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Abstract  The friction pendulum system (FPS) is a 

popular base isolation device to minimize seismic forces 

transferred to the structures. Constant isolator frequency of 

FPS may produce the resonance problem in the isolated 

structure for near-fault earthquake ground motions. So FPS 

may have limited effectiveness in isolating structures 

subjected to certain types of seismic activity. For 

improving the performance of such structures, a control 

system may be very useful to obtain the desired results. To 

address this issue, a PID controlled semi-active device is 

proposed in this study. PID algorithm is widely used in the 

industries and compared to other controllers, PID is simple 

and has a clear physical meaning. The structural model and 

the isolator properties considered for the isolated structure 

are developed as state-space matrices and are converted 

into transfer functions. Using BODE approximations, 

second-order plus dead time (SOPDT) models for these 

higher order transfer functions are derived to attain PID 

parameters. The PID parameters are tuned by means of 

Routh- Hurwitz technique. The usefulness of the proposed 

technique is established through numerical simulations for 

FPS isolated structures with two degrees of freedom. 

Results of the investigations indicate that a PID controller 

reduces shear at the base and sliding displacement of the 

structure isolated with FPS simultaneously. Furthermore, 

the resonance problem of FPS isolated structure can be 

nullified using the proposed technique. 

Keywords  PID Controller, Semi-Active Device, Base 

Isolation, Friction Pendulum System, Earthquake Ground 

Motion 

1. Introduction

Base isolation is a popular passive structural control 

method for minimizing force transfer to structures. It 

essentially isolates the structure and its contents from 

hazardous ground motions, particularly in the frequency 

range where the building is most vulnerable [1]. Among 

the numerous base isolation systems, the Friction 

Pendulum System (FPS) suggested by Zayas et al. [2] is 

highly popular. FPS utilizes pendulum-like motion to 

lengthen the natural period of the decoupled structure, 

effectively bypassing the most intense earthquake forces 

[3]. FPS integrates sliding and re-centering mechanisms 

into one unit, featuring a spherical shaped sliding surface 

[4]. Restoring force in this system is because of the curved 

sliding surface of FPS, and hence the isolation period 

depends only on the radius of sliding surface and is free 

from superstructure mass. However, the spherical sliding 

surface of FPS introduces a constant isolation frequency to 

the decoupled structure [5]. Hence, structure response 

varies with the type of seismic event, and the isolation may 

not be effective for near-fault (NF) earthquakes, which 

typically have a frequency near the frequency of isolator. 
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Many control techniques such as passive, active and 

semi-active are proposed over time for improving the 

performance of isolated structure. Passive control devices, 

enhance damping or the stiffness of the isolation system 

adopting rubber bearings of high damping, friction 

dampers, metallic yield dampers, viscous fluid dampers, 

tuned mass dampers, etc. The foremost benefit of such 

devices is they operate without the requirement of an 

external source. However, reduced efficiency at low 

frequencies, lack of robustness, and the system’s larger 

size and weight limit its efficiency and usage in the 

structural control [6]. The active systems, on the other hand, 

consist of control devices which change their properties in 

real-time. The structural system with an active control 

strategy can be provided with computer-controllable forces 

[7]. Extensive investigations on these systems have 

indicated that active systems perform well for a wide range 

of earthquakes and have number of advantages when 

compared to passive control techniques [6], [8-17]. Few 

benefits include greater efficacy in response control, less 

sensitivity to site-specific situations and ground movement, 

viability in multiple hazard reduction circumstances and 

specificity of control objectives [18]. However, a 

significant limitation of active systems is their large power 

requirement. Semi-active devices offer a low-power 

solution to enhance active system applicability. This 

approach combines the reliability of a passive control 

scheme with the flexibility of an active control scheme [19]. 

These devices control structural response without injecting 

mechanical energy, ensuring efficient property adjustment 

for reduced system response while guaranteeing bounded 

input-output stability. The effectiveness of semi-active 

control techniques was investigated by many researchers 

[18], [20-44]. Semi-active devices perform like active 

devices without large power requirements making them 

reliable during earthquakes [44]. The distinction between 

semi-active and active control remains unclear owing to 

the scarcity of a strong definition of the extent of energy [7]. 

To attain optimum structural performance, parameters of 

active or semi-active devices are tuned using control 

algorithm. Hence, the usefulness of a control system is 

primarily governed by robustness of control stratagy 

adopted to tune the device. Some of the popular control 

algorithms recommended for structural control are 

H-infinity, fuzzy logic, neural network and PID. Among 

these, the PID control has widespread adoption in 

industries and compared to other controllers, PID is simple 

and physically meaningful [45]. This approach is highly 

effective and applicable to a broad range of problems [46]. 

Application of a PID controller to regulate the actuator 

force has been investigated [47, 48] in the vibration 

analysis of beams. There exist few applications of PID 

controller to control the response of structures subjected to 

earthquakes. Guclu [12] compared the vibration of a 

MDOF structure under Marmara earthquake (Turkey 1999) 

using PID and SMC controllers and found the SMC 

controller giving better results than the simple PID 

controller. Guclu and Yazici [49] studied the response of a 

MDOF structure fixed at the base using PID and FLC 

controller for an active seismic device and demonstrated 

the efficacy of FLC controller. Guclu and Yazici [50] also 

proposed a Fuzzy PID type controller (including PI and 

PID) to increase the seismic control capability for the fixed 

base MDOF structure with active tuned dampers resulting 

in superior vibration control. Etedali et al. [51] proposed an 

optimal PID controller having piezoelectric friction 

dampers (PFD) to control structure response isolated at the 

base with linear rubber bearing. PID controller tuned using 

a genetic algorithm was used to regulate the performance 

of PFD in the study. Nigdeli and Boduroglu [52] proposed 

active tendon control systems tuned with PID controllers 

for torsionally irregular structures. Etedali and Tavakoli 

[53] presented a multi-objective optimization approach for 

designing PD and PID controllers to mitigate seismic 

effects in high-rise buildings. Sen et al. [54] utilized Bees 

algorithm to optimize PID controller gains for effective 

active vibration control in structures. Heidari et al. [55] 

proposed a control strategy integrating PID and LQR 

algorithms for earthquake response reduction in structures 

equipped with active tuned mass dampers (ATMD). Wang 

et al. [56] evaluated PID, LQR, and fuzzy controller 

performance in semi-active base isolation systems using 

magnetorheological dampers under uncertain seismic 

inputs using numerical simulations, and concluded they 

were effective only for specific seismic motions they were 

optimized for, highlighting their limited adaptability to 

varying seismic conditions. Bhowmik et al. [57] studied 

the performance of a MDOF isolated structure using 

magnetorheological dampers adopting LQG and PID 

controller and concluded that LQG-technique is effective 

in reducing responses than PID for MDOF isolated 

structures. Sharma et al. [58] studied MR damper’s 

efficiency to control damping force by applying magnetic 

field externally. Investigations of Vides et al. [59] on base 

isolated structures having viscous fluid dampers reveal a 

considerable reduction in responses against fixed 

structures and also suggest adopting advanced control 

techniques like PID and H-infinity to obtain better results. 

From the literatures, it is seen that the PID controller has 

distinct physical importance and therefore is widely used 

for 2DOF structures with fixed base in controlling 

structural response. Although, there is well developed 

research work on PID for the fixed base structure, its 

application to control the structure isolated with FPS 

remains limited. In this paper, a PID controlled semi-active 

device is presented to study the base shear, isolating 

displacement and control force to enhance performance in 

structures isolated with FPS. 

 

https://www.worldscientific.com/doi/10.1142/S1793431117500099
https://www.worldscientific.com/doi/10.1142/S1793431117500099
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2. Analytical Modeling of Structure 
Isolated with FPS 

Figure 1 displays a two degrees-of-freedom (2DOF) FPS 

isolated structure. As seen in figure an additional control 

force is applied at the base through a semi-active PID 

controlled device. A semi-active variable orifice fluid 

damper (VFD) is externally attached between the 

foundation and basement of the superstructure, providing 

supplemental damping to the isolation system. 

Wongprasert et al. [24] have also proposed a similar device 

to control the MDOF structure isolated with FPS bearing. 

The damper device can be modeled as a linear viscous 

dashpot for earthquake safety solutions [23, 24]. 

 

Figure 1.  A 2DOF isolated structure with a control device 

The isolator force 𝐹𝑟  of FPS isolator is expressed in 

equation 1 [4]. 

𝐹𝑟 = 𝑘𝑏 𝑥𝑏                   (1) 

where,  𝑘𝑏 = 𝑚 
𝑔

𝑅
, 𝑚 : mass on each isolator, 𝑔 : is 

gravitational acceleration, R: radius of FPS isolator, and 

𝑥𝑏 : sliding displacement. A structure resting on FPS 

isolators undergoes cyclic phases of sliding and 

non-sliding phases. The structure initially remains in a 

non-sliding phase until the earthquake-induced horizontal 

force at base exceeds the resistance of friction of the 

isolator. However, once base force exceeds base frictional 

resistance, sliding commences at base indicating in sliding 

phase. During the sliding phase, when base velocity 

reaches zero, the structure either moves back to the 

non-sliding phase or reverses its sliding direction. Thus, an 

isolated structure undergoes a sequence of alternating 

sliding and non-sliding phases during seismic excitation. In 

order to model these phases, a technique presented by 

Yang et al. [60] is used for proposed analysis. Similar 

procedure has also been used by Krishnamoorthy et al. [37] 

in modelling a structure isolated by FPS. In this technique, 

at the base a fictitious spring is attached as shown in Figure 

1. For non-sliding, spring stiffness is assigned a large value, 

while it's set to zero when sliding occurs. 

During the non-sliding phase, the equation of motion of 

the isolated structure is governed by 

𝑀 𝑥̈ + 𝐶 𝑥̇ + 𝐾 𝑥 = 𝐹(𝑡)          (2) 

and during sliding phase is 

𝑀 𝑥̈ + 𝐶 𝑥̇ + 𝐾 𝑥 = 𝐹(𝑡) + 𝐹𝑏        (3) 

where, 𝑀: mass matrix, 𝐶: damping matrix, 𝐾: stiffness 

matrix of the structure respectively. 𝑥̈ : acceleration, 𝑥̇ : 

velocity, 𝑥 : displacement vectors relative with ground 

respectively. Vector of disturbance force 𝐹(𝑡), caused by 

ground acceleration ẍg(t), is 

𝐹(𝑡) = −𝑀 𝑥̈𝑔(𝑡)              (4) 

𝐹𝑏 is force acting at the base consisting of (i) maximum 

frictional resistance 𝐹𝑠  (ii) restoring force of isolator 𝐹𝑟 

and (iii) actuator control force 𝐹𝑐 . Thus, 𝐹𝑏  can be 

expressed as 

𝐹𝑏 = −𝐹𝑠 𝑠𝑔𝑛(𝑥̇𝑏) − 𝐹𝑟 − 𝐹𝑐         (5) 

𝑥̇𝑏 : relative base velocity and 𝑠𝑔𝑛 : signum function. 

Notably, isolator forces 𝐹𝑠 and 𝐹𝑟 are purely passive and 

uncontrollable, whereas 𝐹𝑐  is a controllable force and 

makes this analysis different from the conventional 

analysis of FPS isolated structure. 

2.1. PID Controller 

The PID control strategy integrates proportional control, 

integral control, and derivative control. The collective 

control action, 𝐹𝑐 determined by the PID controller is 

𝐹𝑐 = 𝑘𝑝 e(𝑡) + 𝑘𝑑
𝑑𝑒(𝑡)

𝑑𝑡
+ 𝑘𝑖 ∫ 𝑒(𝑡) 𝑑𝑡     (6) 

where, 𝑘𝑝 : proportional gain, 𝑘𝑑 : derivative gain, 𝑘𝑖 : 

integral gain, and 𝑒(𝑡): error terms represent discrepancy 

in desired and measured responses. The PID controller 

reduces the error by regulating inputs of process control. 

From equation 6, it can be observed that three parameters 

𝑘𝑝, 𝑘𝑑 and 𝑘𝑖 are to be determined to tune PID controller. 

In the proposed study, a technique suggested by Wang et al. 

[61] is adopted to tune parameters of PID. 

Thirunavukkarasu et al. [62] have also used a similar 

technique to tune the PID parameters in the study of a 

distillation column for the chemical and processing 

industries. In this technique, PID parameters are tuned 

using Bode plot and Routh-Hurwitz method [63]. A 

simplified, reduced-order model is proposed to capture the 

dominant dynamic characteristics, ensuring high and 

consistent performance across processes with diverse 

dynamics. A second-order plus dead time (SOPDT) model, 

as in equation 7, is obtained from Bode approximation of a 

higher order transfer function. 

𝐺(𝑠) =  
𝑒−𝑠𝑡0

𝑎𝑠2+𝑏𝑠+𝑐
             (7) 

Using the iterative method, the numerical inputs ‘𝑎′, ′𝑏′ 
and ′𝑐′ of SOPDT model are varied so that the plot of 

transfer functions matches with the standard BODE Plot. 

The objective of reducing the higher order transfer function 

using BODE approximations is to enhance the response of 

system in determining PID parameters. Solving the 

normalized model as proposed by Wang et al. [61], a 

quadratic equation in terms of delayed function t0 can be 

computed. The Routh-Hurwitz criterion is applied to 
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determine stability bounds for tuning the controller. In the 

proposed study, the required control force, 𝐹𝑐 is regulated 

by adopting a variable orifice fluid damper. 

The present study proposes utilizing a variable orifice 

fluid damper (VFD) to regulate necessary control force 𝐹𝑐. 

The output force of damper 𝐹𝑑  having damping 

coefficient 𝐶𝑑 is expressed as 

𝐹𝑑 = 𝐶𝑑 𝑥̇𝑏                   (8) 

For the proposed control system, as proposed by 

Wongprasert and Symans [24], the damping coefficient 𝐶𝑑 

is varied to minimize the difference between damper force 

Fd (given by equation 8) and the desired control force 𝐹𝑐. 

Thus, the controlled coefficient of damping 𝐶𝑑 is given by 

𝐶𝑑  =  𝐹𝑐 / 𝑥̇𝑏                (9) 

3. Numerical Application 

The proposed PID control scheme to control the 

semi-active device for FPS isolated structure is 

demonstrated numerically for 2DOF structural model 

shown in Figure 1. Structural matrices and isolator 

properties used for simulation of the isolated structure 

model are analogous to those used by Lu et al. [28]. In 

addition to the isolator force, an appropriate level of 

control force also acts at the base as shown in Figure 1. 

Besides the isolator force, a suitable control force is also 

applied at the base. 

𝑀 = [
100 0
0 300

]  𝑘𝑁𝑠2/𝑚 

𝐶 = [
314.1 −314.1

−314.1 314.1
] 𝑘𝑁𝑠/𝑚 

𝐾 = [
32890 −32890

−32890 32890
] 𝑘𝑁/𝑚 

radius of FPS, 𝑅 = 1.55 m and sliding surface frictional 

coefficient, 𝜇 = 0.03. 

The stiffness matrices of the isolation system and 

combined structure-isolation system are 

𝐾𝐼 = [
2527 0

0 0
] 𝑘𝑁/𝑚 

𝐾 = [
35417 −32890

−32890 32890
] 𝑘𝑁/𝑚 

The state space matrices 𝐴, 𝐵, 𝐶, and 𝐷 for structure 

are 

𝐴 =  [
0 𝐼

−
𝐾

𝑀
−

𝐶

𝑀

] = 

[

0 0   1
0 0   0

−354.17 328.9    −3.141
    

0
1

3.141
 109.63 −109.63   1.047   −1.047

] 

 

 

 

 

For Control Force provided at the base 

𝐵0 = [

0
0
1
1

] 

𝐵 =

[
 
 
 
 
 

0
0

−
𝐵0

𝑀1

−
𝐵0

𝑀2]
 
 
 
 
 

=

[
 
 
 
 
 

0
0

−
1

100

−
1

300]
 
 
 
 
 

 

𝐶 = [
1 0 0 0
0 1 0 0

]; 𝐷 = [
0
0
] 

The Transfer Functions for the above state space 

matrices 𝐴,𝐵, 𝐶, and 𝐷 are 

[C][𝑠𝐼 − 𝐴]−1[B] =
3.21 𝑠2−0.35 𝑠−27.7

𝑠4+4.2 𝑠3+463.8 𝑠2+26.46 𝑠+2770.35
 (10) 

and 

−2.96 𝑠2−0.0016 𝑠−8.31

𝑠4+4.2 𝑠3+463.8 𝑠2+26.46 𝑠+2770.35
      (11) 

The SOPDT models as shown in equations 12 and 13 are 

obtained using MATLAB BODE approximation for the 

higher order transfer functions given by equations 10 and 

11. A comparison of standard Bode graphs with Bode 

graphs for transfer functions is shown in Figures 2-3. 

Further equation 12 is considered for normalization since it 

matches appreciably with the standard Bode plot as shown 

in Figure 2. 

G(s1) = (
100

22 𝑠2 + 100 𝑠 + 10000
) 𝑒(−1∗𝑠)    (12) 

G(s2) = (
70

25 𝑠2+100 𝑠 +25000
) 𝑒(−1∗𝑠)     (13) 

 

Figure 2.  Approximation of the 4th order system to 2nd order 

continuous-time transfer function with delay for equation 12 
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Figure 3.  Approximation of the 4th order system to 2nd order 

continuous-time transfer function with delay for equation 13 

The normalized transfer function is given in equation 12. 

G(s1NOR) = (
1

0.22 𝑠2+ 𝑠 +100
) 𝑒(−0.01∗𝑠)   (14) 

A PID controller is represented as 

𝐾(𝑠) = 𝑘𝑝 +
𝐾𝑖

𝑠
+ 𝑘𝑑𝑠             (15) 

Frequency response 𝐺(𝑠)𝐻(𝑠) ) for equation 14 is 

obtained by putting 𝑠 = 𝑗𝜔 (where: 𝑗2 = −1) such that 

two different points 𝑠 = 𝑗𝜔𝑐 and 𝑠 = 𝑗𝜔𝑏 are selected to 

satisfy the following conditions 

𝐺(𝑗𝑤𝑐)= |𝐺(𝑗𝑤𝑐)|∠𝐺(𝑗𝑤𝑐) ≤ − 𝜋      (16) 

𝐺(𝑗𝑤𝑏)= |𝐺(𝑗𝑤𝑏)|∠𝐺(𝑗𝑤𝑏)∠𝐺(𝑗𝑤𝑏)≤
−𝜋

2
   (17) 

Frequency Response 𝐺(𝑠)𝐻(𝑠) is 

𝐺(𝑠)𝐻(𝑠) =  (
1

0.22 (𝑗𝜔)2 + (𝑗𝜔) +100
) 𝑒(−0.01∗𝑗𝜔) (18) 

𝑅𝑒𝑤𝑟𝑖𝑡𝑖𝑛𝑔, = 
𝑒(−0.01∗𝑗𝜔)

(100 − 0.22 𝜔2)+𝑗𝜔
       (19) 

Thus, 

∠𝐺(𝑠)𝐻(𝑠) = −180° − 0.01𝜔 − tan−1 (
𝜔

100−0.22 𝜔2) (20) 

= −179.76° < −180° when 𝜔 = 𝜔𝑐 = 162°, 

and 

= −90.03° ≅  −90° when 𝜔 = 𝜔𝑏 =  21.32°. 

Using 𝜔𝑐 and 𝜔𝑏, the two magnitudes are 

|𝐺(𝑠)𝐻(𝑠)| =
1

√(100 − 0.22 𝑥 162)2 + 1622
 

=1.76 𝑋 10−4 

|𝐺(𝑠)𝐻(𝑠)| =
1

√(100 − 0.22 𝑥 21.32)2 + 21.322
 

=  46.89 𝑋 10−3 

The real part and imaginary part of the normalized 

transfer function equation 14 are expressed as 

𝑐 − 𝑎𝜔𝑐
2 =

cos(𝜔𝑐𝑡0)

−|𝐺(𝑗𝜔𝑐)|
            (21) 

𝑏𝜔𝑐 =
sin (𝜔𝑐𝑡0)

|𝐺(𝑗𝜔𝑐)|
              (22) 

𝑐 − 𝑎𝜔𝑏
2 =

sin(𝜔𝑏𝑡0)

|𝐺(𝑗𝜔𝑏)|
            (23) 

𝑏𝜔𝑏 =
cos (𝜔𝑏𝑡0)

|𝐺(𝑗𝜔𝑏)|
              (24) 

To obtain t0 an assumption made is 

sin (𝜔𝑐𝑡0)

𝑐𝑜𝑠(𝜔𝑏𝑡0)
= 

𝜔𝑐|𝐺(𝑗𝜔𝑐)|

𝜔𝑏|𝐺(𝑗𝜔𝑏)|
= 𝛺           (25) 

𝛺 =
162 𝑥 1.76 𝑋 10−4 

21.32 𝑥 46.89 𝑋 10−3 = 0.0285 

Sine and cosine functions approximated by second-order 

polynomials give 

𝑝(𝜔𝑐
2 − 𝛺𝜔𝑏

2)𝐿2 + (𝑞𝜔𝑐 + 𝛺𝑟𝜔𝑏)𝐿 − 𝛺 = 0  (26) 

The constants 𝑝, 𝑞, and 𝑟 are 

𝑝 = (
8

𝜋2
) (1 − √2) = −0.34 

𝑞 = (
2

𝜋
) (2√2 − 1) = 1.164 

𝑟 = (
2

𝜋
) (2√2 − 3) = 0.11 

Thus, equation 26 is 

−0.34(1622 − 0.0285𝑥21.322) 𝑡𝑜
2  + ((1.164𝑥162 −

0.0285 (−0.11) (21.32)) 𝑡0 − 0.0285 = 0 (27) 

The delayed function of the quadratic equation 27 is the 

absolute least value obtained as 𝑡0 = 1.52 𝑥 10−4 

The coefficients 𝑎, 𝑏, and 𝑐 obtained are 

𝑎 =
1

𝜔𝑐
2−𝜔𝑏

2 [
sin (𝜔𝑏𝑡0)

|𝐺(𝑗𝜔𝑏)|
+ 

𝑐𝑜𝑠(𝜔𝑐𝑡0)

|𝐺(𝑗𝜔𝑐)|
]      (28) 

= 
1

1622−21.322 [
sin(21.32𝑥1.52𝑥10−4)

46.89𝑥10−3
+ 

cos(162𝑥1.52𝑥10−4)

1.76𝑥10−4 ] = 0.22 

𝑏 =
𝑠𝑖𝑛(𝜔𝑐𝑡0)

𝜔𝑐|𝐺(𝑗𝜔𝑐)|
              (29) 

= 
𝑠𝑖𝑛(162𝑥1.52𝑥10−4)

162𝑥1.76𝑥10−4 = 0.015 

𝑐 =
1

𝜔𝑐
2−𝜔𝑏

2 [𝜔𝑐
2 sin (𝜔𝑏𝑡0)

|𝐺(𝑗𝜔𝑏)|
+ 𝜔𝑏

2 𝑐𝑜𝑠(𝜔𝑐𝑡0)

|𝐺(𝑗𝜔𝑐)|
]     (30) 

= 
1

1622−21.322 1622 [
sin (21.32𝑥1.52𝑥10−4)

46.89𝑥10−3 +

21.322 𝑐𝑜𝑠(162𝑥1.52𝑥10−4)

1.76𝑥10−4 ] = 100.08 

The PID parameters are further tuned using the 

Routh-Huwitz technique as proposed by Wang et al. [60]. 

𝑏2 − 4𝑎𝑐 = 0.0152 − 4 𝑥 0.22 𝑥 100.08 

= −88.07 < 0 
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1

𝜏
=

𝑏

2𝑎
=

0.015

2 𝑥 0.22
= 0.034 

 

𝜖0 =
𝑏

2√𝑎𝑐
=

0.015

2√0.22𝑥100.08
 

= 1.598 𝑥 10−3  < 𝜖𝑛 = 0.7071 

For  𝜖𝑛 ≤ 0.7071, 𝑘 =
1

𝜏
𝑒−(

𝑡0
𝜏

)
       (31) 

Tuning parameter, 

𝑘 = 0.034 𝑒−(1.52𝑥10−4) 𝑥 0.034  = 0.034 

Tuning parameter, 

𝑘 = 0.034 𝑒−(1.52𝑥10−4) 𝑥 0.034  = 0.034 

The tuned PID controller parameters are 

[

𝑘𝑃

𝑘𝐼

𝑘𝐷

] = 𝑘 [
𝑏
𝑐
𝑎
] = 0.034 [

0.015
100.08
0.22

] = [
0.00051
3.40272
0.00748

] 

A PID controller obtained is 

𝐾(𝑠) = 0.00051 +
3.40272

𝑠
+ 0.00748𝑠 

The efficiency of the proposed controller is studied in 

two parts. In the first part, the usefulness of the technique is 

studied for sinusoidal ground acceleration with varying 

excitation frequency, and in the second part, the efficacy of 

the controller is studied for real time earthquakes. 

Structural responses chosen for investigation are base shear, 

isolating displacement (base movement of structure 

corresponding to ground), and control force at base. Shear 

at the base directly correlates with seismic force 

transmission, and effective isolation depends on keeping 

sliding displacement within prescribed limits. 

3.1. Performance Evaluation of the Proposed 

Controller under Harmonic Ground Acceleration 

The success of the presented control method is assessed 

by applying harmonic ground acceleration 𝑥̈𝑔(𝑡) =
0.3𝑔 sin(𝜔𝑡)  to a controlled structure (FPS-isolated 

structure with PID controller) and comparing its response 

to that of an uncontrolled structure (FPS isolated structure 

without PID controller) across a range of excitation 

frequencies, ω. Figures 4a-4b compare sliding 

displacement and shear at the base in controlled and 

uncontrolled 2DOF isolated structures. The figures show 

that as expected, base shear and isolating displacement 

decrease with lower excitation frequencies, increasing to a 

peak value as excitation frequency approaches FPS 

isolator's frequency (at 𝜔 = 𝜔𝑟 = 2.5 rad/sec). 

With further increase in excitation frequency, the 

responses of the structure decrease, indicating a resonance 

problem, which is the major drawback of the FPS isolated 

structure. However, it is clear from Figures 4a-4b that both 

displacement due to isolation and shear at base in the 

controlled structure do not vary much with excitation 

frequency and are almost similar at all the frequencies, 

indicating that the isolated structure response is more or 

less not dependent on the excitation frequency. This is a 

major advantage of controlling the isolated structure. 

Further, Figures 4a-4b reveal that peak shear at base and 

peak isolating displacement of uncontrolled structure are 

equal to 4306.5 kN and 2203.6 mm respectively. However, 

these responses reduce to 1600.8 kN and 701.1 mm 

respectively. 

Above observations clearly demonstrate the 

effectiveness of proposed PID controller to decrease both 

the sliding displacement and base shear simultaneously. 

Moreover, the proposed controller shows almost similar 

responses at almost all the excitation frequencies without 

inducing any resonance problem. 

Figure 4c illustrates the control force variation with 

frequency of excitation for the structure controlled. Figure 

shows an increase of control force from 369.6 kN at 𝜔 = 1 

rad/sec to 944.75 kN at 𝜔 = 2 rad/sec. However, with 

further increase in excitation frequency, the control force 

reduces to 275 kN. This shows that the intelligent PID 

controller predicts a large control force to suppress huge 

shear at base and isolating displacement close to the 

frequency of resonance ( 𝜔 = 𝜔𝑟 ). Nevertheless, the 

controller adjusts control force to be lower at other 

frequencies, preventing increased base shear and ensuring 

a uniform response across frequencies. 

 

(a) Sliding displacement vs. excitation frequency 

 

(b) Base shear vs. excitation frequency
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(c) Control force vs. excitation frequency 

Figure 4 (a).  Sliding displacement response of the structure for various 

excitation frequencies. (b) Base shear response of the structure for various 

excitation frequencies. (c) Variation of control force with excitation 

frequencies for 2DOF structure 

3.2. Performance Evaluation of the Proposed 

Controller under Real Seismic Ground Motions 

This section discusses, effectiveness of proposed PID 

controller is assessed under five real earthquake motions, 

namely, far-field (FF) 1940 El Centro earthquake (PGA 

3.41m/sec2), near-fault (NF) earthquakes that include 1979 

Imperial Valley earthquake (PGA 4.28 m/sec2), 1994 

Northridge earthquake (PGA 8.27m/sec2), 1999 Chi-Chi 

earthquake (PGA 4.97 m/sec2) and 1995 Kobe earthquake 

(PGA 6.04 m/sec2). 

The base shear and isolating displacement time history 

responses in controlled and uncontrolled FPS isolated 

structures are shown in Figures 5-9 for five earthquakes, 

along with their respective peak values. Figures 5-9 

demonstrate that a controlled structure exhibits lesser base 

shear and sliding displacement compared to an 

uncontrolled structure at all the time intervals during 

earthquake ground motions. This illustrates the usefulness 

of adopted PID controller to control responses of the FPS 

structure for various types of earthquakes having different 

magnitudes and characteristics. As shown in the figures for 

the El Centro earthquake (FF), the peak sliding 

displacement is reduced from 108.8 mm to 61.5 mm 

without much decline in base shear. Notably, the controller 

achieves substantial reductions in peak isolating 

displacement and peak shear at base, simultaneously for all 

earthquakes. The Chi-Chi earthquake, with the strongest 

near-fault characteristics, exhibits the largest reductions in 

peak sliding displacement (72.1%) and peak base shear 

(66.4%) compared to other near-fault earthquakes. For 

other types of NF earthquakes, the fall in base shear is in 

the range of 43.6 % to 46.1 % and the decline in sliding 

displacement is in the range of 61.1 % to 66.7 %. This 

clearly showcases the ability of the controller implemented 

to suppress large responses caused by long-period waves in 

the structure, which is the major characteristic of near-fault 

earthquakes. While for the far-field El Centro earthquake, 

the effect of PID controller is not as significant comparable 

to near- fault seismic excitations, but it still effectively 

reduces isolation displacement without amplifying shear at 

the base. 

 

 

 

Figure 5.  El Centro earthquake response of structures: controlled vs. uncontrolled 
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Figure 6.  Chi-Chi earthquake response of structures: controlled vs. uncontrolled 

 

 

 

Figure 7.  Imperial Valley earthquake response of structures: controlled vs. uncontrolled 
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Figure 8.  Northridge earthquake response of structures: controlled vs. uncontrolled 

 

 

 

Figure 9.  Kobe earthquake response of structures: controlled vs. uncontrolled 
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The control force variation over various intervals of time 

along with peak control forces in the PID-controlled 

isolated structure during earthquake ground motion is 

illustrated in Figures 5-9. These figures clearly show that, 

unlike passive dampers, control force generated by the 

implemented controller is not similar at all-time intervals. 

The intelligent controller predicts larger control force 

corresponding to larger shear at base in order to mitigate 

the larger shear at the base and larger sliding displacement, 

whereas, for other time intervals at lesser shear at base the 

proposed controller predicts lesser control force to prevent 

an increase in base shear due to excess control force. 

Figures also show the peak control force predicted by the 

controller is also not similar for every earthquake ground 

motion. The peak control force projected using PID 

technique is smallest for El Centro earthquake and is equal 

to 203.4 kN, whereas it is maximum for Kobe earthquake 

and is equal to 769.6 kN. 

