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The dynamic performance of base isolation systems provides an effective means to reduce the seismic vulnerability of buildings.
However, large displacements in the base isolation during seismic events pose a major challenge for this control system. Recently,
novel control systems have been implemented to control and reduce the excessive displacements. This study presents an
evaluation of the seismic performance of unconnected-fiber-reinforced elastomeric isolators (U-FREI) and variable orifice
damper (VOD) devices used together as a hybrid control system for a low-degree-of-freedom reference structure by employing
real-time hybrid simulation (RTHS) testing technique. This physical cybernetic testing methodology allows a dynamic system of
interest to be substructured into two components: numerical and experimental. In this study, the numerical substructure
corresponds to a 2-degree of freedom model, representing a reference structure, and an experimental substructure was formed
using the hybrid control system described. To develop an interface between the two substructures, a horizontal transfer system
(HTS) was implemented and coupled with a vertical transfer system (VTS). Using RTHS, the performance of the reference
structure and the hybrid control system was evaluated under six seismic events: CAM, CAT, El Centro, Loma Prieta, Pizarro, and
Chihuahua, at a maximum acceleration of 0.10 g (0.981 m-s~2). The experimental behavior of the hybrid control system allows the
reference structure to reduce its maximum drift by more than 24% compared to the fixed structure. Finally, the performance and
accuracy of the RTHS tests were calculated.

1. Introduction

In recent years, structural engineering has focused on de-
veloping and implementing techniques to reduce seismic
vulnerability in structural systems, while encouraging re-
silient designs that prioritize occupant safety [1-3]. Struc-
tural control systems have been extensively investigated and
implemented in response to these performance re-
quirements, improving the seismic response of civil struc-
tures using external devices [4], such as passive control
systems [5-17], active control systems [18-22], semiactive
control systems [23-27], and more commonly hybrid
control systems [28-36]. Passive control devices have been

the most widely adopted in buildings because of their lower
installation and maintenance costs, lack of energy re-
quirements, and low capacity to cause structural damage. In
this sense, base isolator systems have become a reliable and
cost-effective alternative for improving the seismic perfor-
mance of civil structures [14, 16], creating a low-rigidity
horizontal level between the structure and its foundation.
This concentrates the deformation generated by seismic
loads and reduces the energy induced in the structure,
thereby reducing structural damage, repair costs, and the
risk of loss of building functionality [4, 8]. Steel-reinforced
multilayer elastomeric isolators (SREIs) are the most widely
used base isolation devices. However, owing to


https://orcid.org/0009-0008-6340-4594
https://orcid.org/0009-0007-8822-7101
https://orcid.org/0009-0002-8024-6512
https://orcid.org/0000-0001-9901-6229
https://orcid.org/0000-0002-9404-0710
mailto:bryan.castillo@correounivalle.edu.co
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/9945556

manufacturing techniques [37], the cost of importing [5],
and the complexity of the required tests, there have been
significant limitations for the widespread implementation of
this technology in developing countries. Unconnected fiber-
reinforced elastomeric isolators (U-FREIs) have been pre-
sented as an alternative to SREI device limitations, removing
the mechanical connection to the structure and foundation
and replacing steel-reinforcing plates with fiber laminates
with similar mechanical characteristics [38], thereby re-
ducing the weight and cost of the devices [39]. Pauletta et al.
[40-42] conducted experimental tests to assess the dynamic
behavior of U-FREI devices, while Spizzuoco et al. [43] and
Madera et al. [5] conducted similar tests under controlled
laboratory conditions. Losanno et al. [17, 44] implemented
U-FREI technology as a base isolation system in a sym-
metrical 2-DOF steel-concrete structure, a methodology
subsequently replicated by Riascos et al. [45]. Recently,
Losanno et al. [46] and Calabrese et al. [47] employed
U-FREI devices as base isolation systems aimed at reducing
seismic vulnerability in unreinforced masonry (URM)
buildings.

U-FREI devices, as a base isolation system, have limited
seismic performance because of excessive lateral displace-
ments, which require large areas of development to avoid
damage to adjacent structures and generate additional costs
to the technology [35, 36]. Viscous fluid damper (VFD)
devices have been incorporated into several hybrid control
systems to control excessive displacements in isolated
buildings [30, 32-36, 48, 49], reducing the extensive pro-
tection zones. A notable feature of these control systems is
the utilization of viscous dampers in the passive state
[30, 33, 34] and magnetorheological dampers for semiactive
systems [32, 35, 48, 49]. Variable orifice dampers (VODs) are
a type of VFD that allow a wide range of controllability of the
level of damping provided in civil structures, enabling
a comprehensive range of hybrid control systems in passive
or semiactive states [50]. Wongprasert and Symans [36]
conducted an experimental evaluation of a semiactive hybrid
control system for a 3-DOF steel building using an elasto-
meric base isolator system and VFD devices, which have
traditionally been used as semiactive control devices in civil
structures [30]. In this context, a systematic comparison
between the passive and semiactive states of a hybrid control
system composed of U-FREI devices as the base isolation
system and VOD devices, as was carried out in this study, has
not been reported in the literature.

