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Abstract - In this research paper, an adaptive sliding controller
designed to enhance seismic response mitigation in structural
systems with prescribed performance is presented. The
performance function converts the error to a converging error
within a predefined neighborhood. Furthermore, the adaptive
algorithm is also designed to ensure the controller operates
effectively under uncertain system parameters. The serial—parallel
estimation model was adopted for parameter vector and error
model. The Lyapunov function is chosen to ensure the convergence
stability of the control strategy. Through comprehensive theoretical
analysis and simulation studies, the efficiency of the performance
function has been simulated for a one-degree-of-freedom structure.
Simulation results demonstrated the effectiveness of the control
algorithm in reducing the seismic response.
Key words - Prescribed performance; seismic
reduction; active isolator; adaptive control.
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1. Introduction

An important challenge in structural engineering
research is to find an effective and reliable method to
protect structures and their materials from dangerous
external influences, such as strong winds or earthquakes
[1-3]. Active isolator is one of the techniques to prevent
damage caused by earthquakes. This method isolates and
reduces earthquakes before they impact infrastructure and
civil works. The isolator works to minimize the impact of
earthquakes on a building using controls. The goal is to
isolate all or part of the structure from earthquakes to
ensure safety. The isolator can generate external forces to
absorb earthquake energy. Sensors monitor and detect
earthquakes and send response signals to the controller.
The controller uses a control algorithm to determine the
required control force on the structure. A suitable active
control algorithm must be designed to ensure efficient
structure. Active isolation is an effective method to protect
infrastructure and structures from damage caused by strong
earthquakes. However, design and implementation require
advanced knowledge and techniques.

There are many active control algorithms for active
isolator to reduce seismic response reduction. PID control
can effectively control simple damping systems and may
need to be fine-tuned. LQR is an optimal control method
based on a linear system model. It optimizes an objective
function based on the linear dynamics of the system to
achieve the best performance. H-infinite control method
attempts to optimize the performance of the damping
system [4]. Fuzzy logic control uses fuzzy thinking to

Tém tit - Trong nghién clru nay, mot bo diéu khién truot
thich nghi dwoc thiét ké dé ting cuong chdng lai tac dong cia
dong dat 16n két cAu dya trén hiéu suit quy dinh duogc trinh bay.
Ham hiéu suit chuyén ddi sai léch thanh sai léch hoi tu
trong vung lan can dugc xac dinh trudc. Bo diéu khién hoat
dong hiéu qua voi cac thong sé hé théng khong chéc chén.
Mo hinh wéc lwong song song ndi tiép duoc 4p dung cho vecto
tham sé va mé hinh sai s6. Him Lyapunov duoc chon dé dam
bao tinh én dinh hoi tu cua thudt toan didu khién.Thong qua
phan tich Iy thuyét toan dién, hiéu qua cta b didu khién dya
trén hiéu sudt qui dinh da dugc st dung dé mo phong cho
két cAu cach ly tich cyc mét bac tu do. Két qué mo phong da
chimg minh tinh hiéu qué cia thuat toan diéu khién trong viéc
giam tac dong cua dong dat.

Tir khoa - Hiéu spét qui dinh; giam tac dong dong d4t; cach chan
tich cyc; diéu khién thich nghi

control the system [5]. It is suitable for non-linear systems
and can handle complex control rules. The robust control
method aims to resist changes in the system or
environmental disturbances without losing stability [6-8].

