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Abstract

This paper reviews the conceptual and technical advances in multi-actuator dynamic loading
in modern structural testing. In particular, a focus is given to the developments and chal-
lenges in multi-axial hybrid simulation (maHS) and multi-axial real-time hybrid simulation
(maRTHS), where a specimen is subjected to multi-directional dynamic loading by interact-
ing with a numerical simulation of its surrounding structural subsystems and components.
This review introduces the general framework for maHS and maRTHS, describing substruc-
turing techniques, loading equipment, and nonlinear kinematics. In particular, the process
of dynamic compensation for multi-actuator loading assemblies in maRTHS is explored.
Different compensation architectures in the task (Cartesian) and joint (actuator) spaces are
covered, and each alternative is assessed on its own merits for dynamic synchronization of
multi-actuator loading platforms. Finally, current challenges in maHS and maRTHS testing
are identified, with recommendations for future research endeavors for the scientific commu-

nity.

Keywords: Hybrid simulation; structural testing; substructuring; multiple actuators; non-

linear kinematics; specimen-actuator interaction; dynamic compensation.
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Terminology

Boundary conditions physical interfaces between experimental and numerical substructures

enforced by actuators.

Actuator compensation algorithm intended to minimize the synchronization error between

target and measurement signals from an actuator.

Coupled compensation every actuator’s control signal is determined by feedback from all
other actuators. Also known as centralized or multi-input multi-output (MIMO) compen-

sation.
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Decoupled compensation every actuator’s control signal is determined by feedback from

itself. Also known as decentralized or single-input single-output (SISO) compensation.

Parallel manipulator actuated system where the ends of all actuators are connected to a

rigid platform, creating a kinematic loop.

Substructuring process of simulating the dynamics of a mechanical system by means of ana-

lyzing the sum of its constituents.

1 Introduction

Experimental testing is a fundamental step in the development of innovative, sustainable, and
reliable materials and structural systems. The predominant structural test methods employed
have been: (1) quasi-static testing, where a cyclic trajectory often with increasing amplitude
is imposed at slow (i.e., near static) speeds on a physical specimen to identify the nonlinear
hysteretic behaviors under load reversals; (2) shake table testing, for identifying the behavior
of a complete structure through the application of base motion; and (3) hybrid simulation (also
called pseudo-dynamic testing, dynamic virtualization, and hardware-in-the-loop testing), where
the behavior of a complete structure is simulated via the interaction of numerical modeling and
experimental testing [1, 2].

The response of a structural component is a function of the loading history it has experienced
and the boundary conditions with the greater structural system. Thus, hybrid simulation (HS)
was proposed as an alternative to quasi-static testing, which is capable of incorporating system-
level interactions with realistic excitations [3, 4, 5, 6]. HS is a versatile methodology that
addresses many of the limitations with other test methods. For example, quasi-static testing
often employs simplistic cyclic trajectories which are not entirely representative of the behaviors
experienced by a structural element under environmental loading. Also, shake table testing is
limited by the equipment available to test an entire floor plan with a base excitation. Shake
tables have size and payload limitations, and often the consequence is testing of scaled structures.
With HS, only the structural elements of interest are experimentally tested and the excitation
can be applied with more flexibility through different actuator configurations. Although size
and capacity limitations continue to exist with HS, a wider range of experiments are possible

in a wider range of labs.



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

109

110

111

112

113

114

115

116

117

118

119

120

Real-time hybrid simulation (RTHS) is a variation of hybrid simulation, where the sim-
ulation has real-time constraints, thus enabling the study of physical specimens with rate-
dependent behaviors [7]. Whether or not real-time testing is possible depends on the avail-
ability of dynamically-rated actuators and real-time computational resources. Servo-hydraulic
actuators saw vast growth due to the need to simulate realistic flight conditions with the onset
of the space age in the 1950s and 1960s [8]. At that time, dynamic structural testing became
possible due to improvements in servo-valve technology, higher flow capacity, resonant load
stabilization, and static compensation for structural compliance [9]. The exponential growth
in computational capabilities combined with the diminishing costs also played a critical role in
realizing the first RTHS tests in the 90s and various more sophisticated implementations since
[10].

The choice between slow speed and real-time tests also depends on the rate-dependence of
the materials and structures under consideration, the natural frequency of the structure, and
the characteristics of the structural loading. For instance, a stiff structure (i.e, having large
natural frequencies) and an excitation with a high frequency content may experience strain-rate
induced increases in capacity. Some studies have explored the dependence of common building
materials (e.g., steel and concrete) to the rate of loading [11, 12, 13]. Many studies have reported
negligible rate-dependent findings in common structural materials [14, 15, 16]. The discussion
on the need for real-time testing of common building materials is not settled. Nonetheless,
dampers, isolation systems, and many modern materials are rate-dependent [17, 18].

Other external factors may influence the consideration between HS and RTHS. In the hybrid
fire test conducted by [19], strain rate is not high but the rate of temperature increase is quite
rapid. Therefore, the experiment had to be conducted in real-time to ensure the temperature
gradient in the physical specimen is realistic.

Hybrid simulation researchers have considered many extensions to the original technique,
including the use of multiple actuators in conjunction for higher loading capacity and to pre-
scribe displacements over a physical specimen at more than one degree-of-freedom (DOF). The
authors have identified several literature reviews pertaining to these expansions which discuss
the general framework of slow speed and real-time methodologies and the variants of the dy-
namic substructuring concept [20, 21, 22, 23, 24, 25]. However, a review of the developments
with multiple actuators coupled through a continuum body was not identified.

This review article provides an updated perspective on the various contributions in HS and
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RTHS with multi-actuator loading. In Section 2, a general framework for multi-actuator hybrid
simulation is described including developments made in actuator compensation and kinematic
transformations. In Section 3, noteworthy classes of multi-actuator devices for structural testing
are listed, including shake tables, boundary condition devices, and shell element testers. Section
4 and 5 are devoted to developments in multi-axial hybrid simulation (maHS) and multi-axial
real-time hybrid simulation (maRTHS), respectively. Section 5 describes multi-actuator RTHS
developments which operate in single-axis configurations. Lastly, Section 6 highlights many
of the current challenges with multi-actuator loading and suggests research avenues for the

maHS/maRTHS community to explore.

