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Abstract

Real-Time Hybrid Simulation (RTHS) is an experimental technique with a physical and computational interface to
evaluate complex structural systems. This technique is based on the substructuring methodology in which difficult-to-
model components are tested in an experimental setup. Meanwhile, structural components and materials whose behavior
can be predicted are modeled numerically. The main feature of RTHS is that all calculations, measurements, and signal
processing must be carried out in brief time intervals, typically less than one millisecond. The literature reveals that simple
and linear numerical models are used most of the time and are implemented directly in the microcontroller unit for real-
time execution. The reason being most research prioritized the study of compensation methods. However, these methods
have already reached sufficient maturity, and working with more complex numerical substructures is imperative to
achieve realistic results. Thus, it is essential to integrate the capabilities of finite element analysis with the control software
used in the experimental setup of RTHS tests. Unfortunately, the lack of detailed information on existing
integration/coordination methods for RTHS testing makes the development and implementation of these coupled systems
difficult, especially for researchers who just start working on RTHS.

This study’s motivation is to provide a reasonable and detailed procedure to achieve the coupling of general FE software
with the control software in RTHS testing. Computational tasks are interconnected using a client-server communication
approach. First, the client is chosen as a Matlab/Simulink program to implement the control algorithms for RTHS.
Meanwhile, the servers are multiple OpenSees programs that simulate either numerical or experimental substructures.
Examples of a virtual RTHS benchmark are provided to validate the integration method and illustrate the various uses of
the client-server protocol, focusing on earthquake engineering applications. The results show good accuracy and real-
time synchronization of client-server communication, allowing for the development of additional features of the Client-
Server virtual Real-Time Hybrid Simulation (CSvRTHS) framework to model complex structural systems.

Keywords: real-time hybrid simulation; substructuring, communication protocols; client-server; finite element modeling.
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1. Introduction

There are different experimental techniques for structural testing in civil engineering, the most modern being
hybrid simulation. This technique considers both a physical and computational system interfaced together to
evaluate complex systems experimentally [1]. The technique is based on substructuring. The set of structural
components and materials whose behavior can be predicted, or those with experimentally calibrated and
validated mathematical models, is classified as a numerical substructure. On the other hand, the experimental
substructure is a critical component or innovative material without sufficient knowledge to calibrate a model
capable of predicting the expected behavior. One technique derived from the conventional hybrid simulation
is Real-Time Hybrid Simulation (RTHS). The main feature of RTHS is that all calculations, measurements, and
signal processing must be performed in very short time intervals, typically less than one millisecond [2]. A
critical aspect of RTHS testing is that any experimental errors must be mitigated during real-time execution to
avoid inaccurate and unstable responses [3]. Therefore, the engineering community has focused on developing
compensation techniques in RTHS, with acceptable performance and robustness, such that RTHS experiments
are carried out safely and accurately.

In general, the literature presents RTHS tests with simple, linear, numerical substructures models [4-8].
However, if one seeks to achieve greater simulation fidelity, it is desirable to have a finite element package to
model the numerical substructure more realistically. Therefore, a fundamental aspect in RTHS is integrating a
finite element (FE) analysis software with a controller software used in the experimental facility. To date,
some programs achieve this goal for hybrid simulation, such as UI-SIMCOR [9], OpenFresco [10] (which is
an improved version of the one proposed by [11]), Mercury [12], CSA [13], UT-SIM [14] and the CS technique
[15]. Although, their developers no longer support UI-SIMCOR and Mercury. Moreover, the CSA and CS
techniques were developed to work on coupling finite element software, not to work with cyber-physical
systems. The rest of the coordination programs were originally developed to carry out pseudo-dynamic tests;
hence, there are no guarantees for these programs to complete the required calculations deterministically given
the time constraints to perform RTHS tests. However, the literature provides some examples of conducting
RTHS with OpenFresco as coordinator software [16]. The problem lies in the small community that supports
a continuous and maintained development of OpenFresco, and the lack of detailed documentation for the
integration/coordination methods in RTHS tests. These issues hinder the development and implementation of
RTHS tests with high-fidelity coupled systems.