In seismic protection of structures using active
control, uncertain parameters are inevitable. Several
methods have recently been proposed to overcome these
problems, using adaptive algorithms [9, 10]. There has
been research into a new adaptive control method using
the Lyapunov Barrier Function (LBF) to address the
performance requirements for earthquake isolation
systems, such as limiting structural responses [11, 12].
This method allows online updating of uncertain system
parameters, ensuring that these parameters converge to
their actual values, thereby enhancing control
performance for completely isolated systems. Although
BLF control is sufficient to trade-off between conflicting
requirements, it often fails to keep the immediate system
performance (e.g., overshoot, convergence rate) within
defined limits. It can lead to a more complex parameter-
tuning process to improve implementation comfort by
adhering to significant output constraints. Recently,
Prescribed Performance Function Control (PPFC) is an
advanced control strategy designed to achieve precise and
predefined performance objectives in complex dynamic
systems [13-14]. Unlike traditional control methods that
focus on stabilizing a system around a set point, PPFC
goes further by specifying desired performance criteria or
functions the system must follow. It offers a flexible
framework where engineers can define a prescribed
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performance function, often as a function of time, and the
control system will actively work to ensure that the
system's behavior adheres to this desired performance
trajectory. This approach is precious in applications
where precise tracking of performance specifications,
such as position, velocity, or other dynamic parameters,
is critical, including robotics, aerospace, and
manufacturing processes. PPFC's ability to enforce
prescribed performance criteria makes it a powerful tool
for achieving high-precision control and ensuring the
desired behavior of complex systems.

In this paper, an adaptive control strategy for
earthquake-resistant systems with completely unknown
isolator parameters is proposed. The novelty of prescribed
performance-based adaptive control lies in effectively
combining these two aspects. Incorporating specified
performance requirements into the adaptive control
framework ensures that the control system not only adapts
to changes in the system dynamics but also achieves the
desired performance specifications. This integration offers
several advantages. Firstly, it provides a systematic
approach to designing control systems with specific
performance requirements. Secondly, it allows for
flexibility in handling uncertainties and disturbances, thus
enhancing the robustness of the control system. Lastly, the
serial—parallel estimation model was adopted for parameter
vector and error model. An adaptive algorithm is applied
to compensate online for unknown dynamics, reducing the
modeling accuracy requirement. To further enhance the
control performance, an adaptive control strategy was
designed using a Prescribed Performance Function (PPF)
and the corresponding error transformation. This allows
retaining both temporal performance measures (e.g.,
maximum overshoot, convergence rate) and predefined
steady state constraints on the system's vertical variation,
according to a priority.

2. Control design
2.1. System dynamics
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Figure 1. SDOF active isolation system

Consider a single degree of freedom (SDOF) active
isolation system of a structure consisting of a spring, a
damper, and an actuator installed in parallel, as shown in
Figure 1. The motion equation of the structure can be
written as

mx + cx + kx = u + myg, (1)

where m, ¢ and k are the mass, damping coefficient, and
stiffness of the system, respectively; y, is the acceleration
excitation from an earthquake; u is the active control force.

2.2. Prescribed performance bounds (PPB) based
controller design

The motion Eq. (1) is rewritten as

)'Cl = x2
{xz = pu—Y9+7, @

where x; =x; x,=xp=1/m, Y= [k/m C/m],
¥ = [x1 x,].

The Prescribed Performance Bound (PPB) based
controller design is used in this study. The PPB model
calculation  involves  creating a  mathematical
representation of the dynamics and performance of the
system being controlled. The model captures the system
behavior and ensures stability with control inputs. Through
the model, the controller design process aims to optimize
control actions to meet and maintain desired performance
criteria, thereby confirming that system behavior complies
with predetermined limits, which are essential in
applications with strict requirements for performance,
safety, and control system efficiency.

We choose the function ¢(t) and e = x; as
@(t) = (o — Po)e™ + @, ®)
where ¢, > @, and a > 0 are the design parameters.

The motion x, can be retained by the following
prescribed performance bound

—8p(t) <x1(t) < (1) vt >0, 4
where &, § are positive constants chosen by designers.

