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Abstract

Real-time hybrid simulation (RTHS) is an experimental technique to study structures subjected to
dynamic excitations. A critical element of a structure is tested physically in the laboratory while
the rest of the structure is modeled numerically. The interaction between substructures is imposed
by a transfer system including actuators and sensors. In this technique, it is crucial to minimize
synchronization errors between numerical and experimental subdomains to achieve stable and reliable
results. Various dynamic compensation methods are available in the literature to control actuators
in real-time. Unfortunately, the experimental substructure interacts with the actuator, so a specific
compensator must be designed for each experimental substructure.

In this study, an adaptive compensation method is utilized to design a controller capable to com-
pensate for different experimental substructures. A controller independent from the experimental sub-
structure avoids the previous test of the physical specimen to design a controller, and the adaptation
capacity allows keeping a good compensation in presence of time-varying properties of the experimental
substructure. The initial conditions of the controller are defined using a model of the transfer system
without considering the interaction with any experimental substructure. Then, adaptive compensation
is implemented to update the control parameters during the test, maintaining excellent compensa-
tion when the experimental substructure interacts with the actuator. The proposed methodology is
validated through numerical simulations in a virtual RTHS benchmark problem, but incorporating
more complex scenarios such as different experimental substructures for the same controller and non-
linear experimental substructures. The results show excellent performance in terms of accuracy and
robustness.

Additionally, considering the uncertain behavior of the experimental substructure interacting with
the transfer system, it is essential to check the system’s stability during the test execution. Therefore,
an stability analysis using energy methods is performed to develop an online stability indicator for
the RTHS test. This indicator’s goal is to detect stability problems before it can cause excessive
displacements in the system, thus damaging the physical specimen or the laboratory equipment. The
effectiveness of the proposed online stability indicator is demonstrated through numerical simulations
taking into account the virtual RTHS benchmark problem with different compensation designs. The
proposed indicator is an excellent tool to monitor the RTHS test, improving the reliability of the
experimental test while maintaining the safety of the laboratory resources.

Keywords: real-time hybrid simulation; dynamic compensation; adaptive control; robustness; opti-
mization
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CHAPTER 1

1 Introduction

1.1 Motivation

Civil engineering structures are subjected to various external actions during their lifetime. Some of
these loads are dynamic in nature, such as earthquakes, wind, or waves, and may produce complex and
dangerous responses on the structures. Therefore, it is necessary to design efficient and safe structures
when dealing with these natural phenomena, and laboratory tests are powerful tools for study structural
systems, calibrate mathematical models, and support design methods.

In the case of earthquakes, maybe the most realistic and recognized testing method is the shake
table testing (Nakashima et al., 2018; Wang et al., 2017). However, full-scale testing is extremely
expensive, not only for the laboratory equipment but also by the cost of each structure, especially if it
is tested until the collapse. As an alternative to shake table testing, a promising cost-effective technique
called real-time hybrid simulation has been proposed (Nakashima et al., 1992; Horiuchi et al., 1999).

Real-time hybrid simulation (RTHS) combines physical testing with numerical modeling. The
critical or complex elements of a structure are tested physically in the laboratory, while a numerical
model represents the rest of the structural system. Due to only a portion of the structure is tested
physically, the costs can be reduced considerably and it is possible to test full-scale elements.

In RTHS, the equation of motion (EOM) of the numerical substructure is solved with an inte-
gration algorithm, then, the calculated displacements are imposed over the experimental substructure
using a transfer system (i.e., actuators). Finally. the experimental restoring forces are measured with
sensors and incorporated into the equation of motion of the numerical substructure to calculate the
displacement at the following time step (McCrum and Williams, 2016).

To capture the rate-dependent properties of the experimental structure, the boundary conditions
must be imposed in real-time. This is one of the most challenging aspects of RTHS. The dynamical prop-
erties of the transfer system and its interaction with the physical specimen results in synchronization
errors between the commanded and measured displacements (Dyke et al., 1995). The synchronization
errors can be classified as amplitude or delay errors, and the delay errors are the most harmful for
RTHS because it has been proved that delay is equivalent to introducing negative damping to the
hybrid system (Horiuchi et al., 1999), which affects the accuracy of the experiment and even can cause
instability in the experimental setup.

To reduce the synchronization error as much as possible, several dynamics compensation methods
are available in the literature to control the transfer system connected to the experimental substruc-
ture (Carrion and Spencer, 2007; Phillips and Spencer Jr, 2011). Different compensation techniques
have been demonstrated excellent performance in RTHS, but some disadvantages are recognized: (i) to
obtain a control plant model, a previous test including the experimental substructure is generally per-
formed. This previous test can alter the physical properties of the specimen. And (ii), the performance
of classic compensation methods is not guaranteed if there are considerable uncertainties, non-linear
behavior, or time-varying properties in the control plant.

The state of the art in RTHS consider adaptive compensation, where the control parameters are
adjusted during the test to improve the performance in presence of uncertainties or unmodeled dynamics
(Wallace et al., 2005b; Bonnet et al., 2007). Adaptive compensation has been demonstrated excellent
performance, but the design and calibration depend on several parameters, initial conditions, and
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adaptation constraints, therefore, it generally requires a good knowledge of the control plant including
the experimental substructure which usually requires previous system identification or expertise tuning
of several parameters.

1.2

Study Objective

The goal of this study is to design a robust adaptive dynamic compensator for real-time hybrid simula-
tion, capable to compensate the transfer system dynamics connected to different uncertain experimental
substructures, avoiding the previous testing that includes the physical specimen. Specific objectives
are the following:

1.3

To define a control architecture and adaptive laws that can be implemented without testing the
physical specimen giving a detailed explanation of the design and calibration process.

To define a methodology to detect stability issues before and during the test.

Perform a numerical validation of the proposed methodology, including different experimental
substructures and non-linear behaviors.

Organization of the document

Chapter 2 presents a literature review about real-time hybrid simulation with a main focus in
the state-of-the-art in dynamic compensation in section 2.3.

Chapter 3 describes the substructuring problem in RTHS for the typical configurations with one
actuator or using a shake table as a transfer system. Both cases include examples with numerical
simulations.

Chapter 4 presents the most utilized servo-hydraulic transfer system mathematical models, and
the interaction between the transfer system and the physical specimen is analyzed.

Chapter 5 studies the available stability analysis for real-time hybrid simulation, and an on-line
stability indicator is developed to detect instability problems during a test.

Chapter 6 presents the proposed compensation technique: the adaptive model-based compensa-
tion.

Chapter 7 contains the numerical validation of the proposed compensation schemes. Section
7.1 describes the benchmark problem (Silva et al., 2020) selected as platform for the numerical
validation. Section 7.2 presents the design and calibration process for the proposed compensa-
tion method. Section 7.3 presents the compensation results and analyze the performance and
robustness of the compensator. Finally, Section 7.4 presents the implementation of the proposed
stability indicator on the benchmark problem for different stable and unstable cases.

Chapter 8 provides the conclusions of this study, and recognize possible directions to improve the
proposed methodology.
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2 Literature Review

2.1 Experimental testing in structural engineering

Earthquakes are complex phenomena that can be extremely dangerous for civil engineering structures
and therefore for the safety of the people. Thus, it is imperative to provide a resilient infrastructure
for society. Design codes and computational analysis are in constant improvement to achieve this goal.
However, it should be noted that both, design codes and computational analysis base their methodology
on results from experimental testing. This is more evident when new materials, structural components,
or control systems are developed. Therefore, experimental testing is crucial to validate and calibrate
mathematical models that allow analyzing the response of those systems with accuracy.

The most utilized seismic testing methods are the quasi-static test and the shake table test. In
the quasi-static test, a predefined displacement is imposed on the physical specimen generally on
an extended time scale (Carrion and Spencer, 2007). The displacements are applied cyclically with
incremental amplitude, allowing to study the response of structural components against cyclic loads.
This method has been useful to quantify the capacity of structural systems and develop equations and
specifications for building codes (Nakashima, 2020). On the other hand, the shake table tests consist
of mounting an entire structure on a rigid base connected to dynamic actuators capable to produce
a ground motion. This test is executed in real-time, which allows capturing dynamic effects such as
inertial forces and rate-dependant properties of structural components.

The shake table tests provide realistic seismic conditions but requires very expensive installations to
test full-scale specimens, which results in the widespread use of scale models (McCrum and Williams,
2016). The reduced-scale model does not necessarily represent the behavior of local phenomena in
particular elements, such as local buckling, welding effects or crack propagation, among others (Carrion
and Spencer, 2007). On the other hand, the quasi-static test allows to study structural components
at more realistic scales with smaller costs, but the predefined imposed displacement, may not be
representative of the loading conditions during an earthquake (Dermitzakis and Mahin, 1985).

The need for low-cost and realistic seismic tests led researchers to develop new alternatives, this
is how the pseudo-dynamic test (PsD) was introduced, giving way to hybrid and real-time hybrid
simulation.

2.2 Hybrid simulation: from pseudo-dynamic to real-time tests

The first approximation to pseudo-dynamic test (PsD) was proposed in 1969 by Hakuno et al. (Hakuno
et al., 1969), where an analog computer was utilized to solve a single degree of freedom equation of
motion. The mass and damping were numerically represented while the restitutive force was obtained
from a physical specimen. The pseudo-dynamic test was later formalized by Takanashi et al. in
1975 (Takanashi et al., 1975) who discretized the equation of motion in time domain to utilize a digital
computer to solve it. Since the damage in structures is generally a local phenomenon, the structure does
not need to be entirely physically tested. The concept of substructuring in PsD testing allows modeling
physically the critical elements of a structure while the rest is modeled numerically. Substructured PsD
testing was formally introduced by Dermitzakis & Mahin in 1985 (Dermitzakis and Mahin, 1985). The
substructured pseudo-dynamic test is widely named as hybrid simulation test.
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In a pseudo-dynamic test or conventional hybrid simulation, the equation of motion is solved in
an extended time-scale which gives more time for the numerical calculations and allows a slow control
of the actuators. However, an extended time scale does not enable to capture of the rate-dependent
properties of the experimental substructure. For this reason, researchers have shown great interest in
executing hybrid testing in real-time. In 1992, Nakashima et al. (Nakashima et al., 1992) present the
first real-time pseudo-dynamic test. Real-time hybrid simulation (RTHS) is an excellent tool for testing
rate-dependent devices such as passive, semi-active, and active control devices. In RTHS, the numerical
substructure is subjected to the ground motion, and its equation of motion is solved at each time step to
obtain the displacement to be imposed on the experimental substructure. Then, the displacements are
imposed using dynamic actuators and the forces required to imposed these displacements are measured
with sensors and fed back to the numerical substructure to compute the response at the next time step.
A graphical scheme of the RTHS procedure is shown in Fig. 2.1.

ny X(7)

Numerical integration

\IK,_] +Ci1-\ + Rv-v] = E-l

X,
Xi Xin

Risq
e
i it
I I
| —
"g P— Numerical component Experimental component

Figure 2.1: Real-time hybrid simulation scheme (Carrion and Spencer, 2007).

In the last decades, a lot of research around real-time hybrid simulation has been developed. Com-
plete reviews including research and applications can be found in McCrum and Williams (2016) and
Shao and Griffith (2013). Several lines of investigation are under constant development, for example,
the integration methods and mathematical models (Bas and Moustafa, 2020; Wang et al., 2001) are
constantly studied to improve stability and reliability.

Various integration methods are based on the Newmark method (Newmark, 1959) which can be
explicit or implicit depending on the selection of integration parameters. However, in real-time hybrid
simulation, explicit integration methods have been preferred over implicit methods due to the compu-
tational costs. The central difference method (CDM) is one of the most utilized integration methods in
RTHS, which is conditionally stable, and therefore the time step and natural frequencies of the system
should be carefully studied. Different modifications have been proposed to improve the stability of
Newmark methods, such as the HHT — « method (Hilber et al., 1977) to allow the introduction of
numerical damping for superior modes without major compromise of accuracy.

For another side, a technique known as model updating is implemented to update the numerical

models during the test based on information obtained from the experimental substructure (Ou et al.,
2017; Mei et al., 2019).

Other techniques consider the combination of hybrid simulation with shake table testing, where only
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a part of the structure is mounted over the shake table, and the interface accelerations are calculated
during the test Ashasi-Sorkhabi et al. (2015); Zhang et al. (2017).

Since hybrid simulation allows to divide a structure into two or more parts, it is possible to perform
collaboration between remote laboratories, this technique is known as geographically distributed hybrid
simulation (Takahashi and Fenves, 2006; Park et al., 2005).

However, one of the aspects that attracts more attention in the RTHS community is the correct
application of the boundary conditions on the experimental substructure. Since the transfer systems
utilized to impose displacements, i.e. actuators or shake tables, are dynamical systems, their response
is delayed concerning their inputs. This issue leads to a dynamic compensation problem that has been
treated with different strategies based on control theory.

2.3 Dynamic compensation in RTHS

In RTHS, it is crucial to ensure the compatibility of displacements and the force equilibrium at the
interface between physical and numerical subdomains. For compatibility, a transfer system is utilized to
impose the numerical substructure’s response on the experimental substructure. If the numerical and
experimental displacements are synchronized, the measured forces on the experimental substructure
are considered as reliable, satisfying the force equilibrium.

However, displacement synchronization is very difficult to achieve in real-time. The transfer sys-
tem is a dynamical system itself, and additionally, it interacts with the physical specimen, producing
discrepancies between the commanded and measured displacements. This phenomenon is known as
control-structure interaction (Dyke et al., 1995). Therefore, to reduce the synchronization error, a
controller is implemented between the numerical substructure and the transfer system. In Fig. 2.2
the tracking problem is schematized. A target displacement z; comes from the numerical substructure
and is processed in the controller to generate the command signal z. for the transfer system with the
attached experimental substructure. The subsystem composed by the transfer system and the physical
specimen is namely herein as control plant. Finally, the achieved displacement x,, is measured and is
sent back to the controller. The goal of the dynamic compensation is to reduce the synchronization
error e = Iy — Iy, and several methods has been proposed in the literature.

