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Abstract 

Civil structures are designed with certain stiffness and damping to withstand certain 

loads. As a result of inadequate damping, earthquakes or strong winds may cause 

damage or even collapse to civil structures. Structural control devices have therefore 

been developed and installed in structures to help mitigate such extreme seismic 

vibrations. There are three types of structural control devices, namely passive, active 

and semi-active devices according to their energy consumption. 

The magnetorheological (MR) dampers are considered to be semi-active devices and 

increasingly employed in structural control applications owing to many feasible 

advantages. The forces generated by MR dampers can be adjusted by applying an 

external magnetic field to the MR dampers. They can operate in a passive mode and 

their power consumption in active mode is very small compared to that of active control 

devices. However, a major drawback hindering their application exists due to their non-

linear force/displacement and hysteretic force/velocity characteristics. 

The modelling and control of MR dampers embedded in civil structures to mitigate 

seisrnic responses constitute the objective of this research. With regard to structural 

control, it is crucial that a tractable model of the MR damper is available before any 

realisable controller can be designed. There are several models for MR dampers in the 

literature, such as the Bingham, Bouc-Wen, phenomenological models, among others. 

In refining the modelling of MR dampers to be used in certain aspects of the control 

design and analysis, this thesis proposes some new models, namely the non-symmetric 

hysteresis Bouc-Wen model, the static hysteretic model and the polynomial fitting 

model. The non-symmetric hysteresis Bouc-Wen model is based on the original Bouc-

Wen model but takes into account the effect of non-symmetrical hysteresis of the 

force/velocity relationship. The static hysteretic model makes use of a hyperbolic 

tangent function to represent the hysteresis, and linear functions to represent the 

damping and stiffness. The polynomial fitting model is based on the curve fitting 

approach, whereby the hysteretic behaviour of the MR damper is represented by a 

mixture of a sigmoid function and a Gaussian function. 



ii 

There are several control strategies developed in literature such as a well-known 

clipped-optimal control, Lyapunov-based control, sliding mode control (SMC), and so 

on. In these strategies the currents supplied to MR dampers are determined indirectly 

from the desirable MR damper forces obtained from the controllers. In this research, a 

Lyapunov-based controller and a Linear Quadratic Regulator (LQR) controller that can 

directly control the currents supplied to MR dampers are developed with the aim of 

improving the control performance. Furthermore, the dampers are configured in a 

differential mode to counteract the force-offset problem from the use of a single 

damper. 

The effectiveness of the proposed controllers is verified in both intensive simulations 

using a multi-storey building model subject to quake-like excitations, and experiment, 

in part using a physical building model excited by quake-like vibrations from the 

shaking table at the University of Technology Sydney (UTS). 
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1. Introduction 

Chapter 1 

Introduction 

1.1 Problem Statement 

Conventional structures rely only on their own stiffness to resist loads and their own 

damping to dissipate energy. The naturally huge energy from earthquakes and the 

inherently inadequate damping capacity of these structures lead to damage or collapse 

of these structures, killing people. Earthquakes have killed an average of 17,000 people 

each year in the last century, in \Vhich there were more than 110 earthquakes each 

having a death toll of more than 1,000 persons and 11 earthquakes that killed n1ore than 

50,000 persons each [2]. The earthquake on 1st November 1755 in Portugal had a 

magnitude of 9.0, which with the following fires and tsunami killed more than 10,000 

people. Another example is the Kobe Earthquake, or so-called Great Hanshin 

Earthquake, which occurred on Tuesday, 17th January 1995 in Japan. This earthquake 

of 7.2 magnitude on the Richter's scale caused the death of 5,426 people, injury to 

26,804, homelessness of 300,000, and the collapse of and damage to 105,000 buildings 

[1]. The 1999 earthquake in Turkey with a magnitude of 7.6 Richter caused the death of 

more than 17,000 people, injury to 50,000 and homelessness of about 600,000. 