The evaluation of hybrid control systems composed of
base isolation and VFD has been primarily conducted on
large-scale structures [51-53], which have limited their
experimental assessment under real seismic performance
conditions because of the lack of required equipment and
excessive costs associated with constructing the test pro-
totype. Therefore, the evaluation of this type of control
system tends to be conducted numerically. In this sense,
studies conducted by Dey et al. [32] and Losanno et al.
[16, 17, 44] on low-degree-of-freedom structures permit
resource optimization, structural response simplification,
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and a detailed experimental assessment of the seismic
performance of the structural control devices used. In recent
years, an innovative experimental testing methodology
known as real-time hybrid simulation (RTHS) has been
implemented to evaluate the dynamic performance of
complete structural systems [54]. This approach was derived
from methodologies employed in aerospace engineering
testing [55] and was initially introduced in the field of
structural engineering as an online test or hybrid simulation
(HS). The methodology involves an experimental assessment
of dynamic systems characterized by extended time scales,
comprising a physical component devoid of inertial effects in
continuous interaction with an analytical component
[56, 57], which generates a communication interface
through transfer systems, typically implementing hydraulic
actuators and sensors. In the RTHS, the substructuring
concept proposed in the HS is adapted to real-time time-
scales. This entails testing the most critical or interesting
segment of the system, which typically exhibits nonlinear
behavior when incorporating inertial effects [58, 59]. This
testing methodology is particularly suitable for the evalua-
tion of highly nonlinear devices such as base isolation
systems or viscous fluid dampers. Experimental evaluations
of base isolation systems as experimental substructures were
performed by Lanese et al. [60] and Nakata et al. [61].
Recently, Riascos et al. [45] performed an RTHS test with
U-FREI devices, taking the upper structure as a numerical
substructure. Furthermore, viscous fluid dampers as ex-
perimental substructures have been extensively studied
using RTHS [62-67]. Nevertheless, the behavior of VOD in
passive and semiactive states has not been assessed to date
using this innovative testing technique.

The versatility, potential, and acceptable accuracy of
RTHS enable the concentration of resources on the evalu-
ation of the specific components of interest within a system,
which leads to reduced experimental setup costs, increased
execution times, and the alleviation of capacity constraints
often encountered in large-scale traditional dynamic ex-
periments [68]. Therefore, in this study, the seismic per-
formance of an innovative hybrid passive and semiactive
state control system composed of U-FREI and VOD devices
was evaluated for the low-degree-of-freedom structure
proposed by Magliulo et al. [69] using an RTHS. This
structure has become a reference structure when studying
control systems, but it should be noted that a U-FREI-VOD
hybrid control system has never been tested on this struc-
ture. The remainder of this paper is organized as follows.
Section 2 provides details of the assessed reference structure
and a description of U-FREI and VOD devices. In Section 3,
the dynamic substructuring of the reference structure with
a hybrid control system, transfer systems employed, ex-
perimental setup, and seismic excitations are described.
Section 4 provides a detailed analysis of the seismic per-
formance of the U-FREI and VOD used as a hybrid control
system for the reference structure. In addition, it assesses the
performance of the RTHS. Finally, Section 5 presents the
conclusions of the study.
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2. Main Structure

2.1. Reference Structure. The reference structure used, shown
in Figure 1, was built at the University of Naples Federico II,
Italy, with the objective of performing several seismic shake
table tests on this structure to evaluate the seismic perfor-
mance of base isolation systems [16, 17, 44, 45, 69-71]. This
prototype had a scale factor of 1:3 for a total height of
2900 mm and a plan area (X-Y) of 2150 x 2650 mm. The
structural system used was a heat-formed square hollow
section steel, with dimensions of 120 x 120 x 12.5 mm, and
columns-welded hollow section steel with dimensions of
150 x 150 x 15 mm. The upper-level beams were bolted to the
columns, whereas the lower-level was considered a rigid
node. Concrete blocks were added at both levels to provide
arealistic weight to the structure. The structure has a mass of
m, = 3571 kg at the lower level and a mass of m, = 4155 kg
at the upper level. The dynamic properties of the structure
when it is fixed to the ground were taken from the results
obtained in [69], which describe a stiffness K » = 2.369 - 10°
N-m™ a damping coeflicient Cf =1.984-10° N-ss-m™, and
a damping ratio { = 1.0%. The fundamental frequency of the
fixed structure in the x-direction is f ; = 3.810 Hz.

This reference structure has been used as an experi-
mental test prototype and has been extensively detailed in
the literature in recent years for the evaluation of structural
control devices. Losanno et al. [17, 44] assessed the seismic
behavior of U-FREI devices when subjected to bidirectional
excitation, while the reference structure was supported by
them, and concluded that these devices have significant
potential in terms of reduction of the seismic vulnerability of
the structure and cost-effectiveness of production using low-
cost materials. Riascos et al. [45] conducted an RTHS using
a numerical model of this structure with the aim of verifying
the importance of considering the rocking effect in the
behavior of U-FREI devices and concluded that considering
this effect represents an increase in the isolator and structure
displacement; however, it represents a reduction in the
fundamental frequency of the structure and a significant
increase in the isolation capacity. Calabrese et al. [70]
performed a comparison between the results obtained in
a shake table test and the results of an RTHS test, concluding
that the RTHS is highly effective in validating the behavior of
U-FREI devices supporting these types of structures.
Magliulo et al. [69] conducted several shake table tests on
this structure to obtain its dynamic properties. Subsequently,
they tested the influence of gypsum board walls installed
between the columns of the structure and concluded that
these types of partitions do not contribute to the structural
stiffness nor structural period; however, the study showed an
increase in terms of damping, which has a beneficial effect on
earthquake response.

2.2. Hybrid Structural Control System. The hybrid structural
control system used in this study is composed of four
U-FREI devices and two VOD devices, as shown in Figure 1.
Each U-FREI device consists of 15.0 layers of rubber fiber,
which are 2.0 mm thick; these layers were reinforced by 14.0

layers of 1.0mm thick polyester fibers. The isolators had
a total height of 44.0mm and a diameter of 80.0 mm. Re-
cently, Riascos et al. [45] conducted the RTHS tests men-
tioned in Section 2.1, using the same isolators. In addition,
the parameters of the Bouc—-Wen model that describe these
devices numerically are calculated. These parameters were
adopted in this study for the RTHS tests due to the testing
framework for base isolators that have a capacity of only two
specimens. The Bouc-Wen model is used to calculate the
performance of 2 or 4 U-FREI devices, depending on the
RTHS architecture. These architectures are explained later in
this paper. The design, manufacturing, and validation
processes of U-FREI devices can be found in [5]. In contrast,
VOD devices are double-rod dampers with an external
cylinder with a 210 mm stroke and an internal diameter of
25.40 mm. The rod had a diameter of 12.70 mm on each side
of the piston and a total length of 700.0 mm. This damper is
integrated with a needle valve that controls the flow of oil,
which allows the specification of the nonlinear damping
force. In addition, this device is equipped with a relief valve
system that protects the seals and gate stem from excessive
high pressures, which could damage the device components.

The damper has two operating modes: passive and
semiactive. In passive mode, the valve opening level was
selected and remained constant throughout the test. How-
ever, in semiactive mode, the valve opening changes based
on the optimum force conditions required to reduce the base
displacements, focusing on LQG (linear-quadratic-Gauss-
ian) control [72]. The LQG controller implemented, shown
in Figure 2, is fed with the measured displacement u, , (t)
and this controller calculates the optimal total force
Fp_op (£) that the two VOD devices should provide to the
structure to minimize drifts. This force is divided by two in
order to calculate the optimal force F, (t) that each VOD
has to supply, and the absolute value of the force is calculated
as |Fop (¢)]. The force error e 7 (t) compares in real-time
|[Fope (£)] and the absolute value of the measured force
|Fp,, (t)] and feeds jointly with the measured force Fp,,, (t)
the controller law that calculates the motor signal u,, . (¢)
which rotates the motor that controls valve’s closure. The
motor controller law evaluates the force the VOD applies to
be between the limits allowed. Finally, Fp, , (t) is multiplied
by 2 to obtain the total force produced by both VOD devices
F, (), and this force feeds back the LQG controller and
closes the loop. The device features a rotation servo motor
with dimensions of 54 x 44 X 20 mm and a minimum torque
of 550 N-mm, designed to control the opening of the valve.
This servo motor was installed on top of the valve using a 32-
hole coupling piece that allowed position control. An
optocoupler encoder FC-03 was utilized to control the ro-
tation of the servo motor. The electromechanical operation
was controlled using a microprocessor.

3. Real-Time Hybrid Simulation (RTHS)

3.1. Numerical Substructure (NS). The steel frame described
in Section 2.1 was considered as the numerical substructure
(NS), which does not include the hybrid control system. The
behavior in the x-direction was analyzed using an analytical
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FIGURE 2: Scheme of the LQG control.