2 General framework for multi-actuator loading

In this section, the general framework and technical prerequisites for multi-actuator HS and
RTHS are discussed, and the two variations are distinguished from one another. The procedure
for maHS and maRTHS can be simplified into four tasks: (1) simulation of the numerical
substructure subject to external loading (e.g., ground motion); (2) imposition of displacements
and forces at the boundary interface between the numerical and experimental substructures
through a multi-actuator loading assembly; (3) direct measurement of experimental substructure
response; and (4) feedback of measured experimental responses to the numerical substructure to
close the hybrid simulation loop. The framework discussed herein is the foundation upon which
many of the developments in multi-actuator hybrid simulation rest, and will help in explaining

many of the references discussed in this review.

2.1 Substructuring for hybrid testing

Consider a system of second-order differential equations (i.e., equation of motion, EOM) used

to represent the dynamics of a reference structure in a domain 2:

Q:  M(t) + Cx(t) + R(x, %) = p(¢t) (1)

where the vectors x(t) € R", %(t) € R", and X(t) € R"™ represent the displacement, velocity,
and acceleration vectors relative to the ground floor, respectively. M € R™*™ and C € R"*"
are the mass and damping matrices, respectively. The damping matrix is representative of the

various frictional and dissipative mechanisms that exist in structures. Because damping is a
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Figure 1: Substructuring of dynamical system

difficult phenomenon to model, it is customary to assume the damping matrix as proportional
to the mass and stiffness matrices [26]. R(x,%) € R" is the vector of restoring forces, which is
as a function of states {x,%}. Finally, p(t) € R" is the total load vector. Note that the time ¢
is the load time, while the hybrid testing process may actually occur on an extended time scale.

Instead of solving the equations pertaining to the entire reference structure, a process known
as substructuring is performed to subdivide it into smaller substructures, shown in Fig. 1.
These equations can be solved independently, provided that the coupling between components
is enforced by means of compatibility and equilibrium conditions at their boundary conditions
[20, 27]. Then, a reference structure can be defined as the union of the two smaller substructures,
Q= QNUQF, where QY and QF are the domains of numerical and experimental substructures,
respectively. Each substructure has its own DOFs and boundaries. Let the displacement vector

of the associated numerical and experimental substructures be defined as:

N E
X; X;
7 (2
xV = . xP = (2)
N E
Xy, Xy,

where the superscripts NV and F refer to the numerical and experimental substructures, respec-
tively; and subscripts ¢ and b refer to the interior and boundary DOFs, respectively, as shown
in Fig. 2.

Then, the coupled EOM for both numerical and experimental substructures are expressed

as follows:
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Figure 2: Degrees-of-freedom (DOF) of numerical (V) and experimental (Q2¥) substructures

QN . MVxN + eV L RV (xV %) = pV 4+ gV (3)

and the coupling force vector applied over each substructure is defined by:

N E
g/ g!

g = ZV , gl = ; (5)
g s

The main assumption in this formulation is that the substructures are only coupled through
the boundary I'y. Therefore, the coupling forces at interior DOFs for each substructure should
be equal to zero:

g =0, g=0f (6)

To solve this coupled problem, both displacement compatibility and force equilibrium con-

ditions must be satisfied:

(Displacement compatibility): x =xF (7)

(Force equilibrium): g +gf =0, (8)

Therefore, by substituting (8) and (5) into (3), the following “coupled” numerical substruc-

ture EOM is obtained:
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oN
MY¥&N + CVxV + RN =pV +{ (9)

E
where gf is the coupling force vector from the experimental component, which includes all the
effects associated with nonlinear restoring forces, nonlinear damping, and inertial forces, along

with any external excitation that can be induced directly to the experimental substructure. In

slow speed experiments, rate-dependent damping and inertial forces are ignored. The result is:

gh =" =MFxF + CFxF + RF - p¥ (10)

while noting that the coupling vector gf is a function of displacement vector xf)v to satisfy (7):

xP = (11)

To obtain an admissible solution, compatibility and equilibrium must be satisfied for all
boundary DOFs at all times. Therefore, an algorithm should be considered to prescribe dis-
placements and/or forces at the boundary I'j for the solution of the dynamical system. Three

different classes of algorithms are found in the literature:

Displacement-based After solving the EOM (9) of the numerical substructure Q% through
a time-stepping integration algorithm, the output xév is commanded to the experimental
substructure Q¥ for execution by actuator(s) to satisfy displacement compatibility at the
boundary I'y. Displacement transducer(s) ensure that the command is achieved. Then,
the coupling force gf is measured directly from the test specimen after displacement-
controlled loading, using load cell sensors in a laboratory facility, and this measured output
is inserted back into the numerical substructure QV, to satisfy the equilibrium condition
at the boundary I'y. This “hybrid loop” procedure is repeated until the simulation reaches

the final simulation time.

Force-based Similar to displacement-based, the EOM of the numerical substructure Q% is
solved, but now the coupling force g{,v is calculated and commanded to the experimental
substructure QF for execution by actuator(s). Load cell(s) ensure that the desired coupling

force is achieved. Then, the displacement xf is measured directly from the test specimen
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after force-controlled loading, and is fed back into the numerical substructure Q% to

satisfy displacement compatibility at the boundary condition I'y.

Mixed-mode Also called displacement-force control, this approach consists of calculating a
set of displacements xév and coupling forces gév from the numerical substructure to be
enforced on the experimental substructure simultaneously, satisfying compatibility and

equilibrium over the boundary I'.

In the context of hybrid simulation, a structural component of interest is usually selected
from the reference structure to become the experimental substructure (i.e., physical specimen),
as illustrated in Fig. 3. The choice for the experimental substructure can vary based on
the research problem under consideration. But generally, the experimental substructure is
comprised of elements with large uncertainty, or are expected to show a nonlinear response, for
which appropriate models are not available, or for designs and materials that are perhaps new
technologies and require further study.

As an illustrative example, consider a typical n-story shear building subjected to arbitrary
excitation in the form of external forces F(t), and ground excitation #4(t). This reference
structure may have any number of DOFs for added complexity and realism, but for the sake
of establishing the abstract concepts for substructuring of an EOM, only the lateral DOFs are

shown. In this case, the total load vector p() is defined as:

p(t) = —Muiy(t) + F(1) (12)

where ¢ € R™ is an inertial influence vector.