/ Control plant \

Transfer Experimental Xm
Controller >
system substructure
xm

K Tracking error: e =Xy — Xp /

Figure 2.2: Tracking problem in RTHS.
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The synchronization errors can be classified as amplitude or delay errors. In 1996, Horiuchi et
al. demonstrate that the actuator delay is equivalent to introduce negative damping to the hybrid
system (Horiuchi et al., 1996). If the negative damping overcomes the inherent damping of the system,
the response becomes unstable, i.e. the displacements tend to grow up without limit. Therefore,
the earlier compensation methods attend to compensate for the actuator delay. The most widely
used method is known as polynomial extrapolation (Horiuchi et al., 1996, 1999). In this method,
the actuator delay is assumed as a constant value, so the actuator response after the time delay is
estimated through the polynomial extrapolation, then, instead of command the desired displacement,
the estimated displacement is commanded, and due to the delay, the achieved response is close to the
desired one.

However, the time delay of an actuator is not a constant value, it depends on the commanded
frequencies. Consequently, more sophisticated methods were implemented. Chen et al. proposed the
utilization of first-order discrete transfer function to model the actuator dynamics and compensate it
dynamics through inverse compensation (Chen, 2007). Another similar approach based on first-order
transfer function is the phase-lead compensator implemented by Zhao (Zhao et al., 2003).

More complex control strategies are the model-based compensation techniques, where different
control tools are applied based on a higher-order model of the actuator connected to the experimental
substructure (Carrion and Spencer, 2007). In 2011, Phillips and Spencer (Phillips and Spencer Jr,
2011) proposed a feedforward-feedback compensation scheme shown in Fig. 2.3. In this method, the
feedforward controller is based on the inverse of the control plant, so its function is to compensate the
modeled dynamics of the plant and only takes the desired displacement as input (r in Fig. 2.3). On the
other hand, in parallel, a feedback controller takes the tracking error to generate a command signal,
improving the robustness of the compensation. The feedback controller consists of a Linear Quadratic
Gaussian Regulator (LQG). The LQG controller is composed of a Kalman filter designed to estimate
the states of the control plant and a Linear Quadratic Regulator designed to minimize the tracking
erTor.

> GFF(-") UEF

Feedforward Controller

i b E e i u V
——(— w6 — Ginls) :

A +

Feedback Controller Servo-Hydraulic

v

System

Figure 2.3: Feedforward-feedback compensation scheme (Phillips and Spencer Jr, 2011).

Recently, Najafi and Spencer proposed another architecture to the feedback-feedforward control
(Najafi and Spencer Jr., 2020). Instead of the controllers in parallel, the feedforward controller is
placed in series with the control plant, and the feedback controller is designed for an augmented plant
considering the control plant and the feedforward controller as a new control plant.

Other authors such as Gao et al. or Ou et al (Gao et al., 2013; Ou et al., 2015) consider H
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feedback control, where noise, disturbances, and model uncertainties are considered in the design. The
controller is designed by trading off tracking performance and robustness.

Model-based strategies have been demonstrated excellent performance in RTHS, especially if an
accurate model of the control plant is available. Nevertheless, the uncertainty in the identified model
may affect the accuracy of the controller. Additionally, the model-based strategies are generally based
on linear time-invariant systems, while the actual properties of the control plant can exhibit non-linear
behaviors or time-varying properties during the test. For this reason, the researchers have been applied
more sophisticated control techniques such as non-linear control and adaptive control.

Adaptive control consists of a combination of control law and an adaptive law. The control law
generates the command signal taking the target and measurement displacements, and depends on a
set of control parameters. On the other hand, the adaptive law adjusts the control parameters using
the information obtained during the test (Ioannou and Sun, 2012). In RTHS, earlier adaptive methods
consider simple control strategies, and the adaptive laws were focused on estimate the actuator delay
during the test (Wallace et al., 2005a; Bonnet et al., 2007). Other methods such as the Tracking Error
Based Adaptive compensator by Chen et al. (Chen and Ricles, 2010) are based on a first-order transfer
function as control law and one adaptive parameter based on the synchronization error integrated on
time. On the other hand, Adaptive Phase Lead Compensator (APLC) by Tao et al. (Tao and Mercan,
2019), and Windowed Frequency Evaluation Index Compensation (WFEI) (Xu et al., 2019b) also
consider first-order transfer functions for control, but the adaptation is based on a frequency domain
analysis using Fast Fourier Transform FFT. For example, the APLC flow chart is presented in Fig. 2.4.
Even though first-order adaptive controllers offer simple designs based on a few control parameters,
their performance is limited compared to more sophisticated controllers, moreover, frequency domain
adaptation is complex and less effective than others adaptive laws.

Target disp. x, i vk S gl
e , +O8 ~ s T = e T
- Command disp. u, B e Measured disp. u,,
B o l+s > system >
an ; ;
b i Adaptive phase-lead (Inner-loop controller is
compensator (APLC) included)
Y
Calculate the ‘K’ Ag, and @ “Moving FFT” frequency
compensator parameters | domain-based error indicators |

Figure 2.4: Adaptive Phase Lead Compensator flow chart (Tao and Mercan, 2019).

Effective and simple methods that can be classified as adaptive feedforward are described next. The
Adaptive Time Series (ATS) proposed by Chae et al. (Chae et al., 2013) consists in approximating the
control plant input-output relationship as a Taylor series expansion. The controller order depends on
the number of coefficients in the expansion, but two or three terms are recommended by the authors.
The adaptation is based on the least-square method (LS), and is implemented using the measured and
commanded data during the test. Although the least-square method provides an excellent estimation
of the required parameters, its calculation involves the inversion of a matrix at each time step, which
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can be a restrictive issue considering the small time steps used in RTHS. Therefore, a modification to
the ATS was proposed by Palacio-Betancur et al. (Palacio-Betancur and Gutierrez Soto, 2019) named
as Conditional Adaptive Time Series (CATS). The control and adaptation architecture is equivalent to
the ATS, but instead of the conventional least-square method, the recursive least-square (RLS) method
was introduced. The RLS method is more cost-effective than the LS, but requires the selection of design
parameters less intuitive than the LS. The CATS flow chart for a first-order controller is presented in
Fig. 2.5. The block that contains Ay = f(zm, Tm,z.) represents the LS or RLS method to adapt the
control parameters i and aqy.
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Figure 2.5: Conditional Adaptive Time Series flow chart (Palacio-Betancur and Gutierrez Soto, 2019).

On the other hand, Chen et al. (Chen et al., 2015) proposed the Adaptive Model-based compensator
(AMB), which consists of an adaptive feedforward combined with a conventional LQG controller.
The adaptive feedforward consists of the inverse of a frequency domain model of the control plant.
After the implementation, the architecture results very similar to the ATS and the CATS, but with
a different adaptive law. In this case, a gradient adaptive law is defined instead of LS or RLS. The
proposed methodology of this study is based on the Adaptive Model-based compensation, so the detailed
description of the method is presented in Chapter 6.

The above adaptive feedforward methods (ATS, CATS, and AMB) are formulated based on continuous-
time dynamic models, but for the implementation of digital controllers, discrete forms are required. As
an alternative, some methods are directly formulated in discrete time. Wang et al. proposed the Two-
stage Adaptive Compensator (Wang et al., 2020), where the estimated delay is compensated through
the classic polynomial extrapolation, while the uncompensated delay or non-modeled dynamics are
compensated using a discrete adaptive feedforward approach with adaptation based on RLS method.
Other discrete methods have been proposed using the conventional LS method (Ning et al., 2020a) or
discrete Kalman filter to identify the better control parameters (Ning et al., 2020b). Simpson et al.
presented a detailed study of discrete data driven adaptive control for RTHS plants (Simpson et al.,
2020). Data-driven controllers offer wide flexibility for some design choices such as the controller order,
and does not need continuous dynamic models of the control plant. However, it also requires careful
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tuning of adaptation parameters.

The flow chart of the Adaptive Discrete Feedforward (ADF) compensation by Ning et al. (Ning
et al., 2020a) is presented in Fig. 2.6. Notice that the control and adaptation are very similar to
the CATS in Fig. 2.5. The difference is that CATS depends on the target and measured signals
and their derivatives, while ADF takes the signals and their values at past time steps. Avoiding
numerical derivatives is considered an advantage since noise in measurement can affect the calculation
of derivatives.
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Figure 2.6: Adaptive Discrete Feedforward compensation flow chart (Ning et al., 2020a).

Other different control techniques are based on non-linear control theory. Xu et al. proposed the
use of the non-linear technique called Sliding Mode Control (SMC) in combination with Improved
Polynomial-based Adaptive Forward predictor (IAPF) (Xu et al., 2019a). Maghareh et al. also intro-
duced the use of Sliding Mode Control in the proposed Self-tuning Robust Control System (SRCSys),
where the control consists of two layers, a robustness layer based on Sliding Mode Control, and an
adaptation layer to improve the accuracy during a test. The Sliding Mode Control consists in force
the control plant to reach and hold a sliding manifold in a finite time. The manifold is designed to
achieve the control objective (Khalil and Grizzle, 2002). Sliding Mode Control is a robust and flexible
control tool, however, its design is based on Lyapunov function to ensure asymptotically convergence,
therefore, to fulfill the RTHS requirements in a short time, the control law must be carefully calibrated.
A different non-linear control technique that has been applied to RTHS problem is the Backstepping
Adaptive Control (BAC) by Ouyang et al. (Ouyang et al., 2019), which consists in transform the
full system into a sequence of design problems of lower order. The flow chart of BAC control is pre-
sented in Fig. 2.7 This method offers the possibility of dispense with the structural properties of the
physical specimen, nevertheless, the design requires the calibration of several parameters which can be
challenging, especially for this complex strategy.
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First step: adaptive force generation
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Figure 2.7: Backstepping Adaptive Compensator flow chart (Ouyang et al., 2019).

Some alternatives methods are listed herein. Tsokanas et al. introduced the use of Model Predictive
Control (MPC) combined with polynomial extrapolation (Tsokanas et al., 2020). MPC consists of a
controller where an optimization algorithm is implemented during the test to predict the response for
a finite horizon and make the control decision according to new information.

Verma et al. proposed a novel scheme namely Impedance Matching Control (IMC) (Verma and
Sivaselvan, 2019), where the classic tracking problem is transformed into a problem in which the goal
is to find the control input such that the actuator displaces the same as the numerical substructure
would in response to the force from the experimental substructure and the ground motion input. This
strategy dismisses a model of the physical specimen but requires a detailed model of each component
in the transfer system.

Peiris et al. introduced the passivity control in RTHS (Peiris et al., 2020), where a virtual damper
is added between physical and numerical substructure in order to cancel the negative damping pro-
duced by the actuator delay. This technique can stabilize the hybrid system but does not solve the
synchronization problem, and therefore, the test could lose precision.

From all the reviewed methods, Adaptive Model-based Compensation (AMB) is considered the
best alternative to design a controller without prior testing of the physical specimen. An adaptive
feedforward controller offers excellent delay compensation and allows to minimize amplitude error at
the same time. However, the design and calibration for an extremely uncertain plant is challenging, so
the detailed study is presented in Chapter 6 and then implemented in Chapter 7.
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3 Substructuring in RTHS

3.1 Dynamic models

In this study, linear dynamical systems are modeled with two very useful representations, the state-
space model and the transfer function. Non-linear models are only treated in Section 7.3.3, where the
non-linear equations are presented.

Thus, consider the differential equation of motion (EOM) of a multiple degrees of freedom (MDOF)
linear structure subjected to a ground motion:

Mi(t) + Ci(t) + Ka(t) = —MYiig(t) (3.1)

where M, C, and K are the mass, damping, and stiffness matrices, respectively. x(t), ©(t), and Z(t) are
the displacement, velocity, and accelerations vectors, respectively, all measured relative to the ground
motion. ii,4(t) is the ground acceleration, and Y is the seismic influence vector.

The second-order differential equation in Eq. (3.1) can be rewritten into a first-order differential
equation in form of state-space (SS) representation:

%} = (A {x} + [B] {u} (3.2)
vy = [C]{x} + [D] {u} (3.3)

x
Taking the state vector as x = {i}, and the output vector as y = & p; the equation (3.1)

jjabs
rewritten in SS form results as:

{i} B [—J\}O‘]lK —J\[ﬂlc] {i} + [_[OH {iig} (3.4)

© 1] (0] 2 |
O LA R 4 T 1 KA (3.5)
Fabs ~-M~'K —-M~'C [0]

where [0] is a matrix of zeros, and [I] is the identity matrix. Z.ps is the absolute accelerations vector.
Equation (3.4) consists of a first-order matrix differential equation, therefore, different numeric solvers
can be applied to solve it. Equation (3.5) is used to construct the output using the obtained states.
In this study, the SS differential equation is solved using Simulink from Matlab. The block diagram of
the SS model is presented in Fig. 3.1.

11
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X = Ax+ Bu

in.u
= y=Cx+ Du

g out.y

Figure 3.1: State-space model in Simulink

The other dynamic representation used in this study is the transfer function in the Laplace domain.
Consider a single input - single output system, for example, a single degree of freedom structure
subjected to an external force:

mi(t) + ci(t) + ka(t) = F(t) (3.6)

where m, ¢, k and F(t) are the mass, damping, stiffness, and external force respectively. Taking the
Laplace Transform in Equation (3.6) and solving for displacement:

1

x(s) = —5—F(s) = G, F(s 3.7
(5) = 5 F(5) = Gug F(s) (37)
where s is the Laplace variable and G,y is the transfer function from force to displacement of the
dynamical system. Proper transfer functions, i.e. functions with numerator’s order less or equal than
the denominator’s order can be solved in Simulink with the transfer function model presented in Fig.

3.2.

num(s)

in.u Tens)

» out.y

Figure 3.2: Transfer function model in Simulink

In this study, the selected integration method for all numerical simulations is the 4" order Runge-
Kutta with a fixed step of 1/4096 sec.

3.2 Substructuring using actuator

The complete structure to emulate is named herein as reference structure. Consider a reference struc-
ture subjected to a ground acceleration as shown in Fig. 3.3. The reference structure is separated into
a numerical substructure and an experimental substructure. The boundary conditions of the degree of
freedom at the interface between substructures x,; is imposed by an actuator over the experimental
substructure. In terms of equations, the substructuring is described as follows. The equation of motion
(EOM) of the reference structure (subscript r) is expressed as:

M,y () + Crieg () + Kpap(t) = — M, Yiig (1) (3.8)

12
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Numerical substructure

Xn3

Reference structure

X
3
dx
2 ‘
X,

Experimental substructure

[

Figure 3.3: Real-time hybrid simulation substructuring example.

where M,, K,, and C, are the mass, stiffness and damping matrices, respectively. x,(t), &,(t), and
Z,(t) are the displacement, velocity, and accelerations vectors, respectively, all measured relative to the
ground motion. ii4(t) is the ground acceleration, and T is the seismic influence vector.