We define a smooth and strictly increasing function
S(z) of the transformed error z € R,

—5<85(2z) <6,Y2,€ Ly, (5a)
JHm ($(2)) = 8; Jim (S(2)) =—¢ (5b)

From the prosperities S(z,), the PPF condition can be
rewritten as

x(6) = 9(6) Sz 7 = 57 [2] (6)

To facilitate the control design to stabilize z; in Eq. (6),
we choose the function S(z,) as
Ses1 — §e ™%
S = e

Then the transformed error z, is derived as

t 1 t)+4
JECIENCR ®
M1 2 §5—pu(®)
where u(t) = x,(t)/@(t), consequently, the derivative of
the transformed error dynamic as
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where
1 1 1
Z(p ;H-_S B u_é‘
Note that, 7 can be calculated based on x,, ¢ and fulfils
0 <t < 1,,, for constants 7,,, > 0 as long as x, is bounded,

Furthermore, we can obtain from (4) and (10) that

x . x . x . x .2
Z-lzr-(xl_l_fﬂ)H(xZ_z_fp_l_h 142’)
¢ ¢ 4

(10)

%
x . x . x .. x . 2
= i-<x1 ——1(p> —T(J'cz TR A )
% % % 2
+ 7(pFure — Y = Jy). (11)

The PPF condition of x; can be guaranteed as long as
z, can be controlled to be bounded by means of proposed
control u. The following sliding surface equation is defined
in terms of z, as,

S = A21 + ZI'
where A > 0 is a positive constant.

Directly differentiating S(t) in Eq. (12) and considering
Egs. (9) and (11), it is yield that

S=Az +7%
X1 ¢ X1 ¢
e - 20) e (x, - 29)
@ ®

(xzfp X1 P xl(p2>
—r| =+ ===
@ @ @

+ T(PFMRE -Yy - yg)
=P+ 1pu — Y — 1Yy,

(12)

(13)
where

(xzfp X1 x1¢2)
- =+=-=)
@ @ @

In the process of updating the estimated parameter
vectors ¥, updating the error model provides better error
control effect. Regarding this, the following serial—parallel
estimation model is adopted in this paper,

S=P+tpu—1lyp— iy + BS, (14)
where S is the state of the serial-parallel estimation model,
B > 0 is a gain constant, and § = S — § is the prediction
error S,

§S=5-8§=r1pu—1t7y—BS. (15)

Then, the proposed controller is designed as follows,

u= iﬁ [~k.S — P+ 279 + 15, (16)
The update algorithms are proposed as
PT = Sty — St (17a)
p = StF + Stu, (17b)
Applying the Schwartz inequality,
P 01||2Y|| 01 |2Y||2 (18a)

__aalpl”  alell”

—0,pp < — > o

Theorem: Consider the dynamic system (2), taking the

controller in (16) and adaptive law (17) into account, if the

initial condition —8¢(0) < x,(0) < §¢(0) is satisfied.

All parameters are bounded and errors are within allowable
limits S — Q.

Proof: Consider the Lyapunov function candidate as,
V=2182419Ty 41524282
2 2 2 2
The time derivative of V; can be written,
V=SS+7TV+pp+SS
=S(P +1(p — p)F — t3,) + YTV + pp + 55

—S<P+‘rp< ~(— kSZ—P+TY1/)+Tyg)> TpF

—tYy — ryg> 7Ty —
= —k,S2 + S(tV — V) — VTV + S,;2Fp — pp
+ S(zpu — ¥y — BS)

pS?+YSTyp — STYl,[J YYT+STFp
+ Stpu —pp

= —k;5? = p5? + ¥ (Styp — Sip — 77)

(18b)

(19)

pp + S5

= _klsz

+ p(StF + Stu — p). (20)
Eqg. (19) can be rewritten,
_%ﬁtwﬁ_mfw_wfw+mgw @?W
(21)
Further, the following inequality hold
V<—CV+C, (22)

where C; = minfk,,8,0,/2,0,/2}and C, = o, ||Y]|?/2 +
allpll?/2.
By integrating of Eq. (18) over [0, t], it yields as
V() < (V(0) — €1/ C)e™ + G,/ Cy
< V() +C,/C,. (23)
According to (18), V; is exponential convergence, i.e.,

S is exponential convergence. The sliding mode surface S
will converge to the following compact set S — Q,

Q=,/2V(0)e~41t +2C,/C;.