Here, the numerical substructure is assumed to behave elastically for simplicity, with a
stiffness matrix K%, and restoring force R" (x"V) = K¥x. The boundary point between the
numerical and experimental substructure is indicated at the locations of the mass m;. Following
a displacement-based algorithm, the boundary condition between the numerical and experimen-
tal substructures is indicated with the DOFs x{¥(t) and x%'(t), respectively. In an ideal world,
the boundary condition calculated through integration of the numerical substructure would be
perfectly executed via actuators located at the boundary with the experimental substructure
with z{¥(t) = 2¥(t) (displacement compatibility). Actuation of the physical specimen in the
experimental substructure results in the generation of forces, measured by load cells. These

coupling forces are returned to the numerical substructure as feedback forces, as illustrated in
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10

In conventional (i.e., slow speed) hybrid simulation (HS) applications, the boundary condi-
tions are imposed on the physical specimen over an extended time scale. As a result, velocity-
and acceleration-dependent forces (i.e., damping and inertia) of the physical specimen are not
acquired experimentally and must instead be modeled numerically. The feedback forces mea-
sured in conventional HS, R(x¥’), are therefore only comprised of experimental restoring forces.
Meanwhile, in RTHS applications, dynamic effects are included because the boundary condi-
tions are imposed on the physical specimen at the real time according to the input excitation.
Therefore, specimen inertial and damping forces are automatically incorporated into the feed-

back forces. The inertial component of the experimental specimen must be removed from the
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It is worth mentioning that other substructuring techniques have been used for hybrid
simulation testing, such as overlapping methods [28], where the substructures are overlapping
by more than the boundary nodes and can also share redundant elements. This overlapping
technique is conceived for the main purpose of alleviating the requirements on the number of
actuators at the boundary of experimental subassemblies. Similarly, [29] developed a weakly-
coupled HS where two DOFs of the physical specimen are measured experimental and one
DOF is obtained numerically.Also, switch control [30, 31] has been developed to command
forces in addition to displacements over the experimental substructure. The UT-SIM [32] is a
generalized distributed data exchange and communication protocol framework that integrates
numerous numerical analysis software and experimental testing equipment.

Certain multi-actuator devices have been developed for properly imposing the boundary
conditions to perform more complex hybrid simulations. These devices can be classified as (i)
multi-axial boundary devices, and (ii) individually attached actuators to a common physical
specimen, as illustrated in Fig. 5. In nearly all actuator setups, actuator dynamics will affect
trajectory tracking and stability of the hybrid simulation. In addition, actuators linked through
a stiff continuum (e.g., test specimen and/or loading fixtures) tend to be mechanically coupled
with forces in one actuator resulting forces in all other actuators. Control algorithms are
typically required in multi-actuator HS to satisfy synchronization between substructures, and
in multi-actuator RTHS to stabilize and tackle the dynamics inherent to actuators, as well as the
mechanical coupling between the actuators [33]. Successful operation of multi-actuator devices
also requires a mathematical understanding of the geometry of the motions, also commonly
known as the kinematics. Kinematic transformation algorithms capture the mapping needed

between each actuator and a Cartesian frames of reference.

2.2 Tracking algorithms in multi-actuator hybrid simulation

Tracking algorithms are mathematical formulations that help an actuator execute a command
displacement in a stable and timely manner. Studies have indicated addition of delays to the
closed-loop system in experiments where stiffness is dominant [34, 35], and addition of leads
where inertial forces are dominant [36]. The dynamics of actuators are considerably different
between slow speed and real-time hybrid tests, and so are the tasks of compensating.

In (conventional) HS, actuator displacements are typically applied in a repeated pattern

of slow ramp loading and pausing. A target displacement is first calculated by the numerical

11
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Figure 5: Multi-actuator configurations

substructure. Next, a controller generates a ramp-shaped command signal for the actuators to
execute the target. The actuator is paused once the target trajectory is achieved and restoring
forces are measured. This process is repeated for all other time steps [37, 38, 39, 40, 41].
Ramp-hold algorithms may be insufficient however for compensating strong actuator coupling
in multi-actuator platforms.

Displacement- and force-control are two types of commonly employed compensators in multi-
actuator HS. Displacement-control is more appropriate for DOFs requiring a large actuator
stroke and small specimen stiffness [42, 43, 44, 45]. DOFs with high stiffness (i.e., large force
and small displacement variations) are best compensated with force-control [46]. Mized-control
is the combined use of both control methodologies. In mixed-control, the translations and
rotations for lateral DOFs are compensated using displacement-control, and highly stiff axial
DOFs are compensated using force-control [47, 30, 48, 49, 50, 51].

For an RTHS, response inaccuracies and instabilities will result, unless appropriate steps are
taken toward compensating for the coupling between the actuators and dynamics of the multi-
actuator device. The open-loop behavior of a servo-hydraulic actuator is inherently unstable.
For the purpose of stabilization, the dynamics of a servo-hydraulic actuator is typically first
stabilized using a proportional-integral-derivative (PID) compensator, known as an inner-loop
[52]. Additional compensation techniques then take the form of outer-loops, which aim to
achieve accurate target tracking. In the context of the RTHS example in Fig. 4, accurate
tracking means x¥’(t) — 2V (¢) in a finite time, where 2" () is the target boundary condition
calculated from the numerical substructure, and x¥(¢) is the experimental realization (i.e.,

measurements) of the boundary condition.
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The majority of compensation algorithms used in RTHS today are based on displacement-
control. Decoupled and coupled control are the two types of real-time control used for multi-
actuator devices. Decoupled control refers to the case when individual actuators are treated as
single-input, single-output (SISO) systems, and are compensated for independently. Decoupled
controllers are easier to design, optimize, and have been widely used throughout the literature
[53, 54, 55, 56, 57, 58, 59, 60]. Such controllers may have limitations in experiments where the
coupling between the actuators is large, possibly due to presence of a very stiff physical spec-
imen. Coupled controllers treat actuators as multi-input, multi-output (MIMO) systems, and
compensate for the system-wide actuator dynamics [61, 62, 63]. These controllers are challeng-
ing to optimize for ideal stability and tracking behavior, due to the large number of parameters
that require tuning. Other forms of RTHS compensation are summarized as: mixed-control
[17], and acceleration-control [64, 65, 66]. The stiffness of the physical continuum that con-
nects the actuators largely determines the extent of the mechanical coupling in multi-actuator
devices. The literature listed have tackled application-specific coupling challenges. However, a
generalizable solution for realistic RTHS performance and stability does not exist to-date. [67]
developed a predictive indicator focused on assessing the stability of MDOF RTHS to use as a
design tool. [68] provided a sufficient condition for stability of RTHS with multiple actuators,
by employing the small gain theorem [69]. [70] found that analytical stability indicators are
not accurate for discrete systems.[71] investigates the critical time delay in multi-DOF RTHS
systems using the root locus technique. Usefulness of analysis models for predicting stability

and performance in experimental RTHS are highlighted.