The reference structure is separated into the numerical (subscript n) and experimental (subscript
e) substructures:

(M + M) & (t) + (Cn + Ce) &r(t) + (Kn + Ke) 20 () = — (M + M) Tiig(t) (3.9)

Then, the EOM of the numerical substructure can be rewritten:

Mpin(t) + Crin(t) + Kpzp(t) = —(My + M) Yiig(t) — Fe(t) (3.10)

where x,(t), ©,,(t) and &, (t) corresponds to the displacement, velocity and acceleration of the numerical
substructure, all relative to the ground motion. Notice that the earthquake equivalent forces of both
substructures are included in the EOM of the numerical substructure. Additionally, F, corresponds to
the feedback forces from the experimental substructure:

Fu(t) = Moio(t) + Cote(t) + Kewe(t) (3.11)

where z.(t), T.(t) and Z.(t) corresponds to the experimental displacement, velocity and acceleration
of the experimental substructure, and in the ideal case, the actuator impose z. = Ty1.

Notice that the feedback forces include inertial, viscous, and restorative forces. The inertial force
only depends on the relative accelerations, since the ground acceleration is considered in the numerical
substructure EOM. Furthermore, in a general case, the viscous and restorative forces can be complex
non-linear forces, thus, the feedback force can be expressed as:

13
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Fo(t) = Mi(t) + ro(t) (3.12)

where r(t) is the restorative force of the experimental substructure.

3.3 Substructuring with shake table

Although hybrid simulation appears as an alternative to shake table testing, there exists a type of
hybrid simulation where a shake table is utilized as a transfer system. As shown in Fig. 3.4, a reference
structure is divided into two portions. The lower substructure is modeled numerically, while the upper
substructure is mounted over the shake table. This configuration is useful to study protective systems
such as tuned mass dampers (TMD), tuned liquid dampers (TLD) (Ashasi-Sorkhabi et al., 2015), or
inter-story isolation devices (Zhang et al., 2017).

Numerical substructure

Xn2
—l
Reference structure ﬂ»
Lty
o, \ Experimental substructure

Figure 3.4: Real-time hybrid simulation substructuring example using shake table.
In this case, the equation of motion of the numerical substructure is:

Mnxn(t) + Cn$n(t) + Knxn(t) = _MnTug(t) - Fe(t) (3'13)

where x,,(t), £,(t) and &,(t) corresponds to the displacement, velocity and acceleration of the numer-
ical substructure, all relative to the ground motion. The numerical substructure’s top floor absolute
acceleration is the target acceleration for the shake table. Thus, in contrast to a conventional shake
table test, in RTHS, the shake table input is unknown prior to the test. Finally, the feedback force
F,, in this case, corresponds to the transmitted force by the experimental substructure which can be
obtained from the inertial forces:

14
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F.(t) = M &% (t) (3.14)

where igbs corresponds to the absolute acceleration of the experimental substructure. As an alternative,
in the laboratory, this feedback force can be directly measured with load cells.

Notice that in RTHS with a shake table, the displacement tracking problem is replaced by an
acceleration tracking problem. Although the target acceleration can be integrated to obtain the tar-
get displacement and thus control the transfer system by displacements, it does not ensure accurate
acceleration tracking (Tang et al., 2020). Even though, similar techniques can be applied for both dis-
placement tracking and acceleration tracking. However, in this study, the focus is on the displacement
tracking problem, especially for servo-hydraulic actuators.
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4 Transfer System Dynamics

4.1 Servo-hydraulic actuator model

Servo-hydraulic actuators are often used as transfer system in RTHS due to their capacity to impose
displacements at the frequencies of interest for seismic assessment. A detailed model of the transfer
system was presented by Dyke et al. (Dyke et al., 1995), where the interaction between the actuator
and the physical specimen was modeled and analyzed. The model described herein can be found in
(Carrion and Spencer, 2007) and is equivalent to other models presented by Dyke et al. (Dyke et al.,
1995) and Maghareh et al. (Maghareh et al., 2018) (These models are based on the same physical
equations, but the models may vary depending on how the block diagrams are grouped). The block
diagram of a servo-hydraulic system coupled with a physical specimen is presented in Fig. 4.1.

A

u e ; i ] X )3 L fo x
_’O_’ Ko |egl 6=t | plo, ~kix-kip, |2 N SUE = RPN — »
+ E l+7,5 G +T5 ms® +es+k
A k— ﬂl'
Controller Servovalve Servovalve Actuator Specimen
Dynamics flow

F

Natural velocity feedback

Figure 4.1: Servo-hydraulic actuator model coupled with physical specimen (Carrion and Spencer,
2007).

The input of the transfer system is the commanded displacement u, and then, the error e between
the actual displacement x and u, i.e. e = u — x, is sent to the internal controller of the servo-hydraulic
system to generate the servo-valve input i.:

ie = Kprope = Kprop(u — ) (4.1)

where K., is the internal proportional controller gain. In some servo-hydraulic systems, instead of
proportional control, a proportional-integral-derivative control (PID) is implemented. In those cases,
the servo-valve input is obtained by:

Kin
ic(s) = (Kpmp + Tt + Kders> e(s) (4.2)

where K, is the integral gain, and K., is the derivative gain. However, in this section, only propor-
tional control is considered. This internal controller must not be confused with the dynamic compensa-
tion method implemented in an external controller. The internal controller is part of the servo-hydraulic
system, while the external controller is generally used to compensate for the servo-hydraulic dynamics
(including its internal control).
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Once the servo-valve input is generated, the servo-valve dynamics can be modeled as a transfer
function G,(s) that generates the spool displacement in the valve z,:

Ky
1+ 7s

Ty(s) = Gy(s)ic(s) = ic(s) (4.3)
where k, is the servo-valve gain, and 7 is the servo-valve time constant. Then, the continuity equation
governs the servo-valve flow:

Qr = Kz, — K/pg, (4.4)

where K 6/1 is the valve flow gain, K(’I is the valve flow pressure gain, and py, is the pressure drop. On
the other hand, the flow on the actuator is defined by:

QL= Az + CipL + — (4.5)

46
where A is the area of the actuator piston, Cj is the leakage coefficient on the piston, V is the total
fluid volume, and $ is the bulk modulus of the fluid. Then, a transfer function model of the actuator
can be obtained:

1

pL = a1 5s (Qr(s) — Asz(s)) (4.6)

Alternatively, by combining the continuity equations (4.4) and (4.5), an equation for the actuator’s
piston force f, is obtained:

fo=ApL (4.7)

4B

9 (AKkyic — (K. + C)) fp — A%i) (4.8)

fo=

Notice that the actuator force is directly affected by the physical specimen response by natural

velocity feedback. Finally, the specimen response is governed by the equilibrium force between the
actuator piston and EOM of the physical specimen:

mi + ct + kx = fp (4.9)

where m is the total mass of the physical specimen and piston, ¢ is the viscous damping coefficient of
the specimen and the piston, and k is the specimen stiffness. The physical specimen EOM in equation
(4.9) can be expressed in the Laplace domain:

1

z(s) = ms2+cs+ k

fo(s) (4.10)
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Alternatively, an equivalent model presented by Maghareh et al. (Maghareh et al., 2018) considered
lumped parameters as shown in Fig. 4.2. In this case the lumped parameters are related to the physical
actuator parameters by:

i . J [ Physical X
’ ’ [stay Specimen | |

Contfol-structure Interaction

Figure 4.2: Simplified actuator model coupled with physical specimen (Maghareh et al., 2018)

48K, A
ay = BTq (4.11)
45 A?
as = BV (4.12)
48K,
= - 4.1
as % (4.13)

where K, = K ;k:v is the total servo-valve gain and K. = K/ + Cj is the total flow pressure coefficient.

Additionally, in the case of a non-linear physical specimen, for both models in Fig. 4.1 or Fig. 4.2,
the physical specimen block can be replaced by a non-linear model, representing a non-linear equation
of motion:

mi +ct+r=f (4.14)

where 7 is the non-linear restitutive force of the physical specimen.

4.2 Actuator-specimen interaction

To show the behavior of a servo-hydraulic actuator connected to a physical specimen, the relation
between commanded and measured signals is studied in this section.

Combining all the elements of the servo-hydraulic model, a transfer function from the commanded
displacement u, to the measured displacement x can be obtained:

No

G =
xu(s) D434+D333+D282+D13+D0

(4.15)

where each coefficient is defined as:
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K, A

No = Kpropz (4'16)
K, A
DO = k? + I(propL (417)
K.
A2
Dl:c+4ﬁKc+Ek+kT (4.18)
A? %

Dy = — k 4.1
o m+4ﬁch+KCT+CT+4ﬂKC T (4.19)
D3 = 4.2
3 45Kcm+mT+45KcCT (4.20)

\%4
p— 4.
D4 4ﬂKCmT ( 21)

Obviously, the control plant transfer function is directly affected by the transfer system parameters,
but the goal in this section is to show the influence of the attached physical specimen on the dynamic
response of the control plant. Notice that the structural properties of the physical specimen directly
affect the coefficients of the transfer function G,,. Now, as an example, the servo-hydraulic model in
equations (4.15) to (4.21) is evaluated with the parameters available in (Carrion and Spencer, 2007)
and listed in table 4.1.

Table 4.1: Servo-hydraulic actuator and physical specimen model parameters (Carrion and Spencer,
2007).

Parameter Value Units Description
K, 118.11 mA/m Proportional gain
T 0.00332 sec Servo-valve time constant
K, 3.77-107* | m3/sec/mA Total servo-valve gain
K, 4.63-107" | m3/sec/Pa Total flow pressure coefficient
A 4.84-1074 m? Piston area
%4 7.97-1074 m3 Fluid volume on actuator chambers
I3 6.62 - 108 Pa Fluid bulk modulus
m 4.03 Nsec? /m Specimen and piston mass
c 1665 Nsec/m Specimen and piston damping coefficient
k 4.10 - 10% N/m Specimen stiffness

The bode plots of the control plant transfer function G, with different stiffness values (multiples of
the stiffness k in table 4.1) are presented in Fig. 4.3. These bode plots present the typical form of the
transfer system, where the magnitude is close to zero for low frequencies and decays to negative values
at high frequencies, showing the less capability of a transfer system to operate at high frequencies with
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accuracy. Notice that, the curves with stiffness k and 0.5k do not show notorious differences in terms
of magnitude, but for 5k and 10k the magnitude decays at lower frequencies.

In the case of time delays, it should be noted that delay is frequency-dependent. Although it is
possible to approximate the delay as a constant value for low frequencies, this assumption can lead to
poor delay compensation. Additionally, it can be seen that a stiffer specimen produces a higher delay.
Or in contrast, if a specimen suffers a considerable stiffness degradation, the time delays will change
during a test. This phenomenon depends on the capability of the transfer system, for this example, if
the stiffness decays from k to 0.5k the transfer system does not suffer much change, but if decays from
10k to 5k, the delay at low frequencies change considerably.
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Figure 4.3: Servo-hydraulic actuator connected with specimens with different stiffness.

The interaction between the physical specimen and the transfer system is a crucial issue in RTHS.
In general, every time a physical specimen is changed, a new compensator must be designed for the
new control plant dynamics. Furthermore, if the physical specimen suffers structural modifications
during the test, such as stiffness degradation, crack propagation or hardening effects, the control plant
dynamics may change during the test, and the compensator performance can be affected.
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5 Stability analysis in RTHS

Two aspects are crucial for the stability in RTHS: (i) problems in numerical integration, and (ii) the
time delay in the hybrid loop. There is a vast literature about integration methods and their stability
analysis, thus, this issue can be studied off-line once the numerical substructure is defined. Meanwhile,
the instability due to time delay, has been attracted special attention for the RTHS community, since
is a complex topic that involves numerical and physical components interacting in a closed-loop.

The stability of a hybrid system has been studied from different angles. In this chapter, the stability
analysis approaches are classified into three groups: (i) the predictive stability indicators, which are
focused on the partitioning between numerical and experimental components; (ii) the complete stability
analysis where the dynamics of the actuator and compensator is included in the analysis, and (iii) the
on-line stability analysis, where the analysis is executed with information obtained during the test.

5.1 Predictive stability indicators

Some authors have been studied the effect of delay for different partitioning choices, demonstrating that
some configurations are more susceptible to instability than others. Wallace et al. studied the analytical
delay differential equations of a subtructured system with constant delay (Wallace et al., 2005a) showing
stable/unstable regions for different stiffness ratios between numerical and experimental components.
Maghareh et al. proposed the predictive stability indicator for multiple degrees of freedom systems
(Maghareh et al., 2017). Alternatively, Gao et al proposed other equations to analyze MDOF systems
with delay (Gao and You, 2019). To summarize, this kind of analysis have the same goal: find the
critical delay that causes instability for a particular partitioning choice.

As an example of how the partitioning affects the stability in RTHS, an alternative method to
estimate the critical delay is implemented herein. The procedure consists of obtaining a transfer
function for the numerical and experimental substructure, and approximate the actuator delay with
a linear transfer function, then a transfer function for the closed-loop system is obtained. The block
diagram is presented in Fig. 5.1. The numerical substructure generates the target displacement x; from
the earthquake i, and the experimental force f as inputs. Then, the target displacement is delayed
by the transfer function G,. Finally, the experimental substructure produces the experimental force f
which is sent back to the numerical substructure.

Num Sub
Gxtug + Gy, r

Time delay
G;

Figure 5.1: RTHS substructuring presented by transfers functions.