2-DOF model. The dynamic performance of this structure is
described by equation (1), where M,, C,, and K, are the
mass, damping, and stiffness matrices, respectively, and X, x,
and x are the relative acceleration, velocity, and displace-
ment vectors, respectively. The dynamic substructuring of
the system allowed the extraction of the properties of the
hybrid control system, as shown in equation (2), where the
current matrices M,,, C,, and K,, represent only the refer-
ence structure. The term T4 - Fr.q represents the restoring
force of the experimental specimens (VOD and U-FREI

devices), with the influence vector gy = [10]7 that in-
dicates the DOF where this load was applied. Finally, a,
represents the ground acceleration and the influence vector
I, = [11]7 indicates the DOF it influences. The
complete system is expressed as a state-space model
according to equations (3) and (4), which define a dynamic
multiple-input multiple-output (MIMO) system with
three inputs (d, and Fg,q of the VOD and U-FREI devices)
and 2.0 outputs U, corresponding to the displacements in
each DOF.
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The extended Bouc-Wen model, as reported by Man-
zoori et al. in [73], was used to numerically model the
dynamic behavior of the U-FREI devices. This model is given
by the following equation:

Fi, () = fe () + fa(b), (5)

where F|, (t) denotes the total shear force generated by the
deformation of a single isolator, f, (t) denotes the hysteretic
spring force, and f,(t) denotes the damping force. These
forces were calculated using equations (6) and (7), re-
spectively. Where the pseudo-displacement z is calculated
using (8). The procedure for calculating the constants shown
in Table 1, which are required for this model, and their
specific explain of these parameters are described in [45].

fe®)=a,-u +as-u’ +as-u’, (6)
ey By

fa®)=c-u +bl1 AIzI z, (7)

Yz (t) = Aiy - Biylz|” - iy |2121" . (8)

3.2. Experimental Substructure (ES). The experimental
substructure (ES) was composed of the hybrid control
system presented in Section 2.2. In addition, a framework
from the LINSE Laboratory at the Universidad del Valle,
Cali-Colombia, which was previously used by Riascos et al.
[45], was used to test the U-FREI devices and the VOD
devices. This framework was designed to simultaneously
induce the boundary conditions of the experimental devices
through horizontal and vertical actuator systems. Four cy-
lindrical axes of 25.0 mm of diameter and a linear bearing
allowed the vertical deformation of two U-FREI devices
while they were compressed with a load constant of 19.0 kN,
representing an average working gravity load of the refer-
ence structure for one of the experimental prototypes, as
shown in Figure 3(a). The lateral deformation of the VOD
and U-FREI devices during one of the tests was induced

5
(1)
dg - I‘feed : FfeedUFREI - l—‘feecl : Ffeed\,OD’ (2)

_ _ feed, g 5

_Mn lI‘feed _Mn 11_‘feed [4x3] ceturmel
feedyop [3x1]
g
+ [ 000 ][2x3] . FfeedUFREI g . (4)
[4x1] F
feedyop J [3x1]

relative to each prototype. The operation of the framework is
schematically shown in Figure 3(b).

3.3. Transfer System. The constant interaction between the
numerical structure (NS) and experimental prototypes (ES)
was realized using a horizontal transfer system (HTS), which
replicated the reference signal originated from the dynamic
response of the DOF of interest of the reference structure
with a hybrid control system. The HTS was composed of
a 45.0kN hydraulic actuator guided by two 15.0 gpm servo
valves and an internal linear variable differential transformer
(LVDT). These components allowed the displacement of the
piston to be measured with high accuracy, which was driven
by a hydraulic pump with a maximum flow rate of 6.0 gpm.
The transfer system inherently exhibits delay due to elec-
tronic latency and dynamic nonlinearities arising from
phenomena such as friction in the actuator. To address this,
a robust H_, controller was implemented to generate an
optimal command signal to perform accurate HTS dynamic.
This controller possesses the most optimal delay compen-
sation achievable, inherent within its own properties. In
addition, a Kalman filter was used to filter the noise in the
signal measured by the LVDT, thereby increasing its ac-
curacy in an estimated manner. More details of the con-
troller and the Kalman filter used can be found in
[45, 74-76].

The load acting on the U-FREI devices was induced by
a vertical transfer system (VTS) consisting of a hydraulic
power unit (HPU) and a vertical actuator connected to a load
cell that measured the compression force. Due to the roll-out
effects exhibited by U-FREI devices [70], a control system for
the vertical actuator was implemented to maintain a con-
stant load despite the variable deformation of the specimen
during different deformation states in the simulation, as
described in [45]. In this study, a servo valve, EATON KBS-
10, was used to control an actuator with asymmetric be-
havior by implementing a proportional integral (PI) con-
troller with constants k, and k;, which provides high
accuracy in the behavior of the VTS. The controller loop
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TaBLE 1: Bouc-Wen model parameters for U-FREI devices.
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FIGURE 3: Framework of the experimental devices. (a) Experimental framework for testing U-FREI devices, and (b) scheme of operation of

the framework for hybrid control system.

provides feedback from the normal restoring force, N
measured from the specimens, as shown in Figure 3(a).

m>

3.4. Experimental Setups. An assessment of the reference
structure with the hybrid control system was performed
using five configuration schemes, as shown in Figure 4.
These configuration diagrams describe how the numerical
and experimental substructures and transfer systems are
interconnected for the development of RTHS. In architec-
ture no. 1 (AR. 1), the NS was subjected to an input signal
corresponding to the base acceleration d, this responded to
the excitation according to its dynamlcs properties and the
performance of the hybrid control system. The response
u, (t) was sent to the HTS, which replated u,,, () and
transmitted it to the numerical model of the U-FREI and the
experimental passive VOD devices under three opening
conditions (10%, 50%, and 90%).

The opposing forces exerted by these prototypes, mea-
sured by the load cells, Fj, ,, and F; ,, were multiplied by the
number of corresponding devices to obtain the total feed-
back forces Fj, and F;, which entered the numerical sub-
structure and closed the loop. In this architecture, the
performance of U-FREI devices is only numerical since there
are no physical specimens. Architecture No. 2 (AR. 2) was
similar to Architecture No. 1, where a pair of experimental
U-FREI devices using the VTS were added, which applied

a vertical load to the frame N, causing compression de-
formation of these specimens. This means that there are
2 U-FREI devices whose performance is calculated nu-
merically through the Bouc-Wen model. Architecture no. 3
(AR. 3) removed the passive VOD devices used in archi-
tecture No. 2. Architecture no. 4 (AR. 4) was similar to the
first configuration; however, the VOD devices exhibited
semiactive behavior. Finally, architecture no. 5 (Ar. 5)
replicates the second architecture using VOD devices in
semiactive mode. These configurations were programmed in
the Simulink software and executed with a SpeedGoat
processor using a host computer with the Xpc protocol of
MATLAB and a sampling frequency of 1024 Hz. SpeedGoat
has a high processing capacity to guarantee real-time
evaluation of the hybrid simulation.

3.5. Input Signal: Seismic Excitation (a,). The seismic be-
havior of the hybrid control system as a dynamic vulnera-
bility reduction system of the reference structure was
assessed using RTHS tests with six internationally referenced
seismic events: El Centro (USA, 1940), Loma Prieta (USA,
1989), Pizarro (Colombia, 2004), Chihuahua (Mexico, 2013),
CAM (Italy, 1980), and CAT (Italy, 1980). All seismic events
have a maximum acceleration of 0.981 m-s~2, corresponding
to 0.10g, with a sample frequency of 1024 Hz equal to the
RTHS run rate, as described in Section 3.4. The frequency
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FIGURE 5: Frequency response of the assessed seismic events.

content of the evaluated earthquakes is shown in Figure 5. In
addition, the graphical representation in the same figure
demonstrates a reduction in the natural frequency of the
entire structural system due to the influence of U-FREI
devices.

4. Results and Discussion

4.1. Hybrid Control System Seismic Performance. The dy-
namic responses of the reference structure with the hybrid
control system obtained for the five architecture setup de-
scribed in Section 3.4, were compared with each other. This
dynamic behavior, at level U, showed significant differences
when architectures were used with experimental devices in
comparison with numerical models for the seismic events
assessed (Section 3.5), as shown in Figure 6. These dis-
crepancies were due to the dynamics of the numerical model
of the U-FREI devices (load F;) and changes from the
passive (closing 90%) to the semiactive state of the VOD
devices. The numerical model achieved an effective damping
coefficient (EDC) of approximately 4.0%, whereas the ex-
perimental specimens were close to 10.0% at low strain levels
[77]. For this reason, architectures nos. 2 and 5 showed
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FIGURE 6: Base displacement (U,) and hysteresis of the hybrid control system for all seismic event assessed in each architecture used.
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a reduction in the displacement of level U, in comparison
with architectures nos. 1 and 4, respectively, because ex-
perimental isolators provided more dissipation capacity to
the system. Architecture no. 3 presents larger displacements
and wider hysteresis curves for the U-FREI devices in
comparison with the rest of architectures. In addition, an
interaction was identified between the behavior of the
U-FREI devices as a base isolator system and the dynamic
performance of the VOD devices, which comprised the
hybrid control system. The hysteresis curves of the U-FREI
devices indicate consistent and reliable behavior during all
tests by not reaching failure. The hysteresis curves of the
VOD devices reveal that the force F,,,, remains constant in
architectures nos. 1 and 2, while exhibiting nonlinearity in
architectures nos. 4 and 5. This behavior aligns with the
passive and semiactive states of the VOD.

Dissipated energy (V) is defined as the area under the
hysteresis curve of a structural element, which is a crucial
measure representing the ability of the system to absorb and
dissipate energy during cyclic loads [78]. In this case, the
total dissipated energy (W) of the hybrid control system
represents the sum of the energy dissipated by the U-FREI
devices (Wyprgr) combined with the energy dissipated by the
VOD devices (Vyop). Y7 exhibited similar behavior in all
states of the evaluated architectures. However, Architecture
No. 3 (without VOD devices) presented an average increase
in W of 43.78%. Nevertheless, the dynamic performance of
the hybrid control system (load F;) generally induces
a higher control force on the reference structure (up to
22.33% compared with Architecture No. 3), demonstrating
a greater capacity for structural control, as shown in Fig-
ure 7(a). This control force allows a decrease in the dynamic
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TaBLE 2: Energy dissipation, total load of the hybrid control system, and maximum dynamic response U, for each architecture evaluated and

for all seismic events used.

Earthquake CAM CAT El Centro Pizarro Loma Chihuahua

Y1 (kN-m) 0.326 0.314 0.532 1.333 0.273 0.842

AR. 1 Fr (kN) 11.464 8.309 10.166 12.514 12.728 13.544
Maximum U,; (mm) 14.167 15.957 11.981 19.469 16.204 26.389

¥, (kN-m) 0.142 0.284 0.561 1.536 0.291 1177

AR. 2 Fr (kN) 7.240 10.165 10.391 12.888 13.387 12.737
Maximum U,; (mm) 12.509 14.422 12.495 21.341 16.618 35.118

¥ (kN-m) 0.133 — 0.599 2.270 0.423 1.869

AR. 3 Fr (kN) 6.305 — 6.856 9.674 8.419 18.133
Maximum U; (mm) 16.462 — 20.220 44.570 32.248 65.033

Y1 (kN-m) 0.142 0.321 0.563 1.706 0.346 1.078

AR. 4 Fr (kN) 6.310 8.195 7.382 11.588 9.470 11.856
Maximum U; (mm) 12.206 18.485 13.714 30.349 22.090 36.814

Y1 (kN-m) 0.153 0.310 0.577 1.611 0.368 1.240

AR. 5 Fr (kN) 6.143 9.885 7.214 11.717 9.344 13.093
Maximum U, (mm) 12.929 16.773 14.399 24.728 24.281 36.256

response of DOF U, of more than 35.49% compared with the
structure with only U-FREI devices as base isolator system
(Figure 7(b)). All these values were arranged in Table 2.

4.2. Reference Structure Seismic Performance with Hybrid
Control System. The reference structure dynamic behavior
was assessed in five architectures (Section 3.4) using VOD
and U-FREI experimental devices as the hybrid control
system and with the base fixed (through a numerical model).
Each case was subjected to six seismic events described in
Section 3.5. In the reference structure, the hybrid control
systems generated a minimal reduction in the spectral re-
sponse amplification factors of 78.57%, 85.33%, 40.82%,
85.12%, 63.89%, and 47.34% for the CAM, CAT, Chihuahua,
El Centro, Loma Prieta, and Pizarro earthquakes, re-
spectively, in comparison with the fixed reference structure,
as shown in Figure 8. In addition, this figure also shows that
the time-history response of DOF U, with the hybrid control
system decreased with respect to the structure fixed for all
seismic events evaluated.

U-FREI devices, as base isolator system, allow the ref-
erence structure to reduce its maximum drift by 60.53%,
—-1.96%, 75.09%, 32.08%, and 56.01%, respectively, for the
CAM, Chihuahua, El Centro, Loma Prieta, and Pizarro
seismic events compared to the fixed structure, as shown in
Figure 9(a). Similarly, the hybrid control system in the
passive state (90.0% closure) allowed the reference structure
to reduce its maximum drift by 14.05%, —47.21%, 39.06%,
40.35%, and 23.35%, respectively, for the earthquakes
compared with the response of the reference structure with
only U-FREI devices. Furthermore, the hybrid control
system in the semiactive state allowed the reference structure
to reduce its maximum drift by 12.43%, 12.55%, 8.07%,
39.09%, 29.90%, and 6.16%, respectively, for the CAM, CAT,
Chihuahua, El Centro, Loma Prieta, and Pizarro earthquakes
compared with the response of the reference structure with
the hybrid control system in the passive state (90.0%
closure).