2.3 Kinematics of multi-actuator loading assemblies

Kinematics refers to the mathematical operations that describe the geometry of motion and
forces in robotic assemblies with respect to time. The kinematic transformation of multi-
actuator systems must be well-understood for successful use of these devices in hybrid simula-
tion. There are two types of kinematic transforms: Forward and Inverse. Forward kinematic
transform considers the strokes in each individual actuator and sensing device (e.g., displace-
ment transducer) for deriving the position and orientation of the Cartesian boundary conditions
and forces. Inverse kinematic transformation uses the available information about the desired
positions of the boundary conditions to calculate what the strokes of individual actuators must

be.
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Kinematic relationships are mathematically expressible via nonlinear equations. Solutions to
the kinematic equations can be approximated for a finite range of motion, solved iteratively, or
solved directly. [42] introduces a kinematic transformation matrix for performing a bi-directional
HS. [43], [47], and [72] extend the prior development for handling of the geometric nonlinearities
of a planer actuator setup. [44] presents two non-iterative kinematic transformation algorithms:
linearized transformation for approximations, and nonlinear transformation which yield exact
results. These approaches can be applied to real-time problems. [73] introduces an online
iterative kinematic scheme for ensuring multi-actuator systems achieve a desired Cartesian
motion. For real-time tests, iterative solutions however are not applicable. [63] and [60] present
real-time kinematic transform methods based on direct and linearized approximations of the
kinematic equations of motion.

A brief mathematical summary of kinematic transformations are provided next for the con-
venience of the reader. A typical multi-actuator boundary device is comprised of several servo-
hydraulic prismatic actuators moving a single highly stiff platform. These devices are known as
parallel manipulators, and possess large load-carrying capacities due to the load sharing ability
of the actuators. This quality is attractive in structural testing applications due to the large

forces desired. A schematic of a generalized parallel manipulator is presented in Fig. 6.

Fixed
17077 V77 frame V77
e a; x ... Fixed
> base
%
\
\
\
Actuator Spherical

--~" joint

X .
~. Moving

Movi
oving platform

frame

Figure 6: n-DOF parallel manipulator

A kinematic analysis of a parallel manipulator requires evaluation of the actuator environ-
ment as a vector space. A Cartesian fixed frame of reference is typically selected in an arbitrary
position, and a moving frame of reference is selected on the moving platform. In many ex-

periments, the location of choice for the moving frame can be the centroid of the attachment
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with the physical specimen. The linear strokes of the prismatic limbs (e.g., actuators) result in
displacements and rotations of the moving platform.

With the frames of reference and parallel manipulator components visualized, the focus
will next shift to kinematic transforms. Following the simulation of numerical substructures, to
obtain the target Cartesian motion, an inverse kinematic transform calculates the stroke of each
actuator. The vectors a;, b;, s; and v € R3, describe the position of the fixed and moving frames
of reference, vector stroke of the actuators, and total translational vector, respectively. [52]
introduces a sensitivity-based calibration method for multi-actuator devices based on external
measurements. Incorporating a rotational matrix A € R3*3, the three-dimensional forward

kinematics of the actuated assemblies are:

s, =v+ Ab; — a; (13)

|si| = f(w) (14)

where |s;| is the absolute length of actuator i for some target Cartesian motion of a moving
frame of reference w = (x,y, 2, 0,,0,, 6.)T. The above derivations are based on an assumption
that the load transfer elements (e.g., fixed and moving platforms) are rigid.

Actuator and sensor coordinate measurements are converted to Cartesian coordinates via the
forward kinematic transform. In parallel manipulators, the forward transform is a challenging
task that involves solving several implicit nonlinear equations per Eq. 15. Solutions to these
equations can be achieved iteratively for HS or approximated using Taylor expansion around

an stationary operation point for RTHS.

w=f""(|s]) (15)

Regardless, compliance and slippage of multi-actuator connectors can induce wrong esti-
mates of true Cartesian coordinates of the moving platform. Thus, some studies have proposed
solutions to forward kinematics including these undesired effects. [74] proposed an online correc-
tion method that adjusts Cartesian displacement commands by minimizing Cartesian displace-
ment errors through optimization methods. [75] proposes a model-based adaptive kinematic
method where the elastic deformations of connectors are included in a system model which is

employed to compensate for estimation errors of Cartesian coordinates from actuator coordinate
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measurements.
Finally, the kinematic transformation procedures described herein are generalizable for

multi-actuator setups with individually attached actuators per Fig. 5(b).

3 Structural testing with multi-actuator devices

This section explores many of the multi-actuator devices around the world dedicated to struc-
tural testing and hybrid simulation. There are three main reasons to consider the use of a
multi-actuator layouts in structural testing: (i) to increase loading capacity over a stiff and
high capacity physical specimen, (ii) to apply realistic 3D loading over specimens with multi-
axial boundary conditions, and (iii) for applications involving loading at multiple boundary
devices. Some of the commonly used multi-actuator devices include shake tables, boundary
condition devices, and shell element testers. The objective here is to introduce the available

capabilities and functionalities of these testing systems to the reader.