This study's motivation is to provide a reasonable procedure for researchers in RTHS to achieve the
coupling of widely used FE software with control software available in the laboratory. For this purpose, a four-
story steel structure with three bays will be solved, where a frame of the first floor will be considered as the
experimental substructure. Virtual environments are previously used for laboratory experimentation as a first
approach [17]. Therefore, in this study, a virtual RTHS will be carried out using three computer programs.
First, Matlab/Simulink [18] provides the most convenient means of implementing control algorithms for
RTHS. However, Matlab is not the best choice to model structural systems with nonlinear behavior, given that
it does not provide a library of elements and materials suitable for structural modeling. Therefore, OpenSees
[19] software is preferred for modeling numerical substructures. Finally, the Open-source Framework for
Experimental Setup and Control (OpenFresco) [10, 20] allows communication from/to OpenSees and a
Simulink model running in real-time, and combine a wide variety of hybrid simulation algorithms, control and
laboratory systems, experimental setups, and computational simulation models for a specific hybrid
simulation.

This paper has the following organization. Section 2 describes the procedure and structure to be solved,
the compensation method, and the evaluation criteria to assess its performance. Section 3 presents a detailed
description of the communication protocol used to couple OpenSees with Matlab/Simulink applications and
the process for executing and evaluating the communication’s performance. Section 4 presents the main results
obtained from the simulations carried out. Lastly, Section 5 presents the conclusions and final remarks.
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2. Problem formulation

2.1 Numerical and experimental substructures

One of the crucial steps when performing hybrid simulation is the correct choice of substructuring [21]. In the
context of RTHS, instead of solving the entire domain equation of motion, this substructuring process can be
applied to subdivide the domain into smaller subdomains so that the order of large and complex structural
systems is reduced for computational efficiency. Each subdomain can be resolved independently, as long as
the coupling between components is enforced at their interfaces [22].

In this study, a four-story planar frame with three bays is chosen as a reference structure, with a total of
52 degrees of freedom (16 lateral, 16 vertical, and 20 rotational). The beams are modeled with linear elastic
frame elements. In contrast, the columns are modeled with frame elements using Giuffre-Menegotto-Pinto
steel material with isotropic strain hardening with an initial stiffness of 5.6 [kip/in]. Consequently, the first-
mode fundamental period is T; = 1.9 [s]. The reference structure is divided into the numerical substructure
(NS) and experimental substructure (ES), as shown in Fig. 1. One bay of the first story is taken as the ES,
while the rest is modeled as NS. Since it is intended to work only with a uniaxial actuator, the boundary degrees
of freedom are set to be only horizontal displacements.

N N N
54 [in]
W, N
54 [in]
% - 4 Y
54 [in]
54 [in]
" 100[in]  100[in]  100[in]
Reference Structure Numerical and experimental substructures

Fig. 1 - Reference structure and substructures. (Note: NS = dashed line; ES = red line)

The equation of motion (EOM) governing the dynamic response of a structure subjected to an input
seismic excitation is represented as follows in Eq. (1):

M,ii + C, i + E.(u) = P (1)

where M, and C, are the mass and damping matrices, respectively. F.(u) is the nonlinear restoring force. u,
u, and U are the displacement, velocity, and acceleration vectors, respectively, all measured relative to the
ground motion. P is the vector of external forces.

Let us now consider the system of two substructures shown previously. We can write the EOM of each
substructure as shown below in Eq. (2) and Eq. (3):

MViN + cNaN + EN@wN) = PN + gV (2)
ME#E + CEuF + EF(uf) = PE + gF 3)

Structural parameters associated with the experimental substructure are indicated with the superscript
"E", and those associated with the numerical substructure are indicated with the superscript "N." The terms
PNand PE are the external force vectors, and terms gV and g% are the coupling forces. The main assumption
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of this formulation is that the substructures are coupled only through the boundary conditions. Therefore, the
coupling forces of the interior degrees of freedom for each substructure must be equal to zero.

For the resolution of this problem, two conditions must be met. First, Eq. (4) will serve as a
synchronization indicator on the boundary degrees of freedom. Second, Eq. (5) refers to the static equilibrium
at the boundary between substructures which should always be enforced.

ull =uf (Compatibility) ()
gy + gk =0 (Equilibrium) (5)

Substituting Egs. (4) and (5) into Egs. (2) and (3), the interaction between NS and ES is enforced, which
is explicitly shown in Egs. (6) and (7):

E
b

oN 6
MV + cVaN + EN M) = pY +{ ' } (©)

E
gE={02}=MEHE+CEuE+FrE(uE)—PE (7)
b

where uV = (uf  ul}7 is the vector of NS displacements, which are classified as internal displacements
(indicated by the subscript "i"), and boundary displacements (indicated by the subscript "b"). Eq. (6) is the
EOM for NS that is solved ideally using an FEA software. Meanwhile, Eq. (7) collects all terms associated
with the force applied from ES to NS at the boundary. This formulation includes all potential effects associated
with nonlinear restoring forces, nonlinear damping, and inertial forces, along with any external excitation
directly induced to the experimental substructure.