3. Simulation

The effectiveness of the proposed control algorithm
was evaluated through simulations conducted on a
single-degree-of-freedom integral isolation system.
System parameters of the SDOF include m = 30,
k = 20000 N/m, ¢ = 200 Ns/m, which correspond to a
one-story steel frame building with a ratio of 1:10 in height.
The excitation acceleration was derived from the EI Centro
earthquake, as shown in Figure 2. The simulation results
were compared with those obtained using a traditional
sliding control algorithm and passive isolation system.
Figure 3 shows a significant reduction in mass response
clearly when the proposed control algorithm was applied.
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This outcome demonstrates the superiority of the proposed
approach over the traditional methods, highlighting the
effectiveness of the active control technique in minimizing
vibrations and enhancing system stability. Table 1 shows
the root mean square (RMS) and maximum values of the
mass response, which decrease significantly when using
the controller. The proposed control method is improved
compared to sliding mode control. Compared with the
passive isolation method, the proposed controller achieves
a reduction ratio of 40% for the RMS value and 38% for
the maximum displacement value.

Table 1. Displacement values of response to
earthquake excitation

RMS values Maximum values
[mm] [mm]
Passive-off 2.2(1) 9(1)
Sliding mode control 1.4 (0.63) 7(0.77)
Proposed control 0.9 (0.4) 3.5(0.38)
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Figure 2. The excitation acceleration (3, )of EI Centro
earthquake is used for simulation
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Figure 3. The displacement responses elicited when different
algorithms are used under earthquake excitation

4]
~

~Prescribed Bound

Displacement [mm]
o

4]

0 10 20 30 40 50
Time [s]

Figure 4. The displacement response of
SDOF using proposed controller

The estimated error S

0 10 20 30 40 50
Time [s]

Figure 5. The estimated error of § using proposed controller
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Figure 6. The force response of the proposed controller

In addition, further analysis reveals that the
displacement achieved by implementing the proposed
controller in this research that always remains within the
predefined boundary, as illustrated in Figure 4. This
indicates that the proposed controller effectively regulates
and limits the displacement within the desired range.
Additionally, Figure 5 portrays the outcomes obtained
from monitoring the error function, indicating how
accurately the system responds to discrepancies between
the desired output and the actual output. Adopting the
serial-parallel estimation model for the parameter vector
and error model has yielded significant benefits in system
analysis and performance evaluation. The model could
accurately estimate the system's state, which is crucial for
achieving effective control. Moreover, the control force, as
depicted in Figure 6, represents the applied force that the
controller exerts to modulate the system's behavior.

4, Conclusions

In conclusion, this study presents the application of
PPB control for the isolation control of a SDOF system.
The proposed control scheme is evaluated through
simulation studies comparing it to the sliding control and
passive control methods. The simulation results
demonstrate that the proposed controller is effective in
isolating the system under earthquake excitation. The
proposed control method is improved compared to sliding
mode control. Compared with the passive isolation
method, the proposed controller achieves a reduction
ratio of 40% for the RMS value and 38% for the
maximum displacement value. Adopting the serial-
parallel estimation model for the parameter vector and
error model in this study has proven effective in
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estimation. Using the serial-parallel estimation model has
enhanced the understanding and characterization of the
system, leading to improved performance and better
control strategies. The proposed control ensures
asymptotic tracking stability and maintains errors within
acceptable limits. In comparison to traditional control
methods, the use of PPB based controller offers
significant advantages in terms of sustaining the system's
performance. With its ability to provide effective
vibration isolation, the proposed design holds promise for
enhancing the overall sustainability of such systems.
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