3.1 Shake tables

Shake tables are a class of actuated assemblies, where a moving platform is used to excite an
onboard structure. These devices are used to acquire the global nonlinear dynamical behaviors
of complete structures. Many large shake tables have been built around to world to test large and
full-scale structures. The E-Defense (6-DOF full-scale earthquake testing facility) is the world’s
largest shake table, with a dimension of 20 m x15 m, a payload capacity of 12 MN, horizontal
motion of 1 m at > 9 m/s?, and vertical motion of 0.5 m at > 15 m/s? [76, 77]. Tianjin
University is currently constructing an even larger shake table with underwater capabilities
[78]. The NHERIQUCSD shake table, shown in Fig. 7(a) has a 7.6 m x12.2 m platform, a
payload capacity of 20 MN [79], and was recently upgraded with additional actuators and servo-
hydraulics to have 6-DOF capabilities, with X-direction motion of 0.89 m at 5.9 g, Y-direction
motion of 0.38 m at 4.6 g, and Z-direction (vertical) motion of 0.127 m at 4.7 g [80]. In other
shake table facilities, size has been traded for flexible physically distributed testing capabilities.
Shake table arrays like those at the University of Nevada — Reno, and Tongji University, can
test long-span structures with multiple independent base excitations [81, 82]. Underwater shake
tables tests allow for experimentally attained hydrodynamic pressures for studying structural

behavior under seismic maritime environments [83, 84, 85]. Examples of shake table use in HS
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and RTHS are provided in Sections 4.2 and 5.1.

3.2 Boundary condition devices

Boundary condition devices are mechanical manipulators made from several prismatic servo-
hydraulic actuators connected by swivel joints. The number of servo-hydraulic actuators is
typically equal to or higher than the number of DOFs expected from the boundary condition
device [47]. For instance, a 6-DOF boundary condition device has six actuators or more. Actua-
tors are pinned to a fixed based at one end, and a (stiff) moving platform at the other end. The
fixed base is typically attached to a rigid reaction wall, and the moving platform is attached to
the experimental substructure. Multi-axial boundary condition devices overcome the payload
limitations in shake tables and are advantageous in their flexibility for testing structures with
various configurations and experimental costs.

The Load and Boundary Condition Boxes (LBCBs) at the University of Illinois at Urbana-
Champaign are 6-DOF devices with force and position control capabilities, and X-direction
stroke and force capacities of 0.254 m and 2,402 kN, respectively. These capacities are 0.127
m and 1,201 kN in the Y-direction, and 0.127m and 3,603 kN in the Z-direction. The LBCBs,
shown in Fig. 7(b), are attached to highly stiff strong-wall and strong-floor reaction frames,
which allow flexibility in testing configurations [86]. Similar LBCB devices are also available in
smaller scales at the University of Illinois, the University of Southern California [87], and the
Institute of Engineering Mechanics, China Earthquake Administration in Beijing.

The Multi-Axial Subassemblage Testing (MAST) system is another type of boundary con-
dition device, first built at the University of Minnesota. The MAST is comprised of a highly
stiff moving platform (i.e., crosshead) that imposes boundary conditions and forces to the top
of the experimental substructure. The MAST has horizontal stroke and load capacities of 0.4 m
and 3,910 kN, and vertical capacity of 0.25 m and 5,870 kN, respectively [88]. Two new MAST
facilities were built recently at the Swinburne University of Technology and at the ETH Ziirich
[89, 90].

The multi-use structural testing (HNU-MUST) system at MOE Key Laboratory of Building
Safety and Energy Efficiency at the Hunan University (HNU) is similar in design to the MAST,
with two horizontal and four vertical actuators with loading capacities of 4,000 kN and 20, 000
kN, respectively. The stroke capabilities are 0.35m in the horizontal direction and 0.5 m in the

vertical direction [91]. The multi-directional hybrid testing system at the Structural Engineering
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Laboratory of Polytechnique Montreal is a similar design to the MAST and has four horizontal
and four vertical actuators [92]. The Taiwan National Centre for Research on Earthquake
Engineering (NCREE) multi-axial testing system (MATS) is a self-reacting loading frame with
more than 15 actuators, which combine to enable 6-DOF boundary condition operation. MATS
was designed such that experimental substructure would be fixed from the top and excited from

the base [93].

3.3 Shell element testers

Shell element testers are experimental assemblies, composed of a large number of actuators,
that impose load combinations on four sides of shell elements. These devices are largely used
for testing of reinforced concrete (RC) shell elements and have led to important breakthroughs
in the field of mechanics of RC, including Compression Field Theory [94]. At the University of
Toronto, the Shear Panel Tester was developed in 1979 for in-plane tests, and the Shell Element
Tester was developed in 1984 for in-plane and out-of-plane tests and was upgraded to have 60
servo-hydraulic actuators. The UT10 Simulator is an augmentation to the Shell Element Tester
that allows hybrid testing of up to 10 elements simultaneously [95, 96]. Other shell element
testers are the Universal Element Tester at the University of Houston with 60 actuators [97],
and the Large Universal Shell Element Tester (LUSET) at the ETH Zirich with 100 actuators
illustrated in Fig. 7(c) [98]. HS and RTHS have not been implemented using shell element

testers to-date.

3.4 Individually attached actuators

As discussed in Section 2.1, individual actuators can be combined to realize a customized multi-
actuator boundary condition. Testing of frame structures with translational DOFs for instance
requires individually attached actuators to each story. The damped braced frame setup at the
Lehigh University real-time multi-directional (RTMD) large-scale testing facility, illustrated in
Fig. 7(d), is an example. In the testbed shown here, two stiff braced frames are attached to the
faces of the test frame to prevent out-of-plane motions [59, 99]. In other developments, actuators
were used for simulating both translational and rotational behaviors in the frame structures
[100, 53, 54, 101]. Many applications using individually attached actuators are discussed in

sections 5.1 and 6.1.
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Figure 7: Types of multi-actuator devices

4 Multi-axial hybrid simulation (maHS)

The widespread use of (conventional) HS since the 1980s can be attributed to major advances
in control and measurement techniques, substructuring formulations, test-pausing ability, and
reliability in reproducing dynamic behaviors. This section provides a chronological summary of

various illustrative maHS applications with LBCBs, MASTs, and other multi-actuator setups.

4.1 Multi-actuator applications

From the earliest days, developments in multi-actuator HS were driven by the need to simulate

realistic seismic performances of structures in laboratory environments. The first multi-actuator
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SSHS studies were on multi-story frame structures subject to uni-axial ground motions, where
actuators were attached to the each story to simulate floor translations [102, 103, 104]. Frame
structures with 6 and 8 actuator configurations were studied in [105] and [106], respectively.