Consider the following SDOF system:
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mi + ct + kx = —(my, + me)ily (5.1)

where the m, ¢ and k are the mass, damping, and stiffness of the reference structure (complete struc-
ture). Each term is divided into numerical and experimental components:

(M +me)E + (cp + ce)t + (kn + ke)x = —mily (5.2)

where the m,,, ¢, and k. are the mass, damping and stiffness of the numerical substructure, while m.,
ce and k. are the mass, damping and stiffness of the experimental substructure, and ii4 is the ground
acceleration. The numerical substructure output is the target displacement:

21 = Gayuyiig + Gy f (5.3)

where the Gy, is the transfer function from the ground acceleration to the target displacement, and
G, f, from the experimental force to the target displacement. Each transfer function corresponds to:

-m
G = 5.4
T mys? 4 eps 4 ky, (5.4)
—1
Gy = (5.5)

mps2 + cps + ky,

The actuator delay is represented with the Padé approximation, which generates a linear transfer
function with a magnitude close to zero and a phase with approximately constant time delay. As an
example, a 5 msec time delay can be represented by a second-order Padé approximation:

s2 — 12005 + 480000
s2 4+ 1200s + 480000 "

T = Grop = (5.6)

where z,, is the delayed target displacement, i.e. the “measured” displacement in the experimental
substructure. Then, the experimental force is obtained by:

[ =Gz, Tm = (Mes® + o5 + ke)Tm (5.7)

Finally, a total transfer function for the closed-loop system is calculated with the ground acceleration
as input, and the target displacement as output:

Ty = GC’Lﬁg (58)

G:ttug
1-— G:pthfmeT

Gop = (5.9)

The stability of the closed-loop system can be analyzed by observing the poles of the transfer
function G¢p. If the poles have a negative real part, the system stable for the considered time delay,
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or in contrast, if there are one or more poles with a positive real part, the system is unstable. An
unstable system implies that even for a bounded ground acceleration, the target displacements will
grow up without limit.

As an example, consider a SDOF system with m = 100 kg, natural frequency f, = 2 Hz, and
damping d = 55 = 3%. The partitioning consists in m, = 0.1m, ¢, = 0.4¢, and k. = 0.4k. The
critical delay for a particular partitioning can be found obtaining the minimum delay that results in a

pole with a positive real part. In this case, the critical delay is 7., = 16 msec.

The pole-zero map for two different delay values 7 = 5 msec and 7 = 18 msec, is presented in Fig.
5.2, where it can be seen that the case with 71 = 5 msec is stable, while the case with 7 = 18 msec
is unstable. This asseveration can be corroborated obtaining the impulse response of the closed-loop
for each time delay. The impulse response are presented in Fig. 5.3, where evidently, the case with
7o = 18 msec presents an unbounded response.

Pole-Zero Map
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Figure 5.2: Pole-zero map for a particular partitioning and different time delay.
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Figure 5.3: Impulse response for a particular partitioning and different time delay.
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As another example, consider two SDOF systems: (i) system S with m = 500 kg, natural frequency
fn =5 Hz, and damping ratio d = 3%. And (ii) system Sy, with m = 500 kg, natural frequency f, =5

Hz, and damping d = 6%.

The partitioning for each system consists in m, = 0.2m, ¢, = 0.2c. The

critical delay for different experimental stiffness ratios is presented in Fig. 5.4. Critical delays are
searched between 0 and 100 msec. Some observations about this graph:

e For small stiffness ratios for each case, there is no critical delay in the interest range, i.e. these
partitions are not sensitive, and even without compensation does not show a risk of instability.
However, for these cases, the actuator delay may not produce instability, but it can produce
precision problems.

e At higher stiffness ratio the critical delay decrease. This occurs because the experimental force

has more influence on the complete system.

e The system So allows more delay than the system S7. In general, higher damping implies more
stable systems. Nevertheless, excess of added damping to avoid instability may cause unreliable

results.
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Figure 5.4: Critical delay for different experimental stiffness ratios.

This kind of stability analysis can be useful to evaluate the feasibility of different partitionings at
the moment of design an RTHS test. It can be useful to avoid extremely sensitive cases.

5.2 Complete stability analysis

Instead of approximating the actuator dynamics as a pure time delay, another alternative is to represent
it with a transfer function. This transfer function can be obtained experimentally for the actuator
connected with the experimental substructure. Extensive stability analysis for an SDOF hybrid system
was presented by Chen et al. (Chen and Chen, 2020), where a model of the transfer system and
the physical specimen was considered. The presented robust stability analysis includes two kinds of
uncertainties in the control plant model: (i) parametric uncertainties in the identified model, and
(ii), unstructured uncertainties to cover unmodeled dynamics. Then, the stability of the system is
examined through the Nyquist stability criterion. The closed-loop is analyzed through its open-loop
transfer function by applying Cauchy’s principle of argument. The hybrid system is robustly stable if
and only if the envelope of the Nyquist plot does not include the point (-1,0).

Additionally, the dynamics of a linear compensation method can be included in this analysis.
Chen et al. determined the stability margins for different partitionings and various compensation
methods. The results are shown in Fig. 5.5, where solid lines correspond to the margins without
considering uncertainties, meanwhile dashed lines includes uncertainties. Red curves do not consider
compensation, blue curves correspond to the linear acceleration extrapolation method, gray curves to
first-order inverse compensation method, and black curves to second-order phase-lead compensators.

In general, higher natural frequencies admit lower stiffness ratios, and the uncompensated cases are
the most restrictive in terms of feasible partitionings. Furthermore, an interesting observation is how
the stability margin decrease when uncertainty is included in the analysis.
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Figure 5.5: Stability margins for different partitionings and compensation methods (Chen and Chen,
2020).

This kind of stability analysis can be useful before a test when the experimental substructure is
defined and a model of the control plant is available, even better if the uncertainty in the control plant
model can be quantified.

5.3 On-line stability analysis

Some studies are available in the literature where online indicators are proposed for RTHS tests. Guo
el at. (Guo et al., 2014) proposed the Frequency Evaluation Index (FEI) to evaluate the tracking per-
formance of an actuator in the frequency domain, obtaining a representative amplitude and delay error
for the test. Besides, FEI can be implemented online using a moving window to apply the Fast Fourier
Transform (FFT) (Xu et al., 2019b). Although FEI could be used to measure synchronization errors
quantitatively, it does not measure the effect of this delay on the hybrid system’s stability. Meanwhile,
Ahmadizadeh et al. (Ahmadizadeh and Mosqueda, 2009) proposed the Energy Error Indicator (EEI),
which can be implemented online to measure the accumulated errors in RTHS. Although experimental
errors can trigger instability, the EEI measures the experimental error, but do not recognize unstable
cases directly.

5.3.1 Proposed stability indicator

A stability analysis is conducted through an energy balance in the equation of motion of the numerical
substructure (Galmez and Fermandois, 2020). The goal is to detect if the numerical response is growing
up abnormally due to the addition of energy produced by a delayed experimental force.

Consider the EOM of the numerical substructure:

Mnl‘n(t) + Cn$n(t) + Knl'n(t) = _(Mn + Me)Tag(t) - Fe(t) (5'10)

26



CHAPTER 5

where x,,(t), &, (t) and &,(t) corresponds to the displacement, velocity and acceleration of the numer-
ical substructure, all relative to the ground motion. M, C, and K, corresponds to the numerical
mass, damping, and stiffness matrices, respectively. Meanwhile, M, is the experimental mass, and F,
corresponds to the feedback forces from the experimental substructure described as:

Fu(t) = Moio(t) + Cote(t) + Kewe(t) (5.11)

where z.(t), Z.(t) and Z¢(t) corresponds to the experimental displacement, velocity and acceleration of
the experimental substructure at the physical-numerical interface, and in the ideal case, the actuators
imposes x, = x,. However, in an RTHS test, the experimental displacements are not necessarily equal
to the numerical displacements.

Assuming that an appropriate numerical integration method is implemented so that the calcu-
lated numerical substructure response is numerically stable, the equation of motion of the numerical
substructure can be expressed as an energy balance, allowing to focus the stability analysis on the in-
teraction between hybrid substructures due to experimental errors. If numerical substructure matrices
M, Cy, K, are symmetric; the energy balance can be obtained by taking the inner product with an
infinitesimal numerical displacement trajectory, dz,, and then integrating both sides of Eq. (5.10) over
the displacement trajectory (in relative coordinates to the ground):

/ il M, dx, + / il Cdax, + / el K, dx, = / —iig YT (M, + M.)dz,, + / —Fldx, (5.12)
Eq. (5.12) can be later expressed as a scalar equation as:

E,+E;+E,=W;+Wp (5.13)

where Fj, F; and E, are the kinetic, dissipated and strain energy of numerical substructure, respec-
tively, and calculated as:

E = / i M, dz,; Eq= / ilChdr,; Fs= / el K, dx, (5.14)

meanwhile, W7 is the work done by the earthquake forces (namely as input work), and W is the work
done by the experimental forces (namely as feedback work):

Wy = / —iig T M, dx,; Wp = / —Fldx, (5.15)

It is worth mentioning that the energy balance from Eq. (5.13) must be fulfilled during a test even
if the experimental force is delayed, and the hybrid system is unstable. In this sense, the feedback force
is just another external excitation supplied over the numerical substructure.

When a hybrid system becomes unstable, the mechanical energy of both substructures will grow
exponentially even if the earthquake signal goes zero. This issue could happen if the experimental
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substructure introduces additional energy to the numerical substructure. It is desirable to detect this
problem before the mechanical energy grows up at levels that can damage the experimental equipment.

During an RTHS test, it is normal that the mechanical energy of the numerical substructure in-
creases, because the earthquake equivalent forces introduce energy to the system, but the mechanical
energy should not be greater than the input work. Reordering Eq. 5.13 and grouping Ej and Es in
mechanical energy Fyec, Eq. 5.16 is obtained:

Wi — Epec = Eq — Wp (5.16)

If the feedback work, W, gets bigger than the dissipated energy Ey, the right side of Eq. (5.16)
becomes negative. Due to the energy balance, the left side also becomes negative and indicates that
mechanical energy gets bigger than the input energy. Thus, when the hybrid system’s inherent dis-
sipated energy is insufficient to counteract the added energy from the feedback force, the system will
become unstable.

Therefore, the proposed analysis consists of comparing the feedback work with the dissipated energy
through an indicator described in Eq. (5.17):

Wr

SW=————
E;+ Csw

H(Wg) - 100% (5.17)

where SW is called the Stability Warning Indicator, and H (-) is the Heaviside function used to compute
SW only when W7 is positive. Notice that the dissipated energy is always strictly positive (i.e., E4 > 0);
hence, F; — Wg could be negative only if Wg is positive. Meanwhile, Cgy is a constant chosen to
prevent large values of SW when the test starts (i.e., when Ej is close to zero). Notice that E; = 0 at
t =0 (i.e., before the earthquake starts), so Csy should be a constant selected that is big enough to
make the denominator to be non-zero in the SW and to prevent large values of SW if W is dominated
by noise in the force measurements. Moreover, Csyy should be small enough, so the SW denominator
would be dominated by the Fy4 term during and after the earthquake. As a recommendation, both
conditions could be satisfied if Cgyy is selected as two magnitude orders below the maximum input
work over the structural system. It is worth mentioning that this input work can not be calculated
before the test since the complete hybrid system’s response is unknown. However, an offline estimation
of the input work magnitude order is enough to select a proper Cgyy.

The explanation of the SW values is provided herein. When SW = 0%, due to negative values of
W, there is no risk of instability because the experimental substructure is removing energy from the
numerical substructure. Next, if 0% < SW < 100%, the experimental substructure is adding energy;
but, the damping of the numerical substructure is enough to counter this effect. Finally, if SW > 100%,
then the numerical substructure’s mechanical energy overcomes the input work, causing instability.

The main difference between the EEI indicator from Ahmadizadeh and the proposed SW is that
the former evaluates simulation accuracy when affected by synchronization errors, and the latter is
focused on assessing the stability of the hybrid system. For example, if a hybrid system presents a
significant delay in the transfer system, the experimental errors will cause the experimental substructure
to add energy to the numerical substructure. Nevertheless, if the numerical substructure has enough
damping to maintain the system stable, the SW will be less than 100%; meanwhile, EET will show
large values due to the synchronization errors produced by the delay.
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To compute the Stability Warning Indicator (SW) it is necessary to evaluate different energy
terms using numerical integration. To calculate the accumulated energy E[j] of a force P[i] over a
displacement increment Az[i], Vi € [1, j], a trapezoidal rule is formulated:

Elj] =Z;(P[i] + Pli —1]) (2[i] — «fi —1]) (5.18)

This integration method is implemented in Simulink, as shown in the block diagram of Fig. 5.6,
where Discrete Finite Impulse Response (FIR) Filters and Product blocks are employed to obtain the
area of each trapezoid, and a Discrete-time Integrator block is required to obtain the accumulation
over time. In the case of Wy the input force is P = f. and the input displacement is x = x%l) (scalar
signals); meanwhile, to evaluate E,, the input forces are P = Cj,,, and the displacements are z = z,,

(vector signals).

D) o 0.5+0.5z-1
3 1
. uStad) » E
- J—’ 2(2-1)
-
Iy Discrete Integrator Energy
X

Figure 5.6: Block diagram for energy calculation.

The proposed stability indicator is implemented in numerical examples with linear systems in
Section 7.4. It should be mentioned that the proposed methodology is valid only for linear numerical
substructures because for non-linear systems there are other sources of energy dissipation, such as
hysteresis or friction. Furthermore, a non-linear dynamic system could have multiple equilibrium
points, thus the stability analysis becomes more complex.
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6 Adaptive compensation

6.1 Adaptive model-based compensation methodology

The adaptive model-based compensation (AMB) architecture is presented in Fig. 6.1, where the
displacement to be imposed is named herein as target displacement x;. A feedforward control that
depends on a set of parameters A takes the target displacement to generate the command signal z. for
the control plant. Consequently, the control plant achieves a measured displacement x,,, and the goal
is to minimize the synchronization error e = x,, — x; — 0. Besides, the signals x. and x,, are taken
for the adaptation process of the control parameters A.

X X X
4t—[ Feedforward ]754> Control Plant -

A

—
| Adaptation
\_ /

Figure 6.1: Control architecture of the proposed methodology.

The dynamic compensation method presented in this chapter is based on the adaptive model-based
method presented by Chen et al. (Chen et al., 2015) with the modifications presented by Fermandois
and Galmez (Fermandois et al., 2020).

The control plant can be approximated in the frequency domain by a third order transfer function
without zeros Gp(s):

1

Tm = Gpls)ae = <a353 + azs? + ars + a0> e (6.1)
where a; with ¢ = 0,1,2,3 are the coefficients of the control plant’s transfer function Gp(s); s is the
Laplace variable, and x,, is the measured displacement. The coefficient ag is known as the DC gain of
the transfer function, and it is generally close to 1. It means that at very low commanded frequencies,
the measured signal takes x,, =~ z. at least in terms of amplitude. The parameter a; is closely related
to the time delay at low frequencies. Finally, as, and a3, affects the system dynamics mainly at higher
frequencies.

