parameterized discrete inverse model of the physical testing system is served as the
feedforward controller and a Kalman filter is used to estimate and update the parameters
by the relationship between the measurement displacement and command displacement.
A total of 42 vRTHSs are carried out to investigate the capability of KF-ADC in the
benchmark problem. Conclusions can be addressed as follow:

(1) The evaluation criteria for the nominal cases are almost identical to that for the per-
turbed cases and that the standard values of J1 to J3 are less than 1%. It demonstrates
that KF-ADC has a brilliant compensation performance and strong robustness for
nonlinear system.

(2) Discrepancies in amplitude can be observed from the displacement time histories,
especially in the case of PS with Bouc-wen model. The system model parameters
cannot converge to constant values for the cases with nonlinear substructures. It is
because that the compensator is designed by linear discrete model and is used to
address the variant time-delay of nonlinear system. Hence, the accuracy of RTHS
with KF-ADC is acceptable.
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