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1. Introduction

The increasing vulnerability of high-rise structures in
seismically active regions highlights the urgent need for
advanced control systems to mitigate their dynamic
responses. In recent years, semi-active seismic control
systems have emerged as a promising solution for
enhancing the seismic resilience of structures. Among the
various damping devices developed for this purpose,
Tuned Liquid Dampers (TLDs) have attracted particular
interest due to their simple configuration, cost-
effectiveness, and ease of tuning. A TLD can
simultaneously function as a water storage tank and a
vibration mitigation device. The structural vibrations are
dissipated through several mechanisms, including wave
breaking, fluid—tank wall friction, curved flow paths, and
hydrodynamic pressure variations inside the tank. To
further improve their performance and enable semi-active
control, researchers have proposed several modifications
to traditional TLDs—such as incorporating baffles,
perforated plates, and rotating baffles within the tank.
These enhancements significantly increase the damping
efficiency and broaden the operational frequency range of
the system. This study investigates the effect of Peak
Ground Acceleration (PGA) variations on the performance
of a fuzzy-controlled Tuned Liquid Damper. A single-
degree-of-freedom (SDOF) structure equipped with the
proposed semi-active TLD is analyzed under a
comprehensive set of earthquake ground motions,
including pulse-like near-fault, non-pulse near-fault, and
far-fault records. The fuzzy logic controller dynamically
adjusts the baffle angle within the tank in real time to
achieve optimal energy dissipation. A total of 30
earthquake records—comprising 10 pulse-type near-fault,
10 non-pulse near-fault, and 10 far-fault events—are used
to assess the system’s performance. The results provide
valuable insights into the effectiveness and adaptability of
the fuzzy-controlled TLD under different seismic intensity
levels, demonstrating its potential as a reliable and
efficient semi-active vibration control device for modern

structures.

2. Methodology

In this study, the influence of earthquake intensity on the
performance of semi-active structural control systems
equipped with Tuned Liquid Damper with Variable
Baffles (VBTLD) was investigated by comparing two
control strategies: fuzzy logic control and linear optimal
control. To this end, a simplified single-degree-of-freedom
(SDOF) model was simulated under earthquake
excitations with varying intensity levels corresponding to
0.1-0.9 g peak ground acceleration (PGA). The structure,
characterized by a stiffness of 14,000 N/m and a mass of
300 kg, was considered as a prototype model to evaluate
the performance of a fuzzy-controlled VBTLD. A
schematic layout of the damper configuration is presented
in Figure 1.

Figure 1. View of the Tuned Liquid Damper with Variable
Baffles.

The comparative analysis between the fuzzy logic
control and linear optimal control approaches was carried
out to assess the efficiency of each method in reducing the
structural seismic response. In this study, all baffles were
assumed to rotate simultaneously within a defined angular
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range. The proposed VBTLD consists of four baffles
arranged in two rows, with adjustable angles ranging from
0°to 90°. In the fully open position (0°), the baffles impose
no obstruction to fluid motion, whereas in the fully closed
configuration (90°), the tank is divided into three equal
compartments. It should be noted that, consistent with
previous studies, all baffles were rotated simultaneously,
and eleven discrete baffle angles (ranging from 0° to 90°
with 9° increments) were considered to evaluate the
damper’s performance. The system was subjected to a set
of 30 earthquake ground motions, including 10 far-fault,
10 near-fault, and 10 pulse-type near-fault records. The
structural responses under the two control strategies were
then analyzed and compared to provide a comprehensive
understanding of the semi-active TLD system’s
effectiveness under different seismic intensities.

3. Fuzzy Controller

In this study, fuzzy logic was used to evaluate how
earthquake intensity affects the performance of adjustable-
baffle tuned liquid dampers (TLDs) in controlling
structural vibrations. Fuzzy control systems are
particularly useful for this purpose because they can
effectively model the complex and nonlinear behavior of
mechanical systems such as liquid dampers, making them
a powerful tool for intelligent vibration control. In the
proposed control framework, the physical input
parameters—namely  structural  displacement  and
velocity—are expressed as linguistic variables such as
“small displacement” and “high velocity.” Based on a

predefined set of fuzzy rules, the controller determines the
appropriate baffle angle of the damper. In essence, the
fuzzy system acts as an intelligent controller that
continuously adjusts the baffle angles to minimize the
building’s vibration response. To implement the
controller, triangular membership functions were defined
for both input and output variables: eight for the inputs and
six for the outputs. These functions represent how strongly
each physical parameter corresponds to its linguistic
category. To achieve precise control of the system, a total
of 64 fuzzy rules were developed based on the
relationships between the system’s input and output
variables. These rules, expressed in the standard “IF—
THEN” format and summarized in Table 1, model the
system’s behavior under various operating conditions.

4. Conclusion

This study investigates the effect of peak ground
acceleration (PGA) variations on the performance of semi-
active seismic control systems. A single-degree-of-
freedom (SDOF) structure was modeled in MATLAB to
simulate its dynamic behavior under different earthquake
excitations. For near-fault pulse-type earthquakes, the
fuzzy  control  system  demonstrated  significant
effectiveness. The peak displacement was reduced by
approximately 20% at a PGA of 0.99. Moreover, RMS
acceleration improved by around 15%, indicating the
system’s ability to adapt to the characteristic 1-2 Hz
velocity pulses of these earthquakes.

Table 1. Fuzzy rule base for control system design.

Stouctural Structural Velocity
Displacement VL NL NM N3 45 Ui L VL
NVL 1 EL EL VL g 5 VL L
ML EL EL EL L M 5 L VL
M L L M g g 5 g L
NS L M 3 Vs V3 3 M L
B3 L M g Vs V3 5 M L
3% L 3 3 3 3 M L VL
jul L L g M L EL EL L
ML EL VL 3 3 VL EL EL L
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Figure 2. Effect of Peak Ground Acceleration Variations on the R4 Parameter under
Near-Fault Pulse-Type Earthquakes

In near-fault non-pulse earthquakes, moderate
improvements of 5-10% were observed due to their
broader frequency content. For far-fault earthquakes,
displacement reductions ranged from 2-5%. The fuzzy
controller’s performance increased with higher PGA
levels. Improvements were modest at low intensities but
became substantial at higher intensities. Overall, the fuzzy
system outperformed both linear optimal and passive
control strategies in reducing structural dynamic
responses, particularly structural acceleration. These
improvements were evident in both peak and RMS values
of displacement and acceleration. Reduced acceleration
not only enhances structural safety but also improves
occupant comfort.

A key feature of the designed fuzzy controller is its
ability to reduce acceleration continuously throughout the
excitation period, not just at peak points. This capability
arises from the adaptive nature of the fuzzy system, which
optimizes the damping coefficient online according to the
nonlinear behavior of the structure using fuzzy logic rules.
In contrast, linear optimal control is limited under variable
dynamic conditions due to its dependence on an accurate
structural model, the need to solve complex equations, and
computational delays. Figure 3 illustrates the overall
superiority of fuzzy control over passive control in
reducing peak acceleration. For earthquake records such as
Montenegro and Duzce, Turkey, the fuzzy controller
achieved noticeably higher peak roof acceleration
reductions than passive control (approximately 4-5.5%
and 2—-4%, respectively). This improvement is attributed to
the favorable alignment between the dominant pulse
frequencies of these earthquakes and the optimal
performance range of the adjustable-baffle TLD and its
fuzzy rules. These records feature distinct velocity or

displacement pulses, which the fuzzy system can
effectively respond to. For records such as Cape
Mendocino and Kobe, Japan, improvements ranged from
0.5% to 2%. The smaller gains are likely due to variations
in frequency content, pulse duration, or pulse shape, which
make it more challenging for the fuzzy controller to
achieve optimal performance compared to the previously
mentioned records.

The analysis of the results indicates that employing a
fuzzy-controlled Tuned Liquid Damper (TLD) leads to a
significant reduction in the dynamic responses of both
displacement and acceleration for most earthquake
records, compared to linear optimal and passive control
strategies. As the peak ground acceleration (PGA)
increases from 0.1g to 0.9¢, the performance of the fuzzy
control system steadily improves. Within the PGA range
of 0.6g to 0.9g, reductions of up to 10% in peak roof
displacement and up to 5% in RMS acceleration were
observed. For far-fault earthquakes, the fuzzy controller
generally outperformed linear optimal control. For
instance, analysis of RMS roof acceleration showed
reductions of up to 5%. RMS base shear results also
revealed, in some long-duration records such as Landers
(40 s), reductions in base shear RMS ranging from an
average of 3.14% to a maximum of 4.88%. In scenarios
requiring rapid structural response, such as near-fault
pulse-type earthquakes (e.g., Cauca Valley), the fuzzy
control system achieved a 20% reduction in peak
displacement, whereas computational delays limited the
performance of linear optimal control. For near-fault non-
pulse earthquakes, the improvement of fuzzy control
compared to linear optimal control was more moderate,
ranging from 5-10%. Overall, fuzzy-controlled VBTLD
systems are effective across all types of earthquakes,
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although the magnitude of improvement varies with
earthquake characteristics. The best performance was
observed in near-fault pulse-type events.

In general, fuzzy-controlled VBTLD systems offer
significant advantages for seismic protection, particularly
in regions prone to strong near-fault pulse earthquakes.
The PGA-dependent performance makes them a suitable
option for high-risk areas. Nevertheless, the development
of hybrid control systems could help overcome current
limitations. Future research should focus on optimizing
fuzzy rules for a wider range of seismic scenarios and
investigating hybrid configurations to enhance overall
seismic resilience. These findings represent an important
step toward the development of adaptive seismic
protection technologies for structural engineering
applications.
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Peak Ground Acceleration’s Impact on Semi-Active Fuzzy Control Using Adjustable Liquid Damper

Javad Hashemi HamedEnayati

Abstract Tall buildings in seismic regions require efficient control systems to mitigate severe dynamic responses induced
by earthquakes. Adjustable baffle tuned liquid dampers, as a semi-active control system, have been proposed to reduce
these responses. However, conventional passive or linear optimal control systems may not perform optimally under all
seismic scenarios. Hence, developing adaptive systems such as fuzzy control with real-time self-adjusting capability is
essential. This study evaluates the performance of fuzzy control compared to passive and linear quadratic regulator
(LOR) control methods on a single-degree-of-freedom structure equipped with a liquid damper under various seismic
excitations (far-field, near-fault, and near-fault pulse) with peak ground accelerations ranging from 0.1 to 0.9 g, using
twelve performance indices. The results indicate that the fuzzy control system performs particularly well in near-fault
pulse earthquakes (e.g., the Kocaeli earthquake), achieving approximately a 20% reduction in roof displacement.
Moreover, as earthquake intensity increases, the system’s effectiveness improves, significantly reducing structural
vibrations. In far-field earthquakes, fuzzy control generally matched or outperformed other methods, with an average
reduction of 2-5% in certain indices. However, some near-fault earthquakes exhibited slight increases in displacement
and spectral response due to the nonlinear nature of ground motions in such events. Additionally, in specific cases,
adaptive errors in the fuzzy control system led to inferior performance compared to LOR control.

Key words Peak ground acceleration, Fuzzy control, Structural dynamic response, Adjustable liquid damper, Semi-
active control.
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