In brief, the maximum drift obtained for all evaluated
architectures, including the 10.0%, 50.0%, and 90.0% valve-
opening conditions for architectures 1 and 2, are shown in
Figure 9(b). This figure quantifies the tendency of the hybrid
control system in the semiactive state (architectures 4 and 5)
to equal or improve up to 36.80% of the dynamic response of
the structure when using only U-FREI devices as the base
isolation system, compared to the response of the fixed
structure. In addition, an increase in the maximum drift was
observed when the passive-state hybrid control system with
90.0% opening was implemented in architectures 1 and 2
during seismic events compared to the fixed structure and
a performance improvement of up to 15.50% was observed
for this condition when the passive-state hybrid control
system had a 10.0% opening. This observation shows that
a passive control system does not guarantee a reduction in
the drift for a seismic event with a wide frequency content;
even, in some cases, it may cause an increase of the drift, with
potential significant damage.

4.3. RTHS Performance. RTHS have errors owing to factors
inherent to the evaluation methodology, such as DOF
condensation in the numerical substructure, intrinsic noise
in electronic signals of the ES and dynamics of the transfer
systems, among others [79, 80]. To evaluate the accuracy of
the RTHS, some indices have been proposed that consider
the differences between the signals of references and mea-
sured at the interface of the substructure. The assessment of
local performance relied on achieving synchronization in
boundary conditions between the numerical response (1] ;)
transmitted to the actuator and the displacement attained in
the physical component (u;,). This involves deriving
a singular metric that signifies the disparity between actuator
signals in the time domain. To facilitate comparison in the
frequency domain, equations (9)-(13) were employed,
corresponding to the frequency evaluation index (FEI). FEI
compares the fast Fourier transform (FFT) of the desired
signal u; with that of the measured signal u, at the
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actuator, considering parameters such as the dominant
frequency during the RTHS denoted as f¢4, the generalized
amplitude A, and the time delay 6, as described in [81].

pE1= Y [ Yn ) ||”Zd(1')||ll ©
i\ Hia (D 8 s, ()
Sl I
o ( Wl 1) w0
Zj—luui,d(])”
A, =||FEI], (11)
_ Im (FEI)
ﬂ—arctan[m , (12)
5= (13)

2.7 fT

In addition, global indices account for the interaction
between the numerical and experimental substructures.
These were assessed within the time domain by quantifying
the most substantial difference between the computed and
observed displacements using ey and ey, as delineated in
(14) and (15) [59, 82].

[l ™ — fmlml
epy = —— IM | , (14)
1,m
|u* _ u* max
eyp = l’dl |x1nrgx (15)
im

All the indices were obtained for the five architectures
used and are presented in Table 3. All cases presented a high
level of horizontal tracking, with a generalized amplitude A,
close to 1.0, and global errors lower than 6.80%, which
allowed us to conclude that HTS has high performance and
allows performing RTHS with a high level of accuracy.
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TaBLE 3: RTHS assessment indexes.

Transfer system Earthquake FEI f eq (Hz) A, epm (%) eyp (%) é (ms)
Architecture no. 1*
El Centro 0.988-0.03i 1.358 0.988 5.120 6.791 3.146
Loma P. 1.018-0.02i 1.079 1.018 1.859 3.182 2.194
HTS P_iZarrO 0.980—0.02.i 1.038 0.980 1.711 2.903 2.465
Chihuahua 0.996-0.01i 0.754 0.996 0.977 1.880 2.135
CAM 1.065-0.021 0.776 1.065 3.525 5.515 4173
CAT 0.937-0.02i 1.118 0.938 2.649 6.183 2.952
Architecture no. 2*
El Centro 0.982-0.02i 1.308 0.982 3.597 6.048 2.813
Loma P. 1.027-0.01i 0.736 1.027 1.968 2.808 2.011
HTS Pizarro 1.012-0.01i 0.908 1.012 0.976 3.265 2.488
Chihuahua 1.009-0.01i 0.663 1.009 0.535 1.652 1.954
CAM 0.931-0.01i 0.633 0.931 1.954 3.752 3.889
CAT 1.062-0.01i 0.699 1.062 1.909 3.782 2.344
Architecture no. 3
El Centro 0.981-0.02i 1.118 0.982 2.549 5.044 2.959
Loma P. 0.991-0.02i 0.934 0.992 1.381 3.483 3.487
HTS Pizarro 0.993-0.01i 0.934 0.993 0.849 2.156 1.628
Chihuahua 0.997-0.001 0.722 0.997 0.639 1.728 0.935
CAM 0.952-0.021 0.832 0.953 3.315 5.237 4.015
CAT — — — — —
Architecture no. 4
El Centro 0.953-0.03i 1.145 0.953 2.880 5.990 3.681
Loma P. 0.986-0.01i 0.941 0.986 0.606 2.471 1.556
HTS Pizarro 0.999-0.01i 1.025 0.999 1.022 3.285 2.084
Chihuahua 0.998-0.01i 0.780 0.998 0.535 1.759 1.785
CAM 1.006-0.01i 0.854 1.006 1.340 2.771 2.743
CAT 0.982-0.01i 1.082 0.982 1.496 2.857 1.581
Architecture no. 5
El Centro 0.982-0.02i 1.177 0.982 1.402 5.470 2.613
Loma P. 0.998-0.01i 0.995 0.998 0.793 2.229 1.784
HTS Pizarro 0.984-0.01i 0.859 0.984 1.133 2.661 2.223
Chihuahua 0.994-0.01i 0.690 0.994 0.713 2.046 2.083
CAM 0.886—0.01i 0.624 0.886 3.773 5.306 2.930
CAT 0.900-0.01i 0.668 0.900 3.615 5.776 1.592