Recently, the magnitude 8.0 Sichuan earthquake in China in 2008 caused the death of 

69,197 people, 374,176 were injured, 18,222 were missing and more than 4.8 million 

were made homeless. Examples of building failure during the Sichuan earthquake and 

1971 San Fernando earthquake are shown in Figures 1.1 and 1.2, respectively. 
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Figure 1.1 A bank building in Beichuan after the earthquake [159] 

Figure 1.2 Olive View Hospital after the earthquake in San Fernando, California, in 1971 [5] 
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While surrounding structures are damaged or collapsed in an earthquake, a few 

structures survive. Such surviving structures have been designed with sufficient 

strength, or with added devices. For example, the Olive View Hospital was severely 

damaged by the 1971 magnitude 6.7 earthquake in San Fernando, California. A stronger 

building was built in its place which survived the 1994 Northridge earthquake as shown 

in Figure 1.3. Another example is the USC University Hospital, shown in Figure 1.4, 

which was built with base isolators and also survived in the 1994 Northridge quake [5]. 

It is difficult and expensive to design and build structures with adequate strength and 

ductility to withstand strong earthquakes, yet the structures are still passive and cannot 

adapt to environmental changes. Increasing strength by using bigger structural elements 

may attract more force on the structures. Employing high-strength construction 

materials to strengthen structures is usually costly. Moreover, damping of common 

construction materials such as concrete or steel can not be increased in order to improve 

structural energy dissipation. An alternative is for structural control devices to be added 

to structures to help mitigate structural vibrations [3] . 

Figure 1.3 Rebuilt Olive View Hospital survived 1994 Northridge earthquake [5] 



1. Introduction 4 

Figure 1.4 The USC University Hospital with base isolators [5] 

In general, civil structures collapse or are damaged during earthquakes because they do 

not have adequate damping to dissipate energy, or adequate stiffness and strength to 

resist external forces. Increasing the damping, stiffness and strength of civil structures is 

therefore a common way to protect structures. An easy way to illustrate why adding a 

structural device can help the structure to withstand external loads is to use a single-

degree-of-freedom (SDOF) system. The model of a SDOF system under earthquake can 

be given as 

mx(t) + cx(t) + kx(t) = -mxg (t) ( 1.1) 

where m is mass of the structure, c is damping of the structure, k is stiffness of the 

structure, x(t) is displacement of the structure, and xg (t) is ground acceleration caused 

by the earthquake. 

As can be seen in the Equation (1.1), the structure only uses its mass, stiffness and 

damping to withstand the earthquake. If a structural device is added to the structure to 

increase the damping or to modify structural property, the structural response can be 
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decreased. The structure's model g1ven 1n Equation (1.1) after adding a structural 

control device becomes 

mx(t )+ cx(t )+ kx(t) =- fd (t )- mxg (t) (1.2) 

where fd (t )is the control force generated by the control device embedded within the 

structure. Assuming that the mass of the device can be ignored because it is very small 

compared to that of the structure and the force generated by the device is as 

fd (t) = -(cdx(t) + kdx(t )) (1.3) 

then the Equation (1.2) becomes 

mx (t) + ( c + c d )x(t) + ( k + k d )x(t) = -· mx g (t) (1.4) 

It is shown in the Equation (1.4) that the new damping and stiffness of the whole system 

has been increased by means of adding the structural device to the structure. As a result, 

the structure is better protected from the earthquake. 

There are several types of structural control devices and they can be categorised 

according to their energy consumption as passive, active or semi-active. Passive control 

devices do not require power to function and are therefore simple but unable to adapt to 

changed conditions. Active control devices using a ren1arkably large power supply can 

generate counteracting forces to the structure. Integrated active control devices with 

suitable controllers and sensors embedded in the structure are able to provide enhanced 

system functionality and robustness. However, fatal drawbacks to active control lie in 

the vulnerability to power failures and the capability to destabilise the structure [ 4]. 

Semi-active control devices have been developed to combine the best features of active 

and passive control devices. Magneto-Rheological (MR) dampers are particularly 

promