16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

Paper N° 4666

Registration Code: S-V1464724670

Model-based MDOF real-time hybrid simulation procedure considering time-delay
effects

N. LiV, Bille F. Spencer Jt®, Zhong-Xian Li®
(@ Associate Professor, School of Civil Engineering, Tianjin University / Key Laboratory of Coast Civil Structure Safety, Ministry of

Education, Tianjin, China. neallee(@tju.edu.cn.
@ Professor, Department of Civil and Environmental Engineering, University of lllinois at Urbana-Champaign, Urbana, U.S.A.

bfs@illinois.edu.
@) Professor, School of Civil Engineering, Tianjin University / Key Laboratory of Coast Civil Structure Safety, Ministry of Education,

Tianjin, China. zxli@tju.edu.cn.

Abstract

A model-based real-time hybrid simulation (RTHS) method with a robust control algorithm which compensates the time-
delay effect for the multi-actuator systems (1/5 scaled loading boundary condition box at UIUC with 6 degrees-of-freedom)
is developed in this study. Unlike the conventional testing method, in RTHS the desired responses of the critical element,
which are loaded using servo-hydraulic actuator system with a large or full scale model in a laboratory, are obtained by the
experimental part. The behaviors of other elements under external excites are calculated by solving the dynamic equations of
motion using a numerical model in the computational part. The control scheme proposed herein needs to directly address the
servo-hydraulic and actuator dynamics through model-based robust control algorithm and considers the time-delay effect.
The transfer functions are identified through the MIMO calibration procedure with the local linearization of the coordinate
transformation between actuator coordinate system and Cartesian coordinate system. Based on the uncertainty characteristic,
the robust controller for LBCB is implemented and compiled into the NI/LabView CompactRIO system. Furthermore, IIR
filter is adopted and mitigated into the RTHS process based on NI/Labview platform for time-delay compensation in the
control loop. The finite element simulation of a one-bay frame structure with a scaled column testing during RTHS is
simulated on 2 NI cRIO system. At the same time, the sources of the time-delay effect in the dynamics of the RTHS system
and the noise in the DSP system are directly incorporated. The proposed test procedure needs to be verified and validated by
additional tests. Some conclusions can be drawn from the model-based RTHS test procedure. It is indicated that the model-
based robust control design method is suitable for different complicated actuation models. The proposed test scheme allows
for the testing of a broader class of structures in the RTHS.

Keywords: sub-structure method; time-delay; real-time hybrid simulation;, Multi-input multi-output;, robust control;
nonlinear seismic response.
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1. Introduction

The bearing capacity and the nonlinear performance of civil engineering structures subjecting the severe loads,
such as earthquakes, winds, and tsunami, have been widely investigated in the past decades. To enhance
researchers in understanding and analyzing an engineering structures precisely, experiment tests are widely carried
out on both examining the structure/member’s responses and validating the theory in analysis. Recently, the
advanced hardware and software of experimental technique improves the structural design and analysis method
distinctly. On the other hand, the requirement of complicated structural experimental test has stimulated and
contributed to various test methods, such as shake table testing and pseudo-dynamic testing, mutually.

Recently, the sub-structural and distributed real-time hybrid simulation (RTHS)!"?! method, which is developed
based on the pseudo-dynamic testing method!®!, has been adopted to test the nonlinear performance of structures.
In RTHS, the testing system is decomposed into experimental (physical) parts and computational parts (sub-
structure components). The desired responses of the critical element, which are loaded using servo-hydraulic
actuator systems at a large or full scale model in a laboratory, are obtained by the experimental parts. And the
behaviors of other elements under external excitation are calculated by solving the dynamic equations of motion
using a numerical model and integration algorithm in the computational parts. Nowadays, RTHS provides a
solution to balance between the testing requirement of large scale structures and the size limitation of laboratories
facility. And after years of development!*'%, it has become more feasible to make utility instead of shaking-table
testing and pseudo dynamic testing.

Unlike the conventional testing method, there is an inevitable time-delay phenomenon in the RTHS testing. The
causes of time-delay are separated into several reasons!!'): (1) time taken in the DAQ system for the sensor to
process the data; (2) time taken in the calculation of the numerical sub-structure part and the transmission of the
control signal to the actuator; (3) time taken by the actuator responding to actually displacement or force command.
These time-delays affect the efficiency and robustness of the entire system, often leading to inaccurate results and
driving the structure testing in to an unstable phenomenon!!?.

Although the hardware of the experimental facility have quickly been improved during recent years, various
software techniques, such as compensation control algorithms!'?! and numerical integration schemes!'], have been
developed to reduce the disadvantage of the time-delay effect. The compensation methods are based on constant
time delay assumption!'¥), adaptive control theory!!*: ' multi-variable control algorithm!”'”) and formulated in
cascaded compensators!'®], normally. Experimental studies indicated that the time-delay error cannot be
completely eliminated no matter how sophisticated a compensation technique is used. Although it is possible to
achieve almost-zero phase delay with proper control algorithm design, there is little research focused on the time-
delay compensation and stability analysis for the multi-degree of freedom systems [!% 1% 20],

Once the transmission system time-delay is compensated properly (assuming the loading boundary conditions for
physical sub-structure actuates accurately without delay), the numerical sub-structure computational delay is
another issue need to be tackled, especially for the distributed computational model system!?!l. For the complicated
structure requiring high-fidelity numerical models, the numerical integration scheme often takes more time, which
also causes computational time-delay. Many integration schemes have been used in RTHS to reduce the
computational delay. The explicit integration scheme with unconditional stability has drawn much attention
recently [1%2224] Many researchers have developed different algorithms for different software/hardware platforms.
Bonnet et al. ! tested nonlinear series damper system with Newmark explicit scheme. Schellenberg!"! studied
direct integration schemes (Newmark , generalized-alpha method), Runge-Kutta integration schemes and operator-
splitting methods, systematically. Chen®” proposed C-R unconditional stable explicit integration method. Oul*¥
proposed modified Runge-Kutta method for RTHS. Wang et al 1> verified the feasibility to use large-step
integration scheme in RTHS. However, there is few research focusing on both physical and numerical time-delay
at the same time. The uncertainty of time-delay will occur at different time slot, the system stability needs more
revision, especially for MDOF system.
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The main content in this article is to establish a feasible test framework using the loading-boundary-condition-box
(LBCB) at University of Illinois at Urbana and Champaign for RTHS. The LBCB dynamic model is deduced using
frequency domain identification of multi-input, multi-output (MIMO) algorithm?”!. The dynamic MIMO system
of LBCB is controlled using Compact RIO system (National Instruments). The numerical part of model is built in
NI real-time operation system with multi-dimensional Bouc-Wen model. While the FEM is implemented into the
inner loop of the system, the communication between other FEM model and the experiment controller may be
established through OpenFresco and/or UI-Simcor using network communication protocol. For LBCB actions on
structures, the target control command for each actuator is calculated based on the coordinate transformation
(inverse kinematic transformation, IKT and forward kinematic transformation, FKT) algorithm, which is
implemented into controller CompactRIO system. The time delay of actuation system and DAQ system is
calibrated and is compensated using H. control algorithm. For numerical part integration time step coupled with
actuator action time step, the predict-corrector algorithm is modified for 6 DOF system on the real time operation
system. Finally, a scaled hybrid simulation is carried out to verify the proposed framework and the result are
discussed.

2. Model for Loading Boundary Condition Box (LBCB)

LBCBs come in different shapes and sizes in Civil and Environmental Engineering, UIUC. The facility has 3 large
scale LBCBs whose actuators have a stroke length of 10 or 20 inches (0.254 or 0.51 m) and can push around 270
kips (1200 kN). The facility has 4 1/5 scale actuators with stroke lengths of 2 or 4 inches (0.051 or 0.102 m) that
can push 1 to 3 kips (4.45 to 13.3 kN). In this paper, we are doing the test on the 1/5 scaled LBCB.

Each LBCB provides 6 degree-of-freedom actions and consists of a reaction box, as shown in Fig 1. The motion
center of the loading platen is used to center rotations and moments of the LBCB onto the specimen boundary.
The default motion center for the LBCB is on the bottom of the platen at the center when all of the actuators are
at mid-stroke (Fig. 2).

Fig 1. - Loading Boundary Condition-Box (LBCB, Fig 2. - Definition of LBCB loading motion center
x-actuator on left) and coordinates (x-actuator on right)

2.1 Transformation from actuator to global coordinates

The control point of the LBCB is seldom at the bottom center of the platen when executing test. When doing
RTHS, the action platen is driven by 6 actuators, and the control command from numerical model is on the
Cartesian coordinate. The actuators and joint connections may not stay on the mid-stroke positions at all when
carrying a test for different specimen setup. The motion of the platen must be calculated for different specimens.

Nakata et al. *® proposed to use inverse kinematic transformation (IKT) and forward kinematic transformation
(FKT) to deal with this problem. For small deformation test, the IKT approach was suitable and computed for
convenience. OpenFresco!'¥ is not suitable for LBCB since there is no ExperiementalSetup class for LBCB
implemented. In this study, a coupled 6 actuators setup is implemented into Labview real-time operation system.
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As mentioned above, the piston action distance can be expressed as follow, which is also the coordinates’
transformation matrix expression,

AL="— =2 (1)

in which AL = {A}7 is the increment in the actuator length, AX = {Ax Ay Az A, A, AG.}T is the global
displacement of the platen, and ® is a symbolic equation represents the transformation from global to actuator
coordinates?®!. For 1/5 scaled LBCB (the x-axial actuators on the left side), when the specimen boundary loading
center is at the center of the platen and the 6 actuators are at the mid-stroke position, the IKT and FKT matrices
are given in Eq. (2) and Eq. (3).

[0.9518 -0.0004 03068 1.4709 -0.8015 -4.5641]
0.9518 0.0004 0.3068 -1.4709 -0.8015 4.5641
-0.0159 0.9664 0.2566 4.7127 0.0896 -0.0447

Dy, = ()
-0.0002  0.004 1.0 0.0581 5.6258 -0.0224
0.0023  0.0003 1.0 48102 -6.011 -0.0094
L 0.0023 -0.0003 1.0 -4.8102 -6.011 —0.0094_
[0.5258 0.5254 0.0004 -0.0943 -0.1139 -0.1145]
0.0051 0.0125 1.0357 -0.1468 -0.5675 0.4432
-0.0018 0.0007 -0.0021 0.5170 0.2403 0.2437
D = 3)

-0.0002 0.0002 -0.0001 0.0000 0.1041 -0.1040
-0.0001 0.0003 -0.0004 0.0860 -0.0433 -0.0427
1-0.1096 0.1096 -0.0001 0.0  0.03359 -0.0336 |

On the other hand, the response forces on each actuator need to be reversed into global coordinates. Those
responses are used in the equilibrium equation iteration for the numerical structure model. Because the IKT is a
nonlinear equation, a converged solution for IKT is obtained through the modified Newton-Raphson method.

2.2 Calibration of LBCB actuators

The model for the LBCB system is valuable for investigating the stability and robustness of the real-time hybrid
testing technique. The frequency domain identification technique is adopted in this study. The MFDID”! allowed
accurate present the measured system transfer function for different test specimens. For different actuator, the
hydraulic servo system is different.

The identified actuators frequency transformation functions are listed as below,
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Taken into account of the uncertainties of actuators, the transfer function uncertainty region is shown in Fig. 3.
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Fig. 3 — Frequency response plots for actuators (uncertainty and time-delay consideration)

2.3 Actuators coupled effects consideration

There is geometric interactive effect among the LBCB actuators. The system is clearly identified without structural
specimen interaction and the coupled effect can be neglected in the model. As shown in Fig. 4., the totally 6 LBCB

actuators’ frequency response are identified at the same time.
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Fig. 4. — Cross and auto-relationship of frequency response functions for 6 actuators

However, the structure-control interaction (SCI) should be taken into account. The uncertainty model should be
revised based on the stiffness contribution of the specimen to the dynamic system.

3. Model-based robust controller design for LBCB

3.1 General structure of robust control system

Typical robust controller design scheme with the system plant G, the controller K, the measured output y, the
control signal u, the tracking error e, sensor noise #,, and disturbance noise d, reference signal 7 are illustrated in
Fig. 5. W., W, and W, is specified/designed filters for signal processing.

v
W, W, w, >

ng

Fig. 5. — Standard control scheme for robust control

The sensitivity function is (from reference r to tracking error e or filtered error &)

T.,=(I+GK)" or T_,=W,(I+GK)" (10)

r—e

For the system perfromance or the signal tracking requirement, with low-pass filter W,., the norm value

T

r—é

o0

= "We (I+GK )_1" must be small and the tracking error is small, such that y follows the reference input »

well in the low frequency range. The robust or uncertainty stable requirement is represented through

T, .=W,(I+GK) K (11)

ng—u

and also the norm value with high pass filter 7, should be small for high frequency noise rejection,
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-1
T, ., =-W,GK(I+GK) (12)

Combined one or several equation from (10)~(12), the general robust control problem and mixed optimal robust
control problem can be formulated.
3.2 Model-based uncertainty model

In this paper, the nominal plant displacement transfer function for actuators, G,

1.701x10°

G = 13
® st 442495 +1.799x10°s% +1.698x107 s +1.804x10° (13)

which is identified using MFDID® "), By adopting the multiplicative uncertainty model, the actuator uncertainty
model is

A, =(0.56425" +37.085+185.3) /(s” +78.39s + 5849) (14)

The frequency response of nominal system is illustrated in Fig. 3(d). The loop-shaping H., optimal design strategy
is adopted for the model-based control algorithm.
3.3 Loop-Shaping design

The loop shaping method augments the plant with appropriately chosen weights so that the frequency response of
the weighted plant is reshaped in order to meet the closed-loop performance requirements, then a robust controller
is synthesized to meet the stability. This loop-shaping design can be carried out in the following 3 steps.

1. Using weighted compensator, W and W, the nominal system G, are modified or augmented to give a
desired loop shape and form the shaped system, G, considering about the uncertainty. Then calculate the
stability margin, gmax, as

-1
] K stabilises G

o = [”m(f—GK)' 1 @]

0  otherwise

(15)

The margin also needs to satisfy

Em =\1-|N M| <1 (16)

with M, N the normalized coprime factors of G such that G=M"'N .

2. Selecta ¢<¢,_, and synthesize a controller K, that satisfies

1
<

(17

&

© max

e

which is given by
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_|a+BFp (1) ZC(CHDF) | (1) 2C7
B B'X D

(18)

with F=-8"(D"C+B"X), L=(1-y*)I+XZ, S=I+D'D, R=I+DD", and X and Z satisfied the two
Ricatti equations given by
(4-BS'D'C)Z+Z(A-BS'D'C) ~ZC"R'CZ +BS"'B" =0

(19)
(A—BS"DTC)T X+X(A-BS'D'C)-XBS'B' X +C"R'C=0

3. The final feedback controller, K, is then constructed by combining the controller K., with the weighting
functions W, and W> such that K =W K. W>.

In this paper, the desired controller, G, is designed and expressed as

. 1.988x10°
57 +207.355 +3553.1

(20)

The bode plots of designed system transfer function of nominal actuator system (G,), sensitivity (S),
complementary sensitivity function (7) and controller (K) are illustrated in Fig 6, respectively. The closed-loop
system transfer function (CL) is mostly flatten in which the frequency region is interested.

Bode Diagram
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Fig. 6. — Singular value plot for SLBCB system and robust controller

The bode plot in Fig. 6 shows that the designed robust controller have a good performance in 0~50Hz, and the
time-delay (the slope of phase) is no more than 2 samples (0~50Hz) for 2048Hz testing controller setting.

4 Real-time hybrid simulation setup

4.1 Structure model
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Integrated software and hardware is necessary to be able to conduct RTHS in the laboratory!?!). In general, a fast
computational solver needs to communicate with the controllers in the laboratory and bridges numerical and
physical portions of the hybrid simulation testing system. In this implementation, the numerical model is compiled
with Matlab/Simulink. The numerical model is a plane frame structure, which is illustrated in Figure 7.
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Fig. 7. — Simplified plane frame structure model

The column element 1 will tested physically, while the other part will be numerically simulated in Simulink and
run on the cRIO™ real-time operation system. When the experiment is carrying out, the real-time operation system
is responsible for integrating the differential equation of dynamic system and calculating the deformation
command for the testing specimen.

4.2 System design and time integration

In this research, the 1/5 scaled LBCB site test model is a scaled column member. The numerical part is
implemented mostly upon different Bouc-Wen models, as in the Fig. 6(b). The idea is to present the nonlinear
behavior of the column well and compute efficiently. For the actuator and the numerical column models, there are
3 DOFs each node. The conceptual loop for a single integration time step is demonstrated in Fig. 8.

Time Loop (128Hz) Controller Loop (2048Hz)
..................... onFPGAChip.................................
LBCB
KT H, DAC | | physical
module Controlle [ Test

FKT
module Cl

Fig. 8. — Proposed RTHS framework

In this study, the time-delay consumed by the numerical part in RTHS is eliminated by the simplified numerical
modal which guarantees that the numerical integration can be finished within 1/128 sec. The numerical system
and the robust controller (with DSP filter) are discretized with different loop frequencies for cRIO system and
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FPGA system'®), respectively. For the numerical integration, the initial stiffness of the column is pre-configured
for the RTHS in cRIO system.

4.3 Verification and compensation

A hybrid simulation is performed to examine the performance and the noise rejection efficiency using the identified
plant model in Eq. (13) and the designed robust controller, K-.. The left part of the system in the dash line sketched
in Fig. 8 is implemented in a cRIO system using scan interface mode, it can access the FPGA module. The right
part of the system in the dot line in Fig. 8 is implemented in a FPGA mode, which can access the analogy 10 at a
very high frequency. This part is also handling the physical test part. The two parts of the system are implemented
on two cRIO hardware, separately. A group of 0~10Hz chirp signals at amplitude of 10 mm are used as the desired
trajectory to drive the simulated LBCB system.

6. Conclusion

1). Model based robust control for the RTHS using LBCB facility.

In this study, the model based robust control algorithm for the actuator of LBCB is deduced based on transfer
functions of the system and taken into account the uncertainty and time delay characteristic of different actuator.
The parameters of the MIMO model were obtained using frequency domain identification techniques. The model
for the LBCB system is valuable for investigating the stability and robustness of the real-time hybrid testing
technique.

2). Time-delay effects.

Since the FEM analysis part of RTHS in this implementation is running on the real-time operation system with NI
hardware, the effect of actuator time-delay is the most important one which was investigated for real-time hybrid
simulation in this study. A comparison of the displacement responses showed good accuracy of the approach for
the robust controller algorithms presented in this study. It should be noted that the nonlinear transformation matrix
relating the Cartesian coordinate to the actuators coordinate has additional computational delay for LBCB
controller. Time delay caused by the sensing and DAQ systems are relatively small for this system.

The model-based strategies and compensation techniques are appropriate solutions for the RTHS with time-delay
effects. It is also worth noting that besides this specified facility, LBCB, the proposed RTHS scheme can also be
applied to other commonly MIMO systems and hydraulic servo-actuator testing facilities. The time-delay effects
can be compensated reasonable.
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