[107] presents a a bi-directional two-actuator test setup for evaluating a bi-axial ground motion

on a frame.

4.2 Multi-axial applications

Only planer hybrid simulation were considered up until the mid-1990s, as the dynamics of
planar structures are more easily verifiable on a shake table. The limitations of the planar
frameworks are that multi-component excitations and 3D strength envelopes of structures are
not incorporated into the hybrid test. Extensions of the HS method into the multi-axial setting
requires tackling of the geometric nonlinearities resulting from the actuator kinematics, and
compensation for the mechanical coupling introduced when a stiff physical specimen is shared
among multiple actuators. The work in the multi-axial domain began with planar (i.e., 3-DOF)
developments [42, 43, 72, 100, 44].

In the early 2000s, great emphasis was placed on earthquake engineering and hybrid simula-
tion research through the Network for Earthquake Engineering Simulation (NEES) program [22].
The MUST-SIM facility at the University of Illinois was influential in advancing multi-axial HS
methods to enable research. [86] outlines the use of full-scale and 1/5"-scale LBCBs at MUST-
SIM for vertical accelerations assessment on shear capacity and demand of RC bridge piers in a
geographically distributed HS between University of Illinois at Urbana-Champaign and Lehigh
University. [108] presents a mixed-mode control strategy for HS of a skewed RC bridge. [109]
concludes from a vulnerability study of RC bridge piers that without consideration of vertical
accelerations, the severity of earthquake-induced damages can be widely underestimated. [110]
conducts a multi-axial test on RC slender walls using two LBCBs connected over a rigid link,
to achieve the necessary vertical loads and overturning moments. Multiple LBCBs were used in
a four-span bridge test, where the piers were physical and the deck was numerically evaluated
[111, 112]. The results from this study were compared to analytical simulations for verification.
[45] studies moment frames where two LBCBs test a full-scale beam-column connection, while
the rest of the assembly is modeled numerically. [113] performs multi-axial simulation on an
RC frame structure under pulse-type ground motion and evaluates shear failures in pre-1970

structures. Despite immediate failure of the columns, the 10-story building structure did not
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under go collapse.

The MAST facilities at the University of Minnesota and the Swinburne University of Sci-
ence and Technology enable a broad scope of SSHS experiments. [88] and [114] discuss the
possibilities for hybrid simulation using the MAST systems. [115] uses the MAST system to
generate collapse fragility curves of an RC column using quasi-static testing and SSHS. The
probability of collapse is discovered to be less when column is SSHS tested and the realistic
boundary conditions are imposed. Building on this research, [116] also evaluates the effective-
ness of carbon fiber reinforcement polymer repairs in restoring earthquake-damaged columns to
their original performances. [117] implements a 6-DOF seismic hybrid simulation of RC bridge
piers including excitation in the vertical direction.

A vast body of literature is designated to multi-axial and multi-actuator HS frameworks.
Because of the iterative algorithms embedded in these frameworks, they are, however, unable

to produce real-time results. The next section will explore the various developments in RTHS.

5 Multi-axial real-time hybrid simulation (maRTHS)

Although RTHS and SSHS are similar in architecture, successful implementation of each method
requires solving different challenges. Sensors, computers, and actuators used in real-time tests
must acquire, process, and execute at higher speeds. A complete RTHS loop: numerical integra-
tion, kinematic transformation, actuator compensation, physical execution, and measurement
of feedback forces, must be completed in a very small time increment. In addition, the fast
loading speeds required to perform RTHS create frequency-dependent actuator dynamics and
often reveal nonlinearities. Fast operation also impacts the interactions between an actuator
setup and the physical structure, in what is known as control-structure interaction [33]. This
section presents literature in RTHS and is divided in two subsections on multi-actuator and

multi-axial testing, respectively.

5.1 Multi-actuator applications

The earliest multi-actuator RTHS targeted a simple portal frame [53, 54|, where a column with
a 2-DOF boundary condition at the top is experimentally substructured. Two-actuator setup
is connected to a highly stiff loading bracket, which deforms the experimental column through

translation and rotation. The oscillating instabilities that resulted from actuator coupling were
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solved using a delay compensation algorithm.

The next set of multi-actuator RTHS experiments focused on dynamic substructuring of
mass-dashpot-spring (MDS) systems arranged in a series configuration. [55] explores a triple
MDS system, while [56] studies two systems of four and five MDSs, respectively. The boundary
condition between the substructures are realized by connecting actuators to the experimental
springs on either side of the middle mass. MDS systems allow for dynamic coupling studies by
varying the stiffness of the spring elements. These systems are typically limited to only two
actuators.

Shake tables are useful for testing of multi-story structures, and have been used in RTHS
studies. [118] introduces a shake table RTHS for a two-story structure, with an experimental
first story, and a numerical second story. A shake table and an actuator excite the base and
mass of the first story, respectively. [119] studied a three-story structure where the second story
was experimentally tested. Applied accelerations for the base and mass are first converted to
displacement commands. [120] reviews various RTHS tests with shake tables. Most of the
tests discussed are however limited to 1-DOF actuation. [121] studied full-scale rolling bearings
used as floor isolation systems using multi-axial RTHS shake table tests in the Natural Hazards
Engineering Research Infrastructure (NHERI) Experimental Facility at Lehigh University.

Several RTHS studies are dedicated to multi-story frame structures. [61] conducts a nu-
merical RTHS of a three-story steel frame structure with a magnetorheological (MR) damper
installed at the first story. The author proposes a coupled model-based controller for the three-
actuators exciting the frame in simulation. [62] evaluates a two-story steel moment resisting
frame (MRF) with a first-story MR damper in three different RTHS configurations: fully nu-
merical, experimental MR damper with a numerical frame, and fully experimental frame with
numerical mass. [59], [99], and [122] explore the passive and semi-active use of MR dampers for
vibration mitigation in a three-story MRF. Three actuators excite a damped brace frame con-
taining three MR dampers as part of the experimental substructure, and the MRF is modeled
numerically. [123] studies the behavior of a two-story steel frame structure with an experimen-
tal first story column. A setup of three actuators (i.e., two vertical and one lateral) drive the
boundary conditions for the column. A nonlinear finite element analysis program for hybrid

testing is also discussed which shortens the computational time.
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5.2 Multi-axial applications

Multi-axial RTHS is challenging due to the need for fast experimental hardware, high levels
of actuator coupling, and accuracy of the kinematic calculations. The boundary condition
devices used for multi-axial RTHS require different algorithms for kinematic transformations
and actuator compensations than those listed in section 4. Iterative solutions developed for slow
speed testing must be replaced with rapid solutions, to generate stable and accurate trajectories
in one or few discrete time steps.

