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Editorial on the Research Topic
Experimental benchmark control problem on multi-axial real-time
hybrid simulation
s

As structural engineering continues to evolve, the demand for cutting-edge
experimental techniques closely mimicking real-world conditions is becoming more
critical. Realistic testing methodologies are essential in ensuring the safety, reliability, and
resilience of buildings and infrastructure, particularly when subjected to dynamic forces
such as wind, seismic events, and other environmental loads. Traditional uniaxial testing
approaches, though valuable, often fall short of replicating the intricacies of real-world
loading conditions. Multi-axial dynamic testing, which simultaneously applies forces in
multiple directions, provides a more comprehensive understanding of structural behavior.
This methodology, coupled with real-time hybrid simulation (RTHS), which integrates
physical experimentation with computational models, allows for a more holistic evaluation
of structural responses to dynamic loads. However, despite significant progress, challenges
remain in handling multi-dimensional problems, which require sophisticated control
strategies to manage complex actuator interactions and nonlinearities. This Research Topic
addresses these challenges by presenting a benchmark control problem for multi-axial
RTHS (maRTHS), designed to test and validate advanced control strategies, particularly
those employing multiple-input multiple-output (MIMO) systems.

The maRTHS benchmark problem (Condori Uribe et al.) offers a framework to
assess and improve control techniques, enabling the research community to handle
the intricate requirements of multi-dimensional testing better. This initiative fosters a
deeper understanding of structural responses by encouraging the shift from single-
actuator to multi-actuator experiments, paving the way for safer, more resilient designs.
In particular, this benchmark is the second-generation problem in virtual RTHS. The
scientific community received the first-generation RTHS benchmark (Silva et al., 2020),
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which provided a virtual testbed for researchers to validate complex
control schemes and allowed for training and development purposes
to build the necessary tools to conduct single-actuator RTHS tests.
Following this successful approach, the second-generationmaRTHS
benchmark dramatically increases the virtual test’s sophistication by
incorporating two actuators to command two degrees of freedom
(displacement and rotation) at the interface between numerical
and experimental substructures. The problem was designed and
implemented in the laboratory at Purdue University, where the
properties from the specimen and loading equipment were obtained
for the relevant models included in the problem. A virtual
representation of the maRTHS experiment was encapsulated and
stored in a shared repository, providing researchers with the
necessary tools to develop control algorithms and envision more
sophistication in these experimental techniques to advance the
discipline further.

Several authors contributed to this Research Topic in
developing multi-actuator dynamic compensation for maRTHS
tests (see Figure 1). Most contributions in this Research Topic are
in adaptive compensation, which has proven to be an effective
technique to compensate for errors in past single-actuator RTHS
tests. The leading architecture encompassed in the developments of
this Research Topic is associated with the decentralized approach
for compensating individual actuators without directly accounting
for cross-coupling between actuators. For example, Quiroz et al.
developed a recursive least squares (RLS) adaptive compensator
with robust parameter calibration. Aguila et al. propose the use
of conditional adaptive time series (CATS) compensation with a
combination of conventional proportional-integral-derivative (PID)
feedback controller andmodel predictive control (MPC), considering
coupled and decoupled configurations. Shangguan et al. propose
an adaptive compensation method with a sliding mode controller
(SMC). Xu et al. introduced data-driven compensation techniques
using nonlinear autoregressive with external input (NARX) based
compensation. On the other hand, Ruiz and Song developed an
adaptive law for an inverse dynamics controller considering cross-
coupling between actuators and the specimen through the extended
and unscented Kalman filters (EKF and UKF, respectively). These
techniques have been demonstrated to reduce synchronization errors
between substructures and can reject measurement noises and
unmodeled dynamics through the virtual benchmark.

Meanwhile, other authors have proposed innovative
developments to improve the accuracy and capabilities of maRTHS.
Saeger et al. considered a computer vision-based displacement
tracking algorithm (Lucas-Kanade optical flow method) in a
virtual reality environment to allow contactless feedback control
in virtual maRTHS. Sudvarg et al. studied real-time scheduling
for virtual maRTHS computations and proposed adaptive event
handling for intensive simulations over larger computationalmodels
and complex control architectures. Tian et al. proposed another
maRTHS problem inspired by this Research Topic’s benchmark,
where a boundary-coordinating device (BDC) comprising double
shaking tables in parallel configuration can enforce a shear–moment
boundary condition over a physical substructure.

Finally, the collective contributions in this Research Topic mark
a significant step forward in the design and control techniques

essential for multi-actuator systems. Nonetheless, several challenges
remain that future researchmust address to advance this experimental
approach. First, understanding how the proposed compensation
algorithms scale and generalize to higher degrees of multi-actuator
loading, especially regarding computational complexity and real-time
performance, is critical. Second, better insights into multi-actuator
couplinginCartesiancoordinatesarenecessarytoenabledirectcontrol
of specimenboundaryconditions, rather thanindirectcontrol through
actuator coordinates. Third, integrating mixed-mode displacement-
force testing is key to simulating more realistic and complex loading
scenarios. By confronting these challenges, the continued progress
in dynamic testing methodologies is expected to open avenues for
more accurate simulation of real-world conditions and consider
multiple natural hazards.
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FIGURE 1
Compilation of methodologies implemented to solve multi-axial RTHS challenges.
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