To compensate for the control plant dynamics, the inverse of G, (s) is taken to generate the command
signal from the target displacement:

Te = G;l(s)xt = (a383 + ass® +a1s + ap)y (6.2)
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where G, L(s) is the inverse feedforward controller, and x; is the target displacement from the numerical
substructure. Notice that the transfer function presented in Eq. (6.2) is improper; however, the
controller can be implemented using a backward difference approximation:

i) 1 0 0 0 xli]
#i]| _ | 1/At —1/At 0 0 zfi — 1] (6.3)
#[d] /A2 —2/At? 1/At? 0 zfi — 2] '
T[] /A3 —3/A12 3/At3 —1/A#3] |x[i — 3]

where At is the sampling period of the simulation and x[i] is a displacement at time step i.Nevertheless,
other finite difference rules can be used. Finally, the command signal for the actuator can be obtained
from

xe = [ag a1 ag as)[zy &y Ty 'j:'t]T (6.4)

Notice that the control signal is generated with an inverse feedforward controller with the estimated
control plant parameters. Although in the AMB, the controller is formulated from the frequency
domain, the implementation in the time domain in Eq. (6.4) is equivalent to the feedforward control
presented in Adaptive Time Series (ATS) (Chae et al., 2013) and Conditional Adaptive Time Series
(CATS) (Palacio-Betancur and Gutierrez Soto, 2019). The difference between the AMB, the ATS, and
CATS is mainly the algorithm chosen to update the control parameters. In the AMB, the parameters
are updated with an adaptive gradient law. In contrast, the ATS updates its parameters with the
standard least square method considering a moving window of measured and commanded data. In
contrast, the CATS parameters are updated with the recursive least square method. These methods
can reach similar performance, but it also depends on several carefully chosen design parameters to
provide effective adaptation. Furthermore, both CATS and ATS are presented in the literature for first
and second-order compensators, and there is no evidence of its performance for higher-order models.

In the proposed AMB, the initial parameters for each a; are obtained from an identified model
of the transfer system without an experimental substructure. Then, these parameters are updated in
real-time with the adaptive law presented in Chen et al. (2015). In the original AMB, the parameter
ag, known as DC gain, is taken equal to unity and is not subject to adaptation. But in this study is
considered in the adaptation process since the experimental substructure properties can alter the DC
gain of the control plant.

The adaptation process is presented as follows. The commanded signal z. can be approximately
estimated by reordering Eq. (6.1) in Eq. (6.5):

:%C = [aO ap az a3] [:Em mm xm xm}T (65)

where Z. is the estimated command signal and x,, is the measured displacement. The derivatives of x,,
are obtained by two steps, first, x,, is filtered with a Butterworth filter to remove high-frequency noise:
then, the time derivatives are calculated with Eq. (6.3). It should be mentioned that in the original
AMB, a low-pass filter A = 1/(1+s)? is used to make proper transfer functions to obtain the derivatives
of x,,,. This low-pass filter affects the amplitude of the measured signal deteriorating the adaptation
process, reason why that filter is changed to a Butterworth filter, just like in other methods such as
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Adaptive Time Series (Chae et al., 2013) and Conditional Adaptive Time Series (Palacio-Betancur and
Gutierrez Soto, 2019).

With Eq. (6.5) and the command signal z. an indirect estimation error of the parameters a; can
be obtained:

(6.6)

where e is the parameter estimation error, x. is the command signal filtered with the same Butterworth
filter to synchronize with the filtered measured signal x,,; Z. is the approximated command signal
obtained with Eq. (6.5) with the estimated parameters a;, and m? is a normalizing signal used to
bound e, and taken as m? = 1 + (XL X,,) with X,, = [2y &m &m Tm]T. Then, to update the
parameters a;, a cost function is formulated:

J(A) = —= (6.7)

where J is the cost function and A = [ag a1 ag a3]. Finally, the gradient adaptive law is implemented
to update the parameters a;:

A=TeX,, (6.8)

where A = [ap @1 a2 as] contains the rate of change of the parameters a;, I' is a diagonal adaptive
gain matrix associated with the adaptation rate of parameters a;, and X,,, = [z, T T ':'E’m}T are the
higher-order time derivatives of the measured signal.

The implementation of the AMB compensator is summarized in the flow chart of Fig. 6.2.

*e o Feedforward Xe
— | Derivatives v Py
. € — t

Control
plant

X = Xy A =lao a, a, as]

% —
1]
s :
— Filter

Derivatives Filter

. /

Figure 6.2: Flow chart of Adaptive model based compensator (AMB).

Additionally, it should be mentioned that the adaptive controller presented in this study can be
augmented with a feedback control such as LQG control in the original adaptive model-based (Chen
et al., 2015), or PI control in work of Ning et al. (Ning et al., 2020a). However, this study did not
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consider feedback control for two reasons. First, to demonstrate the efficiency and robustness of the
adaptive model-based compensation by itself. It is worth mentioning that a feedforward controller has
more authority to compensate for delay errors than feedback controllers. The second reason is that a
conventional feedback controller’s design requires an accurate model of the control plant, including the
experimental substructure. Notice that adequate feedback control can improve the compensation, but
a bad design can result in instability of the close-loop of the controller-plant system.

6.2 Design and calibration process

The compensator must be designed to provide excellent delay compensation and quick adaptation, so
special attention is given to the selection of initial conditions and adaptive gains. The initial conditions
can be selected according to the actuator dynamics, but the selection of the adaptive gains could be a
challenging task. Small adaptive gains produce slow adaptation, which can result in uncompensated
delay during a part of the test. On the other hand, high adaptive gains can result in instability of the
adaptive law, especially in the presence of noise or disturbances Ioannou and Sun (2012). Therefore,
it is necessary to adjust the adaptive gains carefully to achieve both robustness and performance.

The design and calibration process is schematized in Fig. 6.3. The first step is to obtain a model
of the transfer system without specimen interaction in the form of Eq. (6.1). Then, a feedforward
controller is designed taking the inverse of the initial model. Next, the adaptive gains I' are calibrated
through an iterative process. The adaptive gains calibration requires numerical simulations with the
following components:

1. A set of target displacements z;. This data can be obtained from approximated reference struc-
tures subjected to earthquakes of interest to emulate in RTHS. Notice that the excitation is
extremely uncertain in earthquake engineering, but it is considered to be known for structural
performance assessment.

2. A controller based on an initial model, with initial parameters A;p;:.

3. A low-pass filter with a cut-off frequency according to the frequencies of interest and the capacity
of the transfer system.

4. Different virtual control plants will be tested in RTHS. These virtual control plants need to be
different from the identified model for the transfer system without a physical specimen. Conse-
quently, the controller requires adaptation to reach an acceptable tracking of the virtual plant
response Tyy,.
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Figure 6.3: Adaptive model based design and calibration process.

At each iteration of the optimization process, a specific set of adaptive gains I'j, are defined, where
index k corresponds to the k-th iteration. A finite number of random simulations N are carried out
with different target displacements, and a performance indicator Ja, is computed, where index n is the
n-th simulation.

E [(mtn - xmn)2]
E [27,]

Jon (L) = (6.9)

where E[-] is the expectation operator. Subsequently, the average for the N simulations corresponds to
the objective function for the specific set of adaptive gains Rs.

N
Ro(Ty) = % > Jan(Tk) (6.10)
n=1

Then, through the optimization algorithm, new adaptive gains are defined to obtain a better per-
formance indicator. This process is realized until the optimization algorithm converges to the optimal
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gains I'*. Notice that the goal of the calibration process is to find adaptive gains I'* that ensures
the adaptation capacity maintaining excellent tracking performance and not to find specific adaptive
parameters a,;. Finally, once the gains are calibrated to adapts the AMB from the initial model to
different virtual plants, the controller is ready for implementation in RTHS.

A detailed design example of the AMB is presented in Section 7.2, where several numerical sim-
ulations using Simulink are carried out with different random inputs to evaluate the performance for
the adaptive gains. The optimization process is implemented with particle swarm optimization from
Global Optimization Matlab toolbox.
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7 Numerical application

7.1 The benchmark problem

The virtual RTHS benchmark problem from Silva et al. (Silva et al., 2020) is selected as a platform
to evaluate the performance of the proposed compensation method and the on-line stability analysis.
The reference structure consists of a three-story moment frame with three lateral degrees of freedom,
as shown on the left side of Figure 7.1. The reference structure is divided into a numerical substructure
and a linear SDOF experimental substructure, as shown on the right side of Figure 7.1. The equation
of motion (EOM) of the reference structure is:

Numerical substructure

Reference structure

X
—p

3
x
_”2>‘
X
_rl.\

— X

| I

Figure 7.1: Reference structure and partitioning.

{i} N {—Mglm —Mf—lc,,] {i} + {_OT] {iig } (7.1)

o) =10 o {5} + ol () 72

where M,, K,, and C, are the mass, stiffness and damping matrices, respectively. z,(t), Z,(t), and
Z,(t) are the displacement, velocity, and accelerations vectors, respectively, all measured relative to the
ground motion. iiy(t) is the ground acceleration, and Y = [1 1 1] is the seismic influence vector.

Experimental substructure

Once the reference structure is separated, the EOM of the numerical substructure is reordered in
Egs. (7.3) and (7.4) where the inputs are the ground acceleration and experimental force and the
outputs are the numerical displacements:
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Ty 0 I Ty 0 0 U
{xn} - [—Mn‘lKn —M#Cn} {xn} * [—MJIMTT —Mn‘lv} {fg} (7.3)

(o} = [I 0] {gz}ﬂo 0] {3&9} (7.4

where M,,, K,, and C,, are the numerical mass, stiffness and damping matrices, respectively. z,(t),
Zn(t) and &, (t) corresponds to the displacement, velocity and acceleration of the numerical substruc-
ture, all relative to the ground. Meanwhile, f, corresponds to the feedback force from the experimental
substructure acting with an influence vector v = [100]7. f. for a linear experimental substructure is
defined as:

fe = ke + Cemp + MeZm (7.5)

where m., k. and c. are the mass, stiffness and damping of the experimental substructure. z,,, .,
and Z,, corresponds to the measured (experimental) displacement, velocity and acceleration imposed
on the experimental substructure. For the compatibility in the interface between substructures, the
response of the first degree of freedom of the numerical substructure x, is the target displacement x;
to be imposed on the experimental substructure. It means, in the ideal case x,, = 2 = Tn1.

The transfer system connected to the experimental substructure is modeled with transfer functions
as shown in Fig. 7.2 where the parameters of the transfer functions are listed in Table 7.1. The
parameters are represented with a truncated normal distribution with the specified mean (nominal)
value and a standard deviation. Additionally, to get a more realistic representation of the virtual
control plant, the measured signals force f. and displacement z,,, are contaminated with noise modeled
as band-limited white noise to represent physical sensors.

Servo-valve Actuator Experimental
D}"]lill]]iCS D}’IliillliCS Substructure fe

. Xc X ::
: B ( 1 1 ‘
+ O__h 2+O_ [1 + G[g} { Mes2 + co5 + kJ = E
CSI | |

Tracking Feedback Loop

Figure 7.2: Block diagram of the control plant. Adapted from Silva et al. (Silva et al., 2020).

In the benchmark problem, four partitioning cases are defined with different reference structure
properties but the same experimental substructure. In this study, two additional cases are defined to
consider a wide spectrum of scenarios. The reference structures are listed in Table 7.2. Cases I to
IV corresponds to the original benchmark partitioning cases. Cases V and VI consider random linear
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Table 7.1: Control plant parameters.

Parameter | Nominal Value | Standard Deviation Units
a1 2.13-10% - m-Pa/sec
s 4.23-10° - m-Pa
as 3.3 1.3 1/sec
51 425 3.3 -
B 1-10° 3.31-10° 1/sec
Me 29.1 — kg
Ce 114.6 - N sec/m
ke 1.19 - 10° 5-101 N/m

experimental substructures with properties uniformly distributed between the limits detailed in Table
7.3.

Table 7.2: Reference structure properties for each case.

Case | Mass/floor kg | Natural frequencies Hz | Damping by mode
I 1000 3.61; 16.00; 38.09 5%

I 1100 3.44; 15.25; 36.32 4%

111 1300 3.17; 14.03; 33.40 3%

v 1000 3.61; 16.00; 38.09 3%

\Y 1400 3.05; 13.52; 32.30 5%

VI 900 3.81; 16.86; 40.15 4%

Table 7.3: Experimental substructure properties for cases V and VL

Parameter | Minimum | Maximum Units
Me 10 40 kg
Ce 50 1000 N sec/m
ke 1-10% 2109 N/m

The Simulink block diagram for the virtual RTHS is presented in Fig. 7.3.
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Figure 7.3: vRTHS Simulink block diagram.