2.2 CSvRTHS framework

In RTHS, the numerical and experimental substructures (NS and ES, respectively) must communicate in real-
time, which is handled by a coordinator software. At each time step of the analysis, the NS solves the equation
of motion through numerical integration and produces a target displacement (x,) at the interface. This signal
is imposed on the ES in the laboratory through a loading system (e.g., hydraulic actuator). In RTHS, enforcing
target displacement must be done in real-time; any delay in communication can cause inaccurate results and
potential instability. After this displacement is imposed, the restoring force is measured from the specimen and
returned to the NS integrator for the next step.

In this study, a CSVRTHS test is implemented, where all components are modeled numerically, including
the laboratory test system (actuators, test specimen, and sensors). Both NS, ES, and control systems are
modeled with different state-of-the-art software to explore further integration and increased flexibility.
Matlab/Simulink is chosen for its numerical capabilities and integration with microcontrollers such as dSpace
and Speedgoat. Meanwhile, OpenSees is a finite element analysis (FEA) software widely used by the
earthquake engineering community. Each computational task is interconnected using a TCP/IP communication
protocol through a client-server (CS) approach [10, 23, 24]. Further details on the CS communication task are
provided in Section 3, and the source code is available to the scientific community at a GitHub repository [25].

Many linear and nonlinear models are available for servo-hydraulic actuators [17, 26, 27]. In this study,
a model developed by Spencer et al. [27] is used. This model includes mathematical representations of the
different components of the test system, including servo valve dynamics, hydraulics, payload, and controller.
Fig. 2 shows the model implemented in Simulink. A payload is added to the original model to obtain the
actuator displacement, velocity, and acceleration for commanding over to the ES. This payload includes
damping and static forces, along with possible force losses based on piston friction. The parameters considered
for this model are shown in Table 1.
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Fig. 2 — Block diagram of actuator dynamics in Simulink.
Table 1 — Actuator model parameters [27].
Component Parameter Value Unit Description
Controller Ky 3 mA/in Proportional gain
Ty 0.00332 S Servovalve time constant
Servovalve K, 23.01 in3/s/mA  Valve gain
K/ 1.36x1075 in3/s/psi Valve flow-pressure gain
A 0.751 in2 Area of the piston
Actuator G 5.89x107° in3/s/psi Leakage coefficient of the actuator
Vi 48.66 in3 Total volume of fluid in actuator chambers
Be 95958 psi Effective oil bulk modulus

2.3 Compensation method

The key to RTHS is that the commanded displacements are imposed on the test sample by hydraulic actuators
in real-time. During testing, the servo-hydraulic actuator’s communication, control, and dynamics cause a time
delay and lag between components. Time delay/lag in the RTHS test is equivalent to introducing spurious
negative damping, leading to potential inaccuracies and instabilities.

Therefore, an Adaptive Model-Based Compensation (AMBC) [28] is chosen to mitigate time delays
during the RTHS tests. The formulation consists of estimating the plant by a third-order transfer function
without zeros, as shown in Eq (8).

G, (s) < 1 ) ©)
Xm = Gp(8)x, = X
meo TP \agsd tayst+a;s+ay) ¢

where x,, is the displacement measured by the sensors. The inverse of this transfer function is used to generate
the command signal using the target displacement as input, as shown in Eq (10). The derivatives of x; are
obtained with finite differences.

xc = Gp'txy = (a35° + azs? + ays + ag)x, = azky + ax¥ + a1 X, + apx, (10)

The adaptive parameters a;, i = 0,1,2,3, must be adjusted during the test to achieve good compensation.

This adaptation is formulated through a differential equation model provided in Eq. (11), where xr(,? is the i-th
derivative of x,, associated with adaptive parameter a;. A Butterworth filter is designed to remove high-
frequency noise and to estimate higher-order derivatives of target and measured signals.