Two classes multi-axial real-time hybrid simulation (maRTHS) frameworks have been pro-
posed in the recent years for boundary condition devices such as the LBCB and the MAST.
The difference between these approaches is in how actuator compensation is conducted. [63]
proposes a coupled compensation, while [60] and [124] propose a decoupled compensation.

The general architecture of both frameworks involves directing target displacements and
rotations obtained from the numerical substructure through an outer-loop controller, to compute
control signals for boundary condition device execution. Model-based outer-loop controllers
are proposed in these frameworks, for addressing the dynamic coupling that exists between
the actuators in the boundary condition devices. Individual hydraulic actuators are identified
with a transfer function model G;(s), where i is the actuator index. Next, the kinematic
relationships for the boundary condition devices are acquired, including Jacobian matrices from
the linearization of Eq.(15). In [63], the Jacobian and the diagonal transfer function matrix
of the actuators are combined to create a MIMO transfer system representing the nominal

boundary condition device dynamics in Cartesian coordinates:

G(s)=| =J! J (16)
Gni(s) Grn(8) Gn(s)

where n is the total number of hydraulic actuators used in the boundary condition device. Next,

feedforward and feedback controllers are designed as coupled systems according to the model-

based architecture proposed in [61]. Lastly, feedback forces from the experiment coordinate

transformed and returned to the controller responsible for carrying out the computation for the
next time step, thus closing the maRTHS loop.

Studies on the rotational DOFs were found to cause oscillating instabilities, due to the lack

of sufficient control authority provided by the coupled controller in this study. Tuning and

23



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

optimization are a challenging task, due to the numerous parameters in these compensators.
To minimize the role that dynamic coupling plays in the compensation task, [60] proposed
an maRTHS framework with the compensation taking place in the actuator frame of reference
as opposed to Cartesian coordinates where coupling is substantial. Cartesian signals (e.g.,
target and measured) are first converted to actuator signals via kinematic transformation. SISO
controllers are designed for each individual actuator following the system identification and
acquisition of the diagonal transfer matrix G(s). The decoupled maRTHS framework has also
been extended for studies where use of more than one boundary condition device is desired

[124].

5.3 Multi-axial real-time testing in other engineering disciplines

Due to the listed challenges, applications of maRTHS are rare and few in the field of Civil Engi-
neering. Methodologies similar to RTHS have been implemented in other engineering disciplines
and are commonly referred to as Hardware-in-the-loop (HIL) tests. The HIL uses of serial and
parallel robotics common in Aerospace and Mechanical applications involving aircraft, automo-
biles, and spacecrafts. The first uses of multi-axial robots for vibration based applications were
by V. E. Gough for tire testing, K. L. Cappel and D. Stewart for flight simulators [125, 126].
These replicas of aircraft cockpits installed on parallel manipulators are simulating the flight
environment for pilot training and other in-flight studies. In the automotive industry HIL is
used for rapid prototyping. HIL constitutes a synergy between various physical components
(e.g., powertrain, axles, and chassis) and virtual models (e.g., environment conditions, driver
commands, and road profile) [127, 128]. [129] and [130] introduced an HIL test rig for mecha-
tronic vehicle axles. A hexapod manipulator with six hydraulic actuators imposes multi-axial
forces and torques. In the space industry, spacecrafts are often multi-axial vibration tested for
system identification, verification of mathematical models, and simulation of in-flight shocks
and vibrations. The Mechanical Vibrations Facility (MVF) at the Glenn Research Center con-
tains a vibration table with 16 vertical and 4 horizontal actuators, used for modal testing [131].
Other commercial products, such as the MTS Multi-axial Simulation Tables [132], have been

used for various multi-axial dynamic tests.
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6 Current challenges and opportunities

Hybrid simulation with multiple actuators is an active topic of research and has proven to be an
effective tool for various investigations and applications. However, a great deal more research
is needed to establish generalizable theories and build the capacity needed to truly exploit
hybrid simulation, and especially RTHS, to study complex structural engineering problems.
This section sheds light on some of the remaining challenges and unanswered questions in this
domain. In doing so, the aim is to share research insights, and to direct the attention of the

research community to existing research gaps and future research directions.

6.1 Robustness of multi-actuator closed-loop systems

Design of an RTHS test determines the quality of the tracking behavior achieved at the boundary
conditions and the closed-loop robustness to uncertainty. When stability and performance
are critical in validation studies, emphasis is typically placed on compensation design, and
when easier compensation design is desired, emphasis is on the choice for the RTHS partition
[67]. For multi-actuator setups, the operational challenge is increased due to the dynamic
coupling that exists between actuators. Coupled compensation may be a more rational approach
for developing multivariate models. For instance, multivariate robust control approaches take
into account all the coupling effects as uncertainties. Decoupled compensation is easier to
program, and allows for adaptive control developments in actuator space. However, the effects
of stiff specimen on Cartesian performance need to be studied. Use of adaptive and robust
compensation methods should be explored for improving the robustness of RTHS experiments.

Most applications in the maRTHS domain have used displacement-based compensation al-
gorithms. Displacement compensation is not suitable for testing highly stiff physical specimen,
as the smallest actuator motion result in sharp increases in reaction forces from the physical
specimen [46]. Another challenge with testing a stiff physical specimen is in the accurate mea-
surement of small multi-DOF deformations. Force compensation allows for a more stable and
accurate control of highly stiff DOFs. Displacement compensation also does not allow for main-
taining a prescribed force level (e.g., gravity forces) over a physical specimen. Gravity forces
result in application of axial forces which can alter with the failure mode and capacity of phys-
ical specimen [133]. The MTS control software is a generic kinematic transformation tool that

provides a layer of force control loop is included for over constrained systems when the number
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of actuators exceeds the number of controlled DOFs [134]. Therefore, incorporation of force and
displacement compensations into maRTHS can combine the benefits of both approaches and
improve the realism of this experimental framework.

A key aspect of hybrid simulation is the black-box and reference-free nature of the experi-
mental substructures. Quantifying the uncertainty associated with the experimental substruc-
turing, and exploiting this information for the design of a suitable controller and updating
of the numerical substructure are critical to the accuracy and confident generalization of this
method [135, 136]. [137] presents foundational ideas for uncertainty quantification via a modular
framework that divides RTHS into smaller units on multi-rate coordination, actuator control,
state estimation and model updating, stability and performance indicators, and real-time deci-
sion making. Multivariate representation of uncertainty for a multi-actuator system remains a

major challenge.

6.2 Mechanical design of multi-actuator loading assemblies

The choice for the closed-kinematic chain architecture of multi-actuator loading assemblies will
dictate the success of the kinematic planning. Consider the linearization of Eq.(15), which
generates a Jacobian matrix J. Certain arrangements of the actuators over the test specimen
or loading platform may result in formulation of a singular J matrix [138]. When designing
multi-actuator assemblies, the presence of singularities must be explored over a given trajectory
workspace. In addition, loading platform must be designed to have optimal coupling, stiff-
ness, and capacity. This challenge exists for individually attached non-modular multi-actuator
configurations too.

The next challenge is with multi-actuator hardware requirements. RTHS with multiple
actuators require large hydraulic capabilities (e.g., accumulators for flow demands, manifolds
with additional accumulators for fast transient response) [139]. For instance, [140] provide
details of the hydraulic power system for the NHERIQUCSD outdoor shake table, with a model
of the hydraulic accumulators.

Other mechanical design challenges include interactions among the various fixtures including
actuator friction, bearing slippage, moving platform inertia, and flexibility of the loading and
support assemblies. These phenomena create erroneous load cell and displacement transducer
measurements, which result in inaccurate simulations [92]. Therefore, the contribution of these

phenomena must be minimized through measurement and compensation. For example, [73]
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provide an online positioning correction algorithm for multi-actuator loading platforms with
flexible fixtures (i.e., reaction wall and floor). Also, adaptive kinematic transformations were
proposed by [75] to compensate the errors associated to fixture compliance in multi-axial hybrid
simulation at slow speeds. Future developments should focus on strategies to circumvent fixture

properties on the accuracy of multi-axial real-time testing.

6.3 Time constraints and computational efforts

Real-time solutions to the numerical substructure, model updating, actuator compensation, and
coordinate transformation constitute most of the computational efforts in RTHS. With more
actuators and increased degree of actuator coupling, the computational efforts grow further.
Most computational platforms however cannot execute real-time simulations at the rapid rates
typically used in RTHS testing (e.g., 2048 Hz or higher). Parallel computing is an afford-
able way of overcoming computational constraints while meeting the increased computational
demands for real-time multi-actuator applications. [141] introduces a platform for parallel com-
puting of complex numerical substructures on standard off-the-shelf multi-core computers. Field
programmable gate arrays (FPGAs) are also affordable means to speed up the computational
capabilities [142].

Efficient computational programs (e.g., codes) for the numerical substructures are rarely
available. OpenSees finds it challenging to meet the efficiency requirements for real-time testing.
Instead, researchers often resort to the Bouc-Wen simulation code [143]. [144] developed an
efficient Timoshenko hysteretic beam model with nonlinear behavior. [145] developed a state-

space formulation for structural analysis with plastic and geometric nonlinearities.

6.4 Validation of multi-actuator RTHS

Another challenge with multi-actuator HS and RTHS applications is validation. In many appli-
cations, RTHS results are validated against numerical analysis results. This approach is however
difficult when the nonlinearity and physics of the experimental substructure are unknown. The
need for validation grows stronger as RTHS methods grow more complicated.

New benchmark problems are needed for advancing new technologies in maHS and maRTHS.
[146] presented an RTHS benchmark control problem which offered challenges of unmodeled
dynamics and uncertainty. A nonlinear RTHS benchmark control problem is currently in the

works.
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6.5 Other applications regarding multi-axial testing

Other hybrid testing applications pertain to the multi-physics problems, which refers to si-
multaneous presence and coupling of physical phenomena in a single system or simulation.
Multi-physics problems involving fluid-solid interaction have been studied in recent years. Some
examples of hybrid simulation with wind-structure behavior as the focus of the study are: off-
shore monopile wind turbines [147], semi-submersible floating wind turbines [148], aeroelastic
base-pivoting building model [36], and wind-tunnel model for flexible bridges [149]. For multi-
physics seismic research, underwater shake tables are useful for realizing hydrodynamic pressures
[83, 84, 85]. Coupling of structural and thermal loads have also been explored [150, 151, 19].
Multi-physics cyber-physical testing to examine complex systems involving thermal and struc-
tural coupling is also being developed [152, 153]. Traditional multi-actuator approaches dis-
cussed in this review paper may not be suitable for multi-physics problems. Hence, new gener-

alizable approaches should be explored.

7 Concluding remarks

Multi-actuator hybrid simulation is the process of emulating the dynamical behavior of a struc-
tural system through closed-loop simulation of its constituent substructures (i.e., numerical and
experimental) via multiple actuators. This methodology serves as a middle ground between
pure numerical simulation, which offers rapidness, and full experimental testing, which offers
realism and means for validation. In addition, multi-actuator hybrid simulation offers flexibility
which addresses a broad range of experimental configurations.

This review paper highlights the historical roots, evolution and key enablers of HS and RTHS
methods. A greater emphasis has been placed on multi-actuator and multi-axial test setups,
as single-actuator HS and RTHS have already been discussed in other review literature. The
general framework for the methodology are outlined, starting with the concepts of substructur-
ing, compensation, and kinematic transformation, and the fundamental differences between HS
and RTHS are highlighted. Capabilities of several experimental facilities around the world are
presented and their significance to HS and RTHS are discussed. A thorough review of multi-
actuator and multi-axial HS and RTHS are next provided. Finally, several insights are provided

on current challenges and future research directions.
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