*Valve with 90.0% opening.

5. Conclusions

In this study, the assessment of the seismic behavior of a low-
degree-of-freedom reference structure with a hybrid control
system composed of unconnected fiber-reinforced elasto-
meric isolator (U-FREI) and variable orifice dampers (VOD)
devices was performed using the RTHS methodology for six
seismic events: CAT, CAM, El Centro, Loma Prieta, Chi-
huahua, and Pizarro, scaled to an acceleration of 0.10g
(0.981 m-s72). In addition, five architectures were evaluated
for these seismic events, including a numerical model
(Bouc-Wen model) of the U-FREI devices for two test
architectures, which had an effective damping coefficient in
the experimental base isolation system (EDC=10.0%) higher
than that used in the numerical model (EDC=4.0%), pre-
senting differences between architectures 1-2 and 4-5.

The architecture no. 3 without VOD devices presented
an increase in the energy dissipation capacity (¥r) of the
hybrid control system of 43.78%. In addition, the induced

control load (F) was higher in the reference structure by up
to 22.33% compared with architecture no. 3. Furthermore,
this control load reduces the response of the DOF U, by
more than 35.49% compared to the structure with only
U-FREI devices.

The hybrid control system for all architectures generated,
in the reference structure, a minimal reduction in the
spectral response amplification factor of 78.57%, 85.33%,
40.82%, 85.12%, 63.89%, and 47.34% for CAM, CAT,
Chihuahua, El Centro, Loma Prieta, and Pizarro earth-
quakes, respectively, in comparison with the reference
structure fixed. Similarly, U-FREI devices as base isolator
system allow the reference structure to reduce its maximum
drift by 60.53%, —1.96%, 75.09%, 32.08%, and 56.01%, re-
spectively, for the evaluated earthquakes (without CAT)
compared with the fixed structure. Likewise, the hybrid
control system in the passive state (90.0% closure) allowed
the reference structure to reduce its maximum drift by
14.05%, —47.21%, 39.06%, 40.35%, and 23.35%, respectively,
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for the evaluated earthquakes (without CAT) compared with
the response of the reference structure with only U-FREI
devices. Furthermore, the hybrid control system in the
semiactive state allows the reference structure to reduce its
maximum drift by 12.43%, 12.55%, 8.07%, 39.09%, 29.90%,
and 6.16%, respectively, for the evaluated earthquakes
compared to the response of the reference structure with the
hybrid control system in the passive state (90.0% closure).
This demonstrates the dynamic robustness of the hybrid
control system in the semiactive condition to decrease base
displacements and maintain maximum floor drifts under
minimum conditions. The results position this study as one
of the first tests of the technical potential of a hybrid control
system composed of smart base isolation with U-FREI and
VOD devices to reduce the seismic vulnerability of low-
degree-of-freedom reference structures.

The experimental assessment was performed using the
RTHS methodology, with a simplified 2-DOF model of the
reference structure as a numerical substructure and U-FREI
and VOD devices as a hybrid control system as an exper-
imental substructure. For the tracking levels of the hori-
zontal transfer systems, all cases presented high-level
tracking, with a generalized amplitude A, close to 1.0 and
global errors lower than 6.79%. Furthermore, HTS had
delays of less than 4.17 ms, employing a robust H, con-
troller in all cases. The above results indicate that the RTHS
exhibits high fidelity and accuracy.
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