. Xc — [a3 a aq ao][fm X Xm xm]T O] (1D
a; =T T P 7 | Xm
1+ [X X Xy xm][xm Xm Xm xm]
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This methodology requires the calibration of adaptive gains. For this, the procedure given in the original
paper [28] is followed, but with certain modifications: (i) ground acceleration scaled to 100%; (ii) multiples
single-degree-of-freedom structures with a natural period between 0.6 — 4 [s]; and (iii) mass, stiffness,
damping, and initial conditions for the adaptive controller were randomly generated through the Latin
hypercube method to cover a larger range of structures, obtaining more robust gains. The calibration of optimal
adaptive gains consists of a global optimization scheme through particle swarm optimization, which minimizes
the performance indicator J, explained in Section 2.3. Additionally, the initial conditions are defined from the
actuator without a specimen attached. Finally, the values obtained and used for the adaptive gains (I;) and
initial conditions (a;) are: I; = diag(10%93 10%23 10148 107119);q, = [1.0 1.99-10"2 10™* 0.0].

2.4  Evaluation criteria

The performance of the CSVRTHS is evaluated through three performance indicators, which are shown in Table
2. J, is the normalized root-mean-square error between the target displacement (x;) and the measured
displacement (x,,); this indicator measures the synchronization error. J, is the normalized root-mean-square
error between the reference displacement (x,.) and the measured displacement (x;,, ), which measures the error
between the simulation and the reference structure. Both J, and J, indices were provided in Silva et al. [17].
Also, 7 corresponds to the delay indicator obtained with the frequency evaluation index [29], which measures
the synchronization delay (in milliseconds) between x; and x,,,. Finally, MT is the missed ticks of the real-
time clock in Simulink Desktop Real-Time, which will be discussed in the next section.

Table 2 - Performance evaluation criteria.

Criterion Description Definition Units
Normalized root mean square of the ; } %
2 tracking erroil I, = Zlivzl[xm(l) —xe(OP X 100 i
2 = -
X [x (D]
Ja Normalized RMS relative N N~ (V12 %
displacement at the first floor Ja= Zi_l[fvm(l) .xr @] X 100
P EAOIE
T Time delay between the input and _ %o ms
output signals evaluated at the T= 2nfed

equivalent frequency.

MT Missed real-time clock ticks and Internally calculated by Simulink ticks
their associated data points.

3. Methodology
3.1 Communication protocol

In the Client-Server (CS) communication protocol, tasks or workloads are divided between providers of a
resource or service, called servers, and service requesters called clients [23]. This architecture is ideal for
communicating of the NS and ES as servers with Simulink as the client. The whole process is better explained
in Fig. 3. In general terms, it starts with the NS implemented in OpenSees (server), where it calculates the
displacement in the interface nodes and sends this signal to Simulink (client). In Simulink, this displacement
is received, and after a series of intermediate steps (multi-rate transitioning, compensation method, actuator
dynamics and control), it is sent to the ES (server). The ES given a displacement returns a force to Simulink,
to finally return that force to the NS. With this information, the NS performs the calculations of the next time
step.

It is worth noting that both OpenSees and Matlab/Simulink supports TCP/IP communication protocol.
But it requires a certain level of programming knowledge to implement this interface. Although it is possible
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to easily open and close communication channels through Matlab scripts [23], it is not recommended for RTHS
since it will cause severe time constraints during Simulink client’s real-time execution. An alternative employs
user-defined blocks called S-Functions [24] in Simulink, which can execute custom code using different
programming languages and include a set of callback methods that perform the necessary tasks at each time
step. During the simulation stage, the Simulink engine calls the appropriate methods for each S-function block
in the model. For this study, a Level 2 S-function written in C language is suitable to implement TCP/IP
communication. This S-Function block is compiled into a Matlab Executable (MEX) file, which is necessary
to run user-defined code in Matlab/Simulink.

In summary, a Level 2 S-Function called Generic-Client is used to communicate with the ES. This user-
defined block interfaces the Simulink (client) with the ES by specifying IP and connection port as parameters.
As input data, only this displacement is required, and the server returns a displacement and a force. On the
other hand, the Level 2 S-Function called OPF Connect is used to interface Simulink with the NS, in which
force and displacement are sent to solve the equation of motion, Eq. (6), and it responds with a displacement
in the interface nodes. Both user-defined blocks can be obtained from OpenFresco Version 2.7.1 source code
[30] and readily available for use in this study’s companion GitHub repository [25].