It may be noted that one of the techniques proposed over 

time to control isolated structure response is the passive 

viscous fluid damper (VFD). The structural response 

achieved with VFD, however, depends on the damping 

coefficient of the VFD. Krishnamoorthy et al. [37] found 

that passive dampers exhibit a drop in sliding displacement 

with increasing value of damping coefficient, while 

initially shear at the base decreases, attains its minimum, 

and again rises with additional damping coefficient 

increments, suggesting an optimal damping coefficient for 

minimum base shear. However, as observed from equation 

5, the forces applied by the isolator with damper are 

dependent on the isolation device properties (radius and 

coefficient of friction) and on the damping force (𝐹𝑐) of 

VFD. The optimum damping coefficient of a passive 

damper intended for optimal response to one type of 

earthquake, may not be optimal for another type since 𝐹𝑐 

is not dependent on ground acceleration force 𝐹(𝑡) . 

However, in a semi-active VFD, the coefficient of damping 

or the damping force is controllable for different 

earthquakes to obtain optimal response across all types of 

earthquakes. The optimum response for a structure isolated 

with the passive damper is obtained by varying the 

damping ratio from 0 to 1.8 in increments of 0.1 

considering all earthquake types [37]. The optimum base 

shear responses obtained are equal 283.4 kN, 944.6 kN, 

634.9 kN, 928.7 kN, and 892.3 kN respectively for El 

Centro, Chi-Chi, Imperial Valley, Northridge, and Kobe 

earthquakes. Due to the variation in the control force (𝐹𝑐) 

for different earthquakes as predicted by PID controller, 

the optimum responses, as observed from Figures 5-9 are 

almost similar to the responses obtained by the proposed 

technique for a PID controlled semi-active device. Unlike 

passive VFD damper, where damping force (𝐹𝑐) does not 

vary across earthquake types, a semi-active VFD 

controlled using a PID controller, varies the damping force 

(𝐹𝑐 ) based on the earthquake type to produce optimal 

responses for various seismic events. This is the reason for 

the reduction in structural response in the case of a 

semi-active device isolated structure and also for achieving 

a similar response to optimum passive damper. 

3.3. Peak Responses versus PGA 

This section aims to investigate the usefulness of PID 

controller technique in governing the performance of 

2DOF isolated structure for the five earthquakes at various 

PGA levels ranging from 0.1g to 1g. By this, the peak 

ground accelerations for all five earthquakes are made 

equal, whereas the frequency content of different 

earthquakes is different. This study also assesses the 

efficiency of PID controller in controlling the isolated 

structure subjected to earthquakes with different frequency 

content and similar PGA levels. The base shear response 

and displacement due to sliding in controlled and 

uncontrolled structures for various levels of PGA are 

compared in Figures 10-14. Effectiveness to control these 

responses for the earthquakes of different frequency 

content at PGA levels ranging from 0.1 g to 1g is clearly 

observed from these figures. The controller is less effective 

at lower PGA and its effectiveness increases as the PGA 

increases. The peak shear response at the base and 

displacement due to sliding of the uncontrolled structure 

amplify significantly as PGA increases for near-fault 

earthquakes, whereas, the control method adopted is 

efficient in controlling these responses at all values of PGA 

for both NF and FF earthquake excitations based on 

different frequency content. 

 

Figure 10.  PGA v/s response for El Centro earthquake 

 

Figure 11.  PGA v/s response for Chi-Chi earthquake 
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Figure 12.  PGA v/s response for Northridge earthquake 

 

Figure 13.  PGA v/s response for Imperial Valley earthquake 

 

Figure 14.  PGA v/s response for Kobe earthquake 

4. Summary and Conclusions 

Structures isolated with FPS can be susceptible to 

resonance issues when subjected to near-fault earthquakes. 

Passive devices optimized for one type of earthquake may 

not perform well under different seismic events. This study 

utilises PID control technique to address these limitations. 

The effectiveness of the PID control method is investigated 

for a 2DOF isolated structure, demonstrating its potential 

to enhance the response of the structure during earthquakes. 

The assessment concludes that the PID controller offers a 

simple solution, as its parameters can be easily determined, 

making it a practical and efficient control strategy. The 

presented PID control method is efficient in reducing base 

shear and sliding displacement during near-fault 

earthquakes, without increasing the responses during 

far-field earthquakes. Thus, the controller is equally 

effective for both far-field and near-fault seismic activities. 

Further, the responses simulated by the suggested control 

technique are more or less similar at all excitation 

frequencies, nullifying the resonance problem of the 

structure having FPS isolation. 

Notably, the current investigation focuses on the 

efficiency of semi-active devices confined to the isolation 

system, although future studies considering their impact on 

the performance of the superstructures are to be 

additionally accounted for. In addition, the applicability of 

the proposed technique is studied analytically for a 2DOF 

model as available in the literature. To apply the technique 

to practical engineering applications, the impact of the 

proposed technique needs to be studied for real MDOF 

structures using analytical and experimental models. 
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