7.2 Adaptive compensation design and calibration
7.2.1 Initial controller and calibration simulation

The AMB compensator requires a model of the transfer system (i.e., loading equipment) without any
experimental substructure, namely as the initial model. In laboratory, this model can be obtained from
system identification, but in this numerical example, the initial model is assumed from the control plant
model in Fig. 7.2 evaluated with an experimental substructure with properties me = 0, ce = 0 and
ke =1 N/m. The initial model transfer function is presented in Eq. (7.6):

0 1

Tm = Gpls)ee = <1.986 10753 + 8.440 - 10552 + 0.0199s + 1> e (7.6)
where Gg(s) is the initial model transfer function and its bode diagram is presented in Fig. 7.4. The
initial model can be compared with the benchmark problem control plant defined in Section 7.1 (with
nominal parameters). Notice that the initial model presents a considerable time delay, especially for low
frequencies (0 to 20 Hz). However, the inclusion of an experimental substructure increases, even more,
the time delay and also affects the magnitude. It is expected that a controller designed for the initial
model results in insufficient compensation for the different control plants, therefore, the controller must
adapt its parameters to reach acceptable performance.
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Figure 7.4: Control plant and butterworth filter Bode diagrams.
The initial feedforward controller is formulated taking the inverse of the initial model Gg(s):

ze=[1.0 1.99-1072 8.440-107° 1.986 - 1077| [wy iy &4 7'4)" (7.7)

For the noise filter design, three principal factors should be considered: (i) the frequency content
of the earthquake, (ii) the frequency content of the structure response, which is affected by both
substructures, and (iii) the frequency range of operation of the transfer system. For this study, the
frequency range of interest is considered between 0 to 20 Hz. Although the third natural frequency
of all cases is higher than 20 Hz, the structure response will be principally controlled by the first and
second modes due to the excitation properties, additionally, the capability of transfer systems over
30 Hz is generally poor. Therefore the selected noise filter is a 4" order Butterworth with a cut-off
frequency of 20 Hz. The bode diagram of this filter is included in Fig. 7.4. This filter keeps an
approximately unit gain for low frequencies but adds a time delay to the filtered signals. However,
this time delay only affects the adaptation process and does not affect the compensation directly. For
example, if the filter generates a delay of 22 msec, the control parameters a; will suffer 22 msec of
delay in its adaptation. However, the delay between the measured signal x,, and the target signal .
will depend on the actual values a; and the control plant behavior. If the control plant produces a
delay of 26 msec at some frequency, and the initial controller compensates 19 msec at this frequency,
therefore, the uncompensated delay between z,, and x,, will be 7 msec and this delay will decrease
according to the controller adaptation. Thus, the filter’s delay (22 msec) affects the adaptation and
not the compensation directly.

Additionally, the adaptive parameters A = {a;,7 = 0,1,2,3}, can be constrained by defining upper
and lower bounds for each parameter. In this example, the parameters are constrained only to a; > 0
because the resulting control plant transfer function for the model in Fig. 7.2 takes non-negative
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coefficients. The adaptive parameters a; also can be upper bounded according to the expected limits
for a particular transfer system and the experimental substructures properties of interest, but in this
study upper bounds are not considered to observe free adaptation.

For the calibration of adaptive gains, an optimization process is carried out using numerical sim-
ulations with the Simulink block diagram presented in Fig. 7.5. For each adaptive gain matrix, a
predefined number of simulations are realized with different target displacements and different virtual
control plants. At each simulation, the target displacement is generated using SDOF calibration struc-
tures subjected to a ground motion. In this calibration, the El Centro earthquake is selected with
different scales. The earthquake scales and SDOF properties are modeled as uniform random variables
with the specified bounds in Table 7.4.

Ug » Ug % t x_t
X C X c x_m T r-‘ X_m
x_m
Ground accel Calibration Structure
ANB Calibration Plant

Figure 7.5: Block diagram for the calibration simulation.

Table 7.4: Earthquake scale respect to PGA and SDOF properties bounds for uniform distribution.

Parameter Minimum | Maximum | Units
Scale 30 60 %
(Scaled PGA) (0.089) (0.179) (g)
Natural frequency 2.8 4 Hz
Damping 3 ) %

On the other hand, the calibration plants do not need to be accurate models of the plants that will be
tested in RTHS, it only needs to be an approximate model of the transfer system with interaction with
different experimental substructures and must be different from the initial plant to ensure adaptation
from the initial model to different models. In this example, the calibration plants are formulated with
the transfer system model in Fig. 7.2 with the nominal parameters of Table 7.1 and experimental
substructures with properties with uniform random distributions: m,. € [10,40] kg, ¢, € [50,1000]
Nsec/m and k. € [1-10%2-10°] N/m (i.e.,ame distribution as in Table 7.3). The possible bode
diagrams for the calibration plants are included in Fig. 7.4.

For each simulation the normalized root square mean error (NRMSE) between z,, and z; is com-
puted as an error indicator:

Jon (. 5) = S @mll] = wfl)? 78)

S (1))
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where Ja, represents the synchronization error of the n* simulation, [ is the discrete-time index, and
L is the total length of data in each simulation.

For each set of adaptive gains I'y, = diag([I'g I'1 I's I's]), a total of N = 100 simulations are carried
out to account for random earthquake scales, SDOF properties, and calibration plants. Then, the mean

value of the Jy indicators is computed as an error indicator for the specific set of the adaptive gains
Fkl

1 N
Ro(Tk) = > Jan(Tk) (7.9)
n=1

where Js,, corresponds to the error indicator for the simulation n.

As an example of the calibration simulation, two runs with different adaptive gains, but the same
simulation parameters are realized. The ground motion corresponds to the El Centro earthquake scaled
to 40% of PGA, the calibration structure is defined with 4% of damping and natural frequency of 3.5 Hz.
The experimental substructure properties are: m. = 20 kg, c. = 500 Nsec/m, and k. = 1 x 105 N/m.
The synchronization results are presented in Fig. 7.6, where the target and measured displacements,
apparently match for both cases, but observing the error subgraph, evidently, the results with I'y are
better than for I',. Additionally, the adaptation of the control parameters a; is presented in Fig. 7.7,
where it can be seen that I'y, produce fast adaptation for the most important parameters ag and ay.
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Figure 7.6: Displacement results of calibration simulation example with different adaptive gains and
fixed simulation parameters.
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Figure 7.7: Adaptation results of calibration simulation example with different adaptive gains and fixed
simulation parameters.

7.2.2 Sensitivity analysis

A sensitivity analysis is conducted in order to account for the effect of the random parameters in the
calibration simulation. The first analyzed case is the non-adaptive case, i.e. ' = diag[0;0;0;0]. The
results of 100 simulations are shown in Fig. 7.8. The J, results are contained between 0.8% and 20%
with mean value Ry = 8.7% and standard deviation cRy; = 4.6%. It can be easily observed that
Jo is highly dependant from on the experimental stiffness, while other parameters seem to not have
much influence on Jo. This occurs because the controller without adaptation is capable to compensate
the actuator dynamics when the experimental substructure does not produce much interaction. Since
the experimental stiffness produces more control-structure interaction than the experimental mass or
damping, it is possible to observe how the error J, increases with the stiffness. Additionally, if the
compensator has no adaptation, it acts as a linear system, so the target displacement amplitude does
not affect the compensator performance. The target displacement amplitudes are controlled by the
earhquake and the dynamic properties of the calibration structure.
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Figure 7.8: Realizations of the calibration simulation (N = 100) without adaptation.
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The previous observations are valid for the non-adaptive case, but the adaptive case becomes
non-linear and obviously depends on the selected adaptive gains I'. In Fig. 7.9, the results of 400
realizations with "high gains” are presented. In this case, there are several simulations with extremely

bad performance. The Jy errors are between 0.7% and 4 - 10*%, with mean Ry = 541% and standard
The simulations with Jo > 10% are marked in magenta, notice that in

deviation oRy =

2800%.

this case, the experimental substructure stiffness has not an evident relationship with the observed
errors. On the other hand, the magenta points are concentrated in low calibration structure’s natural

frequencies (< 3.4Hz), and high earthquake’s scales (> 50%). Clearly, the compensator performance
depends on the target displacement characteristics.

Since the parameter adaptation is proportional

to the estimated error (Eq. (6.8)) and the adaptive gains, possibly, systems with higher amplitude or
lower frequency responses, requires slower adaptation than higher frequency systems.
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Figure 7.9: Realizations of the calibration simulation (N = 400) with high adaptive gains.

Finally, the goal is to find a set of adaptive gains that result in acceptable values of Jy for every
realization for the selected simulation parameters.

7.2.3 Adaptive gains optimization

An optimization algorithm is utilized to find the matrix I which minimizes the Ry indicator. Since
the objective function Ry depends on four parameters of the adaptive gain matrix I' it is difficult to
visualize it. Furthermore, since the N simulations have random inputs, there is no analytical function
to obtain Ry(I") so it is very difficult to analyze the multi-variable search space for I'. Consequently,
an appropriate optimization method should be selected.

In this study, particle swarm optimization (Kennedy and Eberhart, 1995) from Global Optimization
Toolbox from Matlab is utilized. A Matlab function is defined with a vector v = [vo, 71, 72, 73] as input.
This vector ~y is related to the adaptive gains I' such that ; = log;¢(I';). The Matlab function runs
the N simulations with the defined adaptive gains and outputs the error indicator Rs.

Particle swarm optimization consists of defining several particles (I particles), where the position
of each particle represents a possible solution to minimize a fitness function. In this calibration, p;[h]
represents the position v = [a, b, ¢, d] for the particle ¢ € [1, I] at the iteration h € [1, H], where H is the
total number of iterations. Thus, for each position, there is an error indicator Ra(p;[h]) resulting from
the 100 simulations with the adaptive gains associated with position p;[h]. The optimization algorithm
is described as follows. First, a set of I particles with random initial positions and velocities are defined
in a constrained search space. Then, the position and velocity of each particle are updated, according
to:

vilh +1] = woilh] + r1[hler (pmilh] — pi[hl) + ra[hlez[h](g[k] — pilh]) (7.10)
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pilh + 1] = pi[h] + vilk + 1] (7.11)

where v;[h] is the velocity of particle i at iteration h. The velocity is updated according to a weighted
sum of three components: (i) inertia with weight w (ii) difference between the position with best result
of the particle pm; and the current position p;, with a random component r; € [0,1] and weight ¢y,
and (iii) the difference between the position with best result of the swarm ¢ and the current position
pi, with a random component ry € [0, 1] and weight co. The best position of a particle pm; corresponds
to the position with the lowest Ro value for the particle i. Whereas, the best position of the swarm g
corresponds to the position with the lowest Ry value for all particles.

So, the search space for the adaptive gains is investigated by trial and error to define a constrained
but wide search space for the optimization. The constraints are selected as vy € [2,10]; 71 € [0, 8];
72 € [—2,6] and 73 € [—4,4]. The sum weights are defined as w = ¢; = ¢ = 0.5. The particle swarm
function is utilized with a swarm size of 15 and maximum iterations of 10. This number of evaluations
is considerably small for this kind of optimizer but in this case, is enough to find excellent results
between the selected bounds.

After the optimization process, the best result is:

I'* = diag([10%4 1052 10%! 10°9)) (7.12)

where the resulting error for the calibration simulation is Ry = 0.85%.

To visualize the design space and the obtained optimal gains, a sensitivity analysis for the adaptive
gains is performed. In this case, 200 random combinations of adaptive gains are created using Latin
Hypercube Sampling (1hsdesign() in Matlab), which is a technique to generate multivariable samples
efficiently. For each set of adaptive gains, the Ry indicator is computed. The results are presented in
Fig. 7.10, where the obtained optimum is marked in red. First, it should be noted that the optimal
gains minimize the Rp indicator. Second, the adaptive gain I'; seems to be more significant than the
other adaptive gains. Third, the worst results are obtained for the higher values of I'g, I'1, and I's.
And fourth, the results are not sensitive for I's.
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Figure 7.10: Ry results for different random combinations of adaptive (Note: optimal gain is marked
in red).

Since the results are very sensitive for I'1, a second sensitivity analysis is conducted with I'; fixed
at the optimum value. The results are shown in Fig. 7.11, where it can be seen that there are no good
results for higher values of I'y and I's. The bad results for lower gains can be explained as follow. The
yellow points correspond to results with Ry > 10% and Iy > 107, so the bad results for low values of
I's and I'3 are due to infeasible I'g. The green points are results with Ry > 10% and I'y > 3- 10%, so the
bad results for low values of 'y and I'3 are due to infeasible I's. Then, the magenta points correspond
to results with Ry > 10% and I's > 103, demonstrating that extremely high values for I's also produce
high errors. Finally, the black points correspond to Ry > 10% with I'g > 10° and I'y > 3 - 10%, these
are the worst results because two adaptive gains are too high. Notice that the obtained optimal gains
avoid these infeasible zones for each adaptive gain.
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Figure 7.11: Ry results for different random combinations of adaptive gains with fixed I'; = 1052 (Note:
optimal gain is marked in red).

An alternative to analyze the obtained optimum is to explore the neighborhood of the solution.
The process consists on fixing two terms of the adaptive gain matrix and generates a grid of adaptive
gains for the remaining two terms. The results of the error indicator Ry for different grids of adaptive
gains are presented in Fig. 7.12. For example, the first sub-graph corresponds to different values for I'¢y
and I'y with fixed optimum values for I'y and I's. It can be seen that the optimum is localized in a zone
with small values of Ry for every sub-graph, demonstrating that exists a wide zone of feasible results.
For another part, extremely lower and higher gains result in higher values for Ro. The worst scenarios
are obtained with extremely higher gains, due to overshooting in the adaptation process. Notice that
this color map is obtained for the specified random inputs, so, if the compensator is implemented for
different rabndom inputs, the optimum and the color map will change.

48



CHAPTER 7

=1021 —100-8 =14062 1 =408 =4082 1 =4p2.1
r,=10%" r =10 r,=10%%r =10 r =10%% =10 R,>100%

50%

+ 20%

108 10"
10%

5%

2%

R,<1%
10° 102 10* 10% 10® 10° 102 10* 10% 108 102 10° 102 10* 108 2

Figure 7.12: Error indicator Ry for different adaptive gains around the optimum gain (marked in red).

An alternative design is to select lower gains than the obtained optimum, to increase the distance
with the unfeasible (yellow) zone while maintaining reasonable Ry performance. The distance from
the unfeasible zone to the selected gains is associated with the degree of robustness. Further studies
could take this property into account in the calibration process. However, in this study, the obtained
gains ['* from the optimization are utilized for the controller in all the different vRTHS simulations in
Section 7.3. However, the obtained optimum is considered without modifications for the performance
evaluation of the compensator.

Finally, a sensitivity analysis for the random inputs is realized with the obtained optimum to show
the robustness of the solution. The results of 200 simulations are presented in Fig. 7.13, where the
results show small errors and very low dispersion. The results seem to be dependant on the earthquake
scale and natural frequency, but this behavior has an explanation. The target displacement amplitude
increase with the earthquake scale and decreases with the natural frequency. For another part, the
synchronization error with good compensation is mainly composed by noise in measured displacement,
therefore, the ratio between error and target signal increase if the target signal’s amplitude decrease.
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Figure 7.13: Realizations of the calibration simulation (/N = 200) with the optimal adaptive gains.

7.3 Virtual RTHS results

Different simulations are carried out with the same compensator designed in Sections 7.2.1 and 7.2.3.
The results are evaluated through the Jy error indicator defined in Eq. (7.8), which measures the
synchronization error between numerical and experimental displacements. Although the benchmark
problem considers many other indicators, only the Js is considered in this study because a dynamic
compensator aims to minimize this error. Furthermore, if the synchronization error in the numerical-
physical boundary is minimized, the response of the hybrid system should be closest to the emulated
system response.

7.3.1 Compensation and adaptation analysis

In this subsection, the results for a simulation for case I with nominal values are presented and ana-
lyzed. The structure is subjected to the El Centro 1940 earthquake scaled to 60% of the peak ground
acceleration (PGA). The synchronization results are presented in Fig. 7.14, where an excellent track-
ing of displacements can be observed. The synchronization error is mainly composed of noise in the
measured displacement and the Jy indicator is under 2%. It should be mentioned that the noise filters
only acts on the measured signal for the adaptation process and not for the simulation results. The
results can be filtered on the post-processing of the obtained data.
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Figure 7.14: Synchronization results for Case I subjected to El Centro 50%.

The adaptation of control parameters a; is presented in Fig. 7.15, where after 5 sec of simulation,
at the beginning of the strong motion, the control parameters presents quick adaptation. After 7 sec,
the adaptation seems noisy; thus, smoother adaptation is possible with lower adaptive gains. However,
if the compensation results are excellent, the smoothness of the adaptation is not an issue.
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Figure 7.15: Control parameters adaptation results for Case I subjected to El Centro 50%.
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Additionally, since the initial conditions of the compensator are based on the initial model, the
adaptation process can be interpreted as an online identification problem. Although only the parameter
a1 shows an evident convergence, an identified value is computed for each a; taking the mean value
between 10 sec and 35 sec of simulation. With these identified values, an identified transfer function
is calculated and compared with the initial model and the actual control plant in Fig. 7.16. The
identified control plant match very well with the actual control plant for frequencies below the cut-off
frequency of the Butterworth filter of the adaptation process (i.e. f. = 20 Hz), which explains the good
compensation. However, the identified transfer functions do not match for high frequencies for several
reasons, first, the control plant results in a 5 order transfer function, thus the 3! order models can
not capture the entire dynamics of the control plant. Additionally, the adaptation process information
is mainly composed of low-frequency signals due to the excitation and structure properties and mainly
due to the filtering process.
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Figure 7.16: Adaptation in frequency domain.

7.3.2 Simulations with uncertainties and different experimental substructures

In this subsection, the results of several simulations with uncertainties in the control plant are presented.
Three different earthquakes are selected: (i) El Centro 1940 earthquake (PGA 0.298g); (ii) Kobe 1995
earthquake (PGA = 0.578g); both included in the original benchmark problem, and additionally, (iii)
Maule 2010 (M, = 8.8 and PGA = 0.401g). The three unscaled acceleration records are presented in
Fig. 7.17.
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Figure 7.17: Acceleration records of considered earthquakes.

The six defined cases are subjected to each earthquake with 20 simulations per case to evaluate the
robustness of the compensator. For the simulations, each earthquake was scaled to obtain responses
according to the capacity of the benchmark transfer system. The Bode diagrams for the simulated
control plants are presented in Fig. 7.18. The original benchmark control plant with uncertainties in
experimental stiffness and transfer system parameters are presented on the left side. In contrast, the
right side presents the different control plants simulated for cases V and VI. Notice that the additional
cases V and VI cover a broad spectrum of scenarios, especially in terms of time delay at low frequencies.
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Figure 7.18: Bode diagrams of simulated control plants.

The synchronization results are presented in Fig. 7.19. The first observation is that all cases
present a low Jy error indicator, below 3%. Additionally, the variability for each case is extremely
low, demonstrating that the compensator is robust under the uncertainties in the transfer system and
experimental substructure. Also, Jo mean values are computed for each case. These values are different
between cases,and can be explained because all cases have the same displacement noise but different
responses. Due to the excellent compensation, the synchronization error is mainly composed of noise.
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Figure 7.19: Js results for case study (N = 20).

7.3.3 Non-linear experimental substructures

In this subsection, experimental substructures with different non-linear behaviors are simulated with
models presented in Sivaselvan and Reinhorn (2000). In this case, the block corresponding to the
experimental substructure in the model of Fig. 7.2 must be replaced by a subsystem that includes the
non-linear equations of the experimental substructure.

The non-linear models are based on the Bouc-Wen model with some modifications to include
strength and stiffness variations.

The experimental force is calculated with the following expression:

fe =Te + Coy + Meiy, (7.13)

where 7. is a non-linear restitutive force described by the modified Bouc-Wen model:
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N
Fe = Rike (1 -

r . . .

f—e (msign(redm) + 772)) Em (7.14)
y

where Ry, is a stiffness degradation factor, k. is the initial elastic stiffness and f, is the yield force.

N, n1, and 72 are parameters that control the hysteresis shape. The stiffness degradation factor and

the yield force degradation are calculated with the Mostaghel’s degradation models (also presented in

Sivaselvan and Reinhorn (2000)):

Ry, =e o (7.15)

fy = Fpo(1+BH)™! (7.16)

where « is a parameter that controls the stiffness degradation, 5 controls the strength degradation,
and fyo is the initial yield force. Finally, H is the dissipated hysteretic energy which can be calculated
in incremental form as:

_[ret (re + Are) Ar,
it (30 (o, ) o

Additionally, to consider a hardening effect, a cubic spring is added in parallel with a constant
cubic stiffness ky,:

fe= k‘hxfn 4 Te + Com + MeZm (7.18)

The reference structure and the initial experimental substructure properties correspond to Case I
from the original benchmark problem. Four experimental substructures are defined with the parameters
presented in Table 7.5.

Table 7.5: Parameters for non-linear models.

Non-linear Case | fyo (N) | N | m1 | m2 a I6] kn, N/m3
A 2380 25 10.51]0.5 0 0 0
B 1904 1 10604 O 0 6 x 10°
C 2975 5 [0.5]0.5 0 0.01 0
D 2678 2.5 1 0.5 |05 0.02 | 0.005 0

Each case is subjected to the El Centro earthquake scaled to 60%. The relationship between
measured force and measured displacements for each non-linear case is presented in Fig. 7.20. In
these graphs, the measured force includes inertial, viscous, restitutive forces, and noise. The non-linear
case A correspond to an almost bi-linear case; non-linear case B is a smooth hysteretic model with
hardening; non -linear case C considers strength degradation; and non-linear case D considers both
strength and stiffness degradation.
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Figure 7.20: Force vs Displacement relation for different non-linear models.

The target and measured displacements of each simulation are presented in Figures 7.21 and 7.22.
Additionally, the synchronization subspace plots (SSP) are presented in Fig. 7.23, where the almost
1:1 straight lines show the excellent delay compensation without considerable amplitude errors. In
Figures 7.21 and 7.22, small errors can be observed and the Jo indicator for every case is under 4%
which demonstrates good compensation. Observing the synchronization error of each case, a part of the
error can be attributed to the measurement noise, but in some instances, the error grows considerably.
The biggest error of each case matches the maximum response, where the experimental substructure
exhibits a highly non-linear response. While the maximum errors are acceptable, maybe it is possible to
reduce these errors by combining the adaptive feedforward control with feedback control. On the other
hand, this adaptive controller presents excellent behavior for the time-varying properties of non-linear
case IVD, which presents notorious stiffness degradation in fig. 7.20.
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Figure 7.21: Synchronization results for non-linear simulations I and II.
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Figure 7.22: Synchronization results for non-linear simulations III and TV.
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Figure 7.23: Synchronization subspace plots for non-linear simulations.

7.4 On-line stability analysis

In this section, the proposed Stability Warning Indicator (SW) is implemented and compared with
the Energy Error Indicator (EEI). The EEI (Ahmadizadeh and Mosqueda, 2009) can be obtained as
follow:

Wi — (Ef + B + Es — Weap)
W; + Ejper

EEI = (7.19)
where Ey, EY are the kinetic and dissipated energy calculated with the first derivative of displacement
instead of the velocity of the numerical substructure. EZ%" is a nonzero elastic energy term utilized to
normalize EEI when W7 is close to zero at the beginning of the test. It is important to declare that
non-compensated delay implies added energy to the system, resulting in negative values of EET. Wey,
is the work done by experimental force over the measured displacement:

Weap = / — Tz, (7.20)

The reference structure from case IV is subjected to the Kobe earthquake with a peak ground ac-
celeration (PGA) scaled to 40%. The maximum input work from the earthquake is around 100 Joules.
This value can be computed from the integration of the reference structure. In a real RTHS experi-
ment, the magnitude order of the input energy can be estimated from the ground motion and global
properties of the structure, such as total mass and approximated damping and stiffness. Therefore, the
denominator constants are selected considerably smaller, such as 1% of the maximum input work:
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ER® = Csw =1 Joule (7.21)

This value is big enough to prevent large values for each indicator at the beginning of the earthquake.
Also, these constants will have a negligible effect on each indicator during and after the earthquake,
since Cgyy will be relatively small compared with F; in the denominator of equation (5.17), just like
ER** will be smaller than W7 in the denominator of equation (7.19).

Before conducting the RTHS simulations with different delay values, an estimation of the critical
delay is obtained with the method proposed by Gao et al. (Gao and You, 2019). This method consists
of constructing the EOM of the hybrid system with some assumptions synchronization errors (delay
and amplitude errors). The EOM of the hybrid system has the following equivalent mass, damping,
and stiffness:

Moy = M, @3~ + M OAD ™' — C.DA5D ! (7.22)
Cog = Cr®d ' + M OAW? 6P + C.PAD ™ — K . DASD (7.23)
Koy = K, 00 ' + K. dAD™! (7.24)

where ® is the modal matrix of the reference system, w is a diagonal matrix with the natural frequencies
of the reference system, J is a diagonal matrix with the delay for each mode, and A is a diagonal matrix
with the amplitude error for each mode. With the equivalent properties of the hybrid system, the state
matrix Aeq is constructed as shown in Eq. (7.25):

0 1

Aeg = _ _
“ _]Meq1 Keq _Meql Ceq

(7.25)

The hybrid system is stable if the matrix A., has eigenvalues with negative real part; thus, the
critical delay can be obtained by searching the minimum constant delay that produces eigenvalues with
a positive real part. For the partitioning of this problem, assuming A = I and 6 = diag(7er; Ter; Ter),
the critical delay is:

Ter = 8.5 msec (7.26)

This critical delay serves as a reference for the simulations with constant delay. It is expected
that simulations with delays smaller than this critical value would remain stable while running the
simulations. In contrast, the opposite will result in an unstable response.

7.4.1 RTHS with constant delay

The Simulink block diagram for the simulations with constant delay is presented in Fig. 7.24, where the

T
output of the numerical substructure, denoted as ”target vector”, is defined as x; = xg); 3’3,(11);5&%1)

(displacement, velocity and acceleration of first degree of freedom). Then, the Delay block generates
a discrete delay of the input signal x; by a specified number of samples d, so the time delay 7 is a
multiple of the simulation time step. Then, the delayed boundary conditions are:
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Finally, the outputs of the experimental substructure are described by:

T
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Figure 7.24: Reference structure and RTHS partitioning with delay.

(7.27)

(7.28)

(7.29)

Four simulations are performed with different delay values from 0 msec to 9 msec. The structure
is subjected to the Kobe earthquake with a peak ground acceleration (PGA) scaled to 40%. The
measured displacement of experimental substructure x,, is compared with the first degree of freedom
displacement x,1 from the reference structure, as shown in Fig. 7.25. Measured displacements are
very close to reference displacements for lower values of delay (7 = 0 msec and 7 = 0.98 msec). Then,
for higher delay 7 = 7.1 msec, a notorious synchronization error in displacements appear, but at least
the measured displacement decays at the end of the simulation, in other words, this case is stable but
evidently not accurate. This does not happen with 7 = 9 msec > 7., where the measured displacement
grows exponentially after the earthquake reaches zero.
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Figure 7.25: Reference and measured displacements for different delay values.

In Fig. 7.26, the error of displacement x.,,, respect to x,1 for each delay is presented, including the
normalized root mean square error (NRMSE) for each case. Clearly, for 7 = 0 msec and 7 = 0.98 msec,
the system is stable; while, for 7 = 9 msec is unstable (i.e., error grows exponentially). However, for
7 = 7.1 msec, the error is considerable, with NRSME = 144%, but the system is still stable. It is easy
to classify the case with 7 = 9 msec as unstable after the test. Still, it would be beneficial to detect
unstable behavior before the system reaches a large response.
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Figure 7.26: Displacement error for different delay values.

In Fig. 7.27, the SW indicator is calculated for each model scenario. For 7 = 0 msec, 7 = 0.98 msec,
and 7 = 7.1 msec, the indicator stays under 100% during the entire test, showing the stable behavior
of each simulation. In contrast, for the unstable case with 7 = 9 msec, the indicator exceeds 100% near
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10 sec of simulation, much earlier than the instant when the system reaches the large displacements
presented in Fig. 7.25. Thus, the SW indicator could help stop the simulation in time, avoiding any
dangerous behavior in the RTHS test.

120 T T T T T T

Stability Warning [%)]

Time [sec]

Figure 7.27: Stability warning indicator (SW) for different delay values.

For the sake of comparison, Fig. 7.28 shows the absolute value of EEI for each case scenario. The
EFET grows up with higher values of delay but is not evident in which case is stable and in which
it is not. For 7 = 0 msec, the EEI values are relatively small. Moreover, for 7 = 0.98 msec, the
EFET stays under 15% during the test; both cases are indeed stable. However, for 7 = 7.1 msec, the
behavior of EEI is similar to 7 = 9 msec before 15 sec of simulation, so it is not possible to detect
instability until the earthquake signal dies out. If the EFEI is utilized to stop unstable testing, it is
quite challenging to define a threshold that relates £ EI with instability. For example, for a threshold of
EFETI = 100%, the simulations with 7 = 7.1 msec and 7 = 9 msec should be stopped before 10 sec, even
when the simulation with 7 = 7.1 msec is stable and does not present any risk of large displacements.
Nevertheless, it must be recognized that EFEI is an excellent tool to assess the accuracy of the results
from an RTHS test through a post-processing analysis.
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Figure 7.28: Energy error indicator (EEI) for different delay values.

7.4.2 RTHS with actuator model and dynamic compensation

In this subsection, the same partitioning as in the previous subsection is utilized, but in this case,
the transfer system model is included, and adaptive compensation with different design parameters
is implemented to minimize the errors produced by the transfer system. The block diagram utilized
to model this problem in Simulink is presented in Fig. 7.29, where the output of the numerical
substructure is the target displacement z; = xg) (displacement of first degree of freedom). Then, the
target displacement is sent to the adaptive controller to determine the commanded displacement for

the actuator. The control plant transfer function results in:
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Reference Structure

> oxr

Reference Disp.

Controller
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Force sensor
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Figure 7.29: Reference structure and RTHS with compensation.
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2.19 x 1013
i
(29.1)s% + (1.26 x 10%)s% + (8.42 x 106)s3 + (2.33 x 109)s2 + (5.44 x 1011)s + (2.17 x 1013)"°
(7.30)

Besides, sensor noise has been added to the measured displacement x,, and the experimental force
fe using band-limited white noise (BLWN) blocks to model the physical sensors. Then, the signal x,,
is sent to the controller for the adaptation process. Consequently, the signal f, is fed back to the
numerical substructure to be considered in the integration of the numerical EOM. Notice that force
measurement noise could impact the experimental force power, but it has a small effect on the work
done by this force due to the numerical integration process to calculate work. However, measurement
noises can affect the hybrid loop, depending on the structural properties, transfer system, and dynamic
compensation.

Tm

For simplicity, in this example, a first-order adaptive model-based compensation is implemented.
The adaptive compensator is equivalent to the third-order compensator presented in Chapter 6, but in
this case, there are only two adaptive parameters ag and ai:

Te = Qo + a1dy (7.31)

The adaptation laws of ag and aq are:

{Z?} =Te {ﬁ:} (7.32)

where I" = diag(T'g, I'1) is the adaptive gain matrix associated with the adaptation rate of parameters
ao and a1, respectively, and e is an estimation error of the adaptive parameters:

e — (aoTm + a1dm)
T T (a2 +a2) (7.33)

Both signals z. and z,, are filtered with a fourth-order Butterworth low-pass filter with a cutoff
frequency of 20 Hz, and &, is obtained with the backward difference method.

This section aims to demonstrate the performance of the SW stability indicator for different com-
pensation scenarios. Notice that the goal of the SW indicator is to detect instability during a test with
a predefined compensation design, and not to tune the compensation/adaptation parameters. In these
simulations, the initial adaptive parameters are selected as ag(t = 0) = 1 and a;(¢ = 0) = 10/1000
sec. With these parameters, the controller cannot compensate for the control plant delay successfully;
therefore, parameter adaptation is necessary.

Four simulations are performed with different adaptive gains presented in Table 7.6, where I’y
corresponds to a non-adaptive case, I'y to an optimally calibrated case (Fermandois et al., 2020), and

I'y and I’ are intermediate cases of adaptation. The structure is subjected to the Kobe earthquake
scaled to 40% PGA.
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Table 7.6: Adaptive gains for each case.

Case Iy I
T, 0 0
Iy 10 5

T, 1 x 10° 1 x 10%
Iy |24x10°|1.1x10°

The measured displacement of experimental substructure x,, is compared with the first degree of
freedom displacement x,1 from the reference structure in Fig. 7.30, where the case with I', is unstable,
while the case with I'y presents large measured displacements, but that decreases after the earthquake.
Considering that in true RTHS tests, the reference displacement is not available, it would be difficult
to distinguish if the measured displacements are correct or are associated with an unstable response.
On the other hand, for I'. and I'y simulations are stable. In Fig. 7.31 the error of displacement x,
respect to x,1 for each adaptive gains is presented, including the normalized root mean square error
(NRMSE) for each case. The cases with I', present unacceptable errors, while for I'y, the errors are
substantial, but at least decrease after the earthquake. For the cases with I'. and I'y, the errors are
relatively small.
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Figure 7.30: Reference and measured displacements for different adaptive gains.
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Figure 7.31: Displacement error for different adaptive gains.

The difference between each case is explained by the adaptation process presented in Fig. 7.32,
where there is no adaptation for I',, slow adaptation for I'y, and the same convergence for I'. and I'y but
with different rates. The parameter ay is directly related to the delay compensation, so it is expected
that for I', and I'y, the non-compensated delay produces large errors in the simulations. However, the
adaptation for I'y is apparently enough to stabilize the system during the test.
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Figure 7.32: Adaptation of control parameters ay and aq for different adaptive gains.

In Fig. 7.33, the SW indicator for each case is presented. For I', and I'y, the indicator is growing
at the beginning of the earthquake. Then, the SW indicator decays due to the adaptation and good
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compensation, and stays under 100% during the entire simulation, confirming the stability of these
simulations. For I', and T', the indicator reaches 100% near 10 sec of simulation, so much before
each simulation presents large displacements. So, the stability warning indicator could help stop the
simulation in time before any damage occurs in the test setup. In the particular case with I'y, the
stability warning indicator exceeds 100% between 10 and 20 sec, consistent with the large response
of the system in that interval. After 20 sec of simulation, when the controller has reached enough
adaptation to compensate for the delay, the SW indicator decays below 100%. This result is consistent
with the stable behavior of this case at the end of the simulation. However, this simulation could be
stopped when the indicator reaches 100% to avoid the behavior shown between 10 and 20 sec.
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Figure 7.33: Stability warning indicator (SW) for different adaptive gains.

Moreover, notice that for I'y, and I'. cases, the SW does not decay to zero at the end of the
simulation. This situation occurs because of uncompensated delay during the earthquake, which causes
a surplus of energy inserted into the numerical substructure. Later, when the delay is compensated,
displacements and forces are too small, so the work done by the experimental forces remains constant.
This effect does not happen for I'y, where the delay is compensated early when the earthquake strikes.
The experimental substructure dissipates energy during the rest of the earthquake, leading Wr to zero
and consequently, SW to zero as well.

Furthermore, the control plant in the benchmark problem is modeled as a linear time-invariant sys-
tem, but in these simulations, the adaptive controller produces time-varying compensation. Therefore,
the delay between target and measured displacements is a time-varying property. This scenario is a
complicated situation to predict the stability of a system before the test. However, with the online
analysis of the SW it is possible to detect which case results in stable behavior and which are not.

For comparison, Fig. 7.34 shows the absolute value of EET for each adaptive case scenario. For I'y
and I'y, the EEI presents large values, while for I'g, the EFEI keeps low during the test. So, the FET
could allow lab technicians to stop the simulations with I';, and I'y, and accept the simulation with I'y.
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However, for I'. case, the EEI reaches 100% before 10 sec where the displacements are small, and the
controller is adapting, and the test still has good chance to give acceptable results without the risk of
instability. Thus, the EFEI is an excellent tool to analyze the errors after the RTHS test, but it is not
reliable for detecting instability online.
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Figure 7.34: Energy error indicator (EEI) for different adaptive gains.

Additionally, in these simulations, displacement and force measurement noises do not have a noto-
rious impact on the hybrid system response. The numerical substructure acts like a low-pass filter for
the force measurement, and the adaptive compensator is not affected by the displacement noise.

7.5 Discussion

The proposed methodology was implemented in a virtual RTHS problem, but the experimental valida-
tion is still pending. Therefore, a brief discussion and summary about the application of the proposed
methodology to physical RTHS test are given in this section. A step-by-step description of the com-
pensator design is presented:

1. The first step consists of obtaining a model of the transfer system without a specimen. Therefore,
system identification test must be conducted. The output of this step should be a linear model
with a transfer function representation.

2. The initial compensator is designed taking the inverse of the nominal model in step 1. For the
implementation, an FIR filter must be designed to obtain the numerical derivatives.

3. The adaptive compensator requires a noise filter for the adaptation process. Butterworth filter is
recommended, and the order and cut-off frequency can be selected according to the experimental
setup capacity.
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4. Finally, the adaptive gains must be calibrated. The optimization process requires different random
target displacements. These signals should be defined according to the real capacity of the transfer
system in terms of frequency content and amplitudes. These signals can be created using different
earthquakes and simple numerical structures with random dynamical properties. Additionally,
random virtual control plants are required to evaluate the robustness of the compensator. These
virtual control plants can be defined by introducing uncertainty in the identified model of the
transfer system. It is crucial that these control plants show significant discrepancies with the
original model in order to enforce the adaptation of the compensator to achieve good results.
Then, a number of simulations for each set of adaptive gains are selected to obtain a representative
sample of the random inputs and an indicator is selected to evaluate the performance of each set
of adaptive gains. Finally, the optimization can be carried out to find the optimal adaptive gain
matrix.

Additionally, some aspects of the experimental design related to stability and compensation are
discussed:

e The partitioning sensitivity must be studied before the test. Tools like the Predictive Stability
Indicator (Maghareh et al., 2017) can be applied to quantify the critical delay of a particular
partitioning. It is crucial to avoid extremely sensitive cases that become unstable with small
non-compensated delays. For example, if the critical delay of a particular substructuring is about
1 msec, and the actuator’s delay without compensation is about 20 msec, then even with an
excellent compensator, the system is still susceptible to instability. Notice that it is necessary
to estimate or measure the dynamic properties of the experimental substructure to study the
stability of a hybrid system.

e The experimental substructures must be selected according to the capacity of the transfer system.
Extremely stiff specimens could exceed the force capacity of the actuator, and extremely heavy
specimens can lead to instability of the control plant.
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8 Conclusions

8.1 Conclusions

In this study, an adaptive model-based compensation technique for real-time hybrid simulation is
proposed and implemented in numerical simulations. The novel aspect of the proposed method is
that the initial conditions of the controller are formulated independently from the physical specimen
connected to the actuator.

The proposed compensation method is founded in model-based compensation strategies, that de-
pend on a model of the transfer system and the physical specimen. Servo-hydraulic actuators are often
utilized as transfer systems in RTHS to impose the numerical response on the physical specimen. The
most utilized dynamic model for servo-hydraulic actuators was studied to show the synchronization
errors between commanded and measured displacements. The dynamic model allows analyzing the
synchronization errors in terms of amplitude and delay errors. Two aspects should be highlighted: (i)
the control plant dynamics depends on the commanded frequencies, and (ii), the control plant dynamics
depends on the dynamic properties of the connected physical specimen.

The adaptive model-based compensation method consists of a feedforward model-based controller
for transfer system without a specimen, and then an adaptive law that captures the specimen interaction
and updates the feedforward control parameters during the test. The initial conditions of the controller
are taken from a transfer function model of the transfer system, allowing to avoid system identification
that includes the physical specimen. Then, the adaptive law is calibrated off-line, since the controller
is capable to reach a quick adaptation and excellent tracking performance, thus, the same controller
is capable to compensate the transfer system dynamics with different experimental substructures or
time-varying properties.

Special attention is given to the adaptive gains calibration since the controller’s performance is
highly dependent on the adaptive law. Extremely low adaptation may lead to poor delay compensation,
while extremely high gains may result in catastrophic adaptation. The proposed calibration process
consists of the optimization of the adaptive gain for a set of numerical simulations with different random
parameters as entries.

The designed and calibrated controller was implemented in a virtual RTHS benchmark problem,
specially designed to prove different compensation methods. Since, the proposed compensation method
has excellent results for the benchmark problem, more unfavorable cases have been added to include
different experimental substructures and non-linear models with stiffness and strength degradation.
The designed controller demonstrates an excellent tracking performance and robustness in all different
scenarios.

On the other hand, the effect of the actuator delay on the stability of a hybrid system was analyzed.
The partitioning in RTHS is a crucial aspect that affects the sensitivity of a hybrid system against the
time delay in the hybrid loop. Different predictive stability indicators allow evaluating the critical
delay for specific configurations of the numerical and experimental substructure. These techniques
allow to avoid extremely sensitive cases, which even with excellent dynamics compensation may lead
to instability or reliability problems. However, predictive stability indicators require the dynamical
properties of the experimental substructure, which are often subjected to high uncertainty. Therefore,
an on-line stability analysis was performed through an energy analysis of the numerical substructure
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CHAPTER 8

equation of motion

The stability warning indicator (SW) was developed to detect instability of the hybrid system
during the test. The features of the proposed indicator to detect instability is demonstrated through
numerical simulations with constant delay and simulations, including an actuator model with adaptive
compensation for different design scenarios. The stability warning indicator (SW) allows the detection
of unstable behavior before the system reaches large displacements that can damage the experimental
substructure or laboratory equipment. The proposed indicator only requires the measured force from
the experimental substructure and information from the numerical substructure. Hence, it is indepen-
dent of the compensation method and does not require a model of the experimental substructure or
the transfer system (i.e., actuation system).

This stability indicator can be implemented to stop an RTHS test that is rendered unstable auto-
matically. The test should be stopped if the SW reaches 100% (i.e., it is unnecessary to stop a test
with a SW < 100). So, this indicator is an excellent complement to any compensation method. It
provides further safety guarantees to the test, especially for adaptive compensation if there is consid-
erable uncertainty in the plant or the controller’s adaptation capacity. It is worth mentioning that
the proposed indicator provides safety for the test, but it does not ensure accuracy compared to the
reference structure’s true response. However, priority should always be given to conducting a safe
experiment. Then, the reliability of the results could be studied in detail after the test has ended.

8.2 Future studies
Some of the possible future studies are discussed as follows:

e Experimental validation of the proposed compensation method is expected. It should be noted
that an adaptive compensator capable to compensate different and complex experimental sub-
structures, will expand the testing versatility of the laboratory.

e The controller presents excellent results for uncertain linear cases and very good results for non-
linear cases. However, the performance for non-linear cases can be improved by combining the
adaptive controller with a feedback controller. However, the design of a feedback controller
without a model of control plant including an uncertain experimental substructure could be a
challenging task. First, every feedback controller may affect the stability of the controlled system,
so adding a feedback component without considering the specimen interaction could be dangerous.
Furthermore, the feedback displacement may introduce noise to the system. This noise can be
reduced with filters; however, noise filters can add delay to the feedback signal deteriorating the
feedback controller performance. Other filters like state estimators depend on a model of the
control plant, so the specimen interaction may affect this kind of filter.

e The proposed methodology was developed and implemented for RTHS with a single actuator,
so future studies may consider adaptive compensation for multiple actuators. In this case, the
interaction with the physical specimen and between actuators must be considered.

e Finally, the effectiveness of the SW indicator was demonstrated for linear systems. Future work
will consider non-linear systems and the corresponding experimental validation of the proposed
indicator.
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