3.2 Implementation of real-time system

The implementation of CSvRTHS is illustrated in Fig. 3. Detailed instructions of software installation and
execution are provided in the companion GitHub repository [25]. Briefly, the first requirement is to start the
ES-FE server, which is waiting for the simulation to start. Then, Simulink client must be executed, which
requests a target displacement to OpenSees to execute of the first temporary step. Finally, the NS-FE server
containing the NS performs numerical integration and begins the simulation. An explicit integration scheme,
such as the central difference method (NS-FE server) and the Dormand-Prince method (Simulink client). The
sampling intervals used for the fast (client and ES-FE server) and slow (NS-FE server) processes are 1/1024
and 2/100 [s], respectively (i.e., 0 < Trgsr < Ts1ow)- To summarize, the loops need to be run from the inside
to the outside layers: (1) ES-FE server (green); (2) Simulink client (orange); and (3) the NS-FE server (blue-

gray).
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Note. Signals: x = displacement, /= force; superscripts: © = client, ¥ = server;
subscripts: » = measured, ; = target, . = compensated, .= actuator, s= slow rate, = fast rate)

Fig. 3 — Simulation loops considered in CSvRTHS.

Further, a real-time sync block is placed on the system to synchronize the Simulink model with the real-
time kernel clock and ensure that it does not run faster than the user-specified simulation rate. Using this sync
block implies that at each sample interval, the Simulink model is evaluated in real-time. Simulink writes the
input data into a buffer that it passes to the kernel-mode process. The kernel-mode process propagates the data
to the hardware, which writes response data into another buffer. Simulink reads the response data at the next
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time step and propagates it to the rest of the model. In this case, the Accelerator mode of Simulink Desktop
Real-Time is used. This mode implies that simulation is not a “hard” RTHS; that is, producing results after
their deadline is allowed and does not cause catastrophic consequences on the system under control.

A consequence of this limited synchronization is that the simulation can miss consecutive real-time
clock ticks and their associated data points without failure [31]. The reasons why ticks are lost are various; for
example, model complexity implies that the model can be so complex that Simulink cannot keep up with the
kernel in real-time. In this paper, the number of allowable missed ticks (MT) was fixed to 500. Consequently,
the number of missed ticks is selected as indicators of the communication protocol’s performance in the
CSvRTHS framework. The reliability of this real-time system is assessed in Sec. 4.2.

3.3 Multi-rate transitioning

One problem working with coupling programs is that the systems may run at different speeds. In this case, El
Centro 1940 is selected as the seismic record, which implies that OpenSees will perform the integration in
time steps of 0.02 [s], corresponding to the step presented by the record. On the other hand, a time step of
1/1024 [s] is selected to perform the control algorithms in Simulink. For multi-rate synchronization, the
literature provides multiple alternatives [32—34]. In this study, the corrector-predictor algorithm proposed by
Nakashima [35] is selected, which for the continuous generation of signals uses polynomial
extrapolation/interpolation. This algorithm is implemented in a StateFlow block in Simulink and can be
obtained in the OpenFresco source code [30]. Fig. 4 shows the displacements from OpenSees, which have a
staircase pattern given their greater temporal distribution. The target displacement obtained from the corrective
predictor algorithm is observed to smooth this signal for the faster Simulink task.
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Fig. 4 — Predictor-corrector response in CSVRTHS.

4. Results
4.1 CSvRTHS performance

The CSvRTHS results are presented graphically in this subsection. For displacement comparisons, the node to
the left of the first floor (upper left node of the ES) is selected as representative. In Fig. 5, the measured
displacement is compared to the target displacement for evaluating the compensation method. With J, =
0.866 [%] and T = 0.0075 [msec], a good tracking is achieved, which allows a stable test. Furthermore, it
is noticeable that practically all the error obtained (J,) is due to the simulated measurement noise considered
in the sensors.

Meanwhile, Fig. 6 shows a comparison between the measured displacement and the reference
displacement. The J, indicator reaches a value of 2.92 [%], which means that correct and accurate results were
obtained. The reference displacement is obtained from a model made entirely in the OpenSees software.

© The 17th World Conference on Earthquake Engineering - 2i-0235 -



2i-0235

© The 17th World Conference on Earthquake Engineering

The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 27th to October 2", 2021

‘ Di;p, [in]

0.5f

-t X - 0

I XTarget Measured
I I I I

0.15 T

10 15 20 25 30 35 40

Time [sec] DA

Disp. [in]

|error]| [in]

T T T T T

J, =0.86573 %
Delay = 0.0075317 ms

o _xTarget
= = ~X\easured
-2
10 15 20 25 30 35 40 45 5 55 6
Time [sec] Time [sec]

Fig. 5- Target v/s Measured Comparison and J2 indicator.

Disp. [in]

XReference = ~ -XMeasured|_
T I

[V} 10 15 20 25 30 35
0.15 T T T T
Jy = 2.9163 %

=)

= 01

by

(o]

= 005

Q-

10 15 20 25 30 35 40
Time [sec]

Fig. 6 - Reference v/s Measured Comparison and J4 indicator.

Base Shear [kips]

Reference
- = =Measured

Fig. 7 -

Roof Story Displacement [in]
Global comparison. Base Shear v/s Roof Story Displacement.

- 2i-0235 -



2|'023 5 The 17th World Conference on Earthquake Engineering

- 17" World Conference on Earthquake Engineering, 17WCEE
7 WCEE®
Serdai, fepar

2020,
=21

Sendai, Japan - September 27th to October 2", 2021

Finally, a comparison in global terms of the structure is added in Fig. 7. For this purpose, the graph of
roof story displacement versus base shear is made. Again, a good concordance of the measured results against
the reference ones is observed, thus validating the substructuring and compensation methodology.

4.2 Reliability of the real-time system

The reliability of CSvRTHS is assessed through a set of 40 simulation runs. The simulations were carried out
on an MSI laptop, model GF75 Thin 9RCX (2.6 GHz Intel Core 17-9750H processor, 8 Gb RAM), running
Windows 10 version 20H2, running Simulink Desktop Real-Time in Accelerator Mode, and under controlled
room temperature (19°C). The results are shown in Fig. 8, which presents missed ticks statistics during the
real-time execution. The maximum value of missed ticks is 426, which is the worst-case scenario. Therefore,
the limit of 500 (established in Section 3.2) is never exceeded, and a fast and efficient communication protocol
is achieved. It is observed that the missed ticks are concentrated in the first 3 to 4 [s]. Hence, the seismic record
is zero-padded for the first 5[s] to verify that the excitation does not cause this phenomenon. This
communication overhead is probably caused by the initiation of the communication protocol between
applications.

For steady-state real-time simulation (i.e., times after 4 [s]), the missed tick statistics are significantly
reduced. The lower right graph of Fig. 8 shows a worst-case scenario of 18 missed ticks and a zero median.
The peaks of missed ticks are generated in regular intervals of 0.02 [s], coinciding with the duration of the
slow rate process (NS-FE Server). However, it is a low and stable number of missed ticks, compared to the
previous peaks, so it is assumed a greater precision and accuracy in the results after the 4 [s] start of the
CSvRTHS. This result encourages using a seismic record with 5 [s] of zero-padding at the start, thus ensuring
that critical information is not lost.
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Fig. 8 — Statistics of the missed ticks during CSvRTHS simulation.
Another simulation alternative is Simulink External Mode, where the resulting executables run in the
operating system kernel mode of the development computer. Parameter data is exchanged with Simulink via a
shared memory interface, allowing full synchronization with the real-time clock. Consequently, missed ticks

are eradicated in this simulation mode, allowing for the development of a “hard” real-time system. Further
investigation of this topic will be carried out in future studies.

5. Conclusions
This study presents a detailed explanation of the fundamental components of CSYRTHS, a virtual real-time

hybrid simulation implemented with a Client-Server communication protocol for coupling a finite element
analysis software (OpenSees) with the real-time control system (Matlab/Simulink). A structural engineering
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example is provided to illustrate its implementation and software validation. Additionally, a previously
developed adaptive compensation method is adopted and validated against a nonlinear specimen,
demonstrating that a robust fixed controller could be used with different experimental substructures, avoiding
subsequent system identification tests.

Validation of the CS communication protocol is achieved for vRTHS, providing enough evidence of this
protocol's modularity and flexibility to connect different computational tasks. Further research will consider
implementing the CS method in RTHS over a network with dedicated microcontroller (client) and FEA
machines (servers) in a laboratory setup. The authors anticipate that this work will boost the development and
deployment of real-time hybrid simulation with high-fidelity numerical models and promote further
collaboration among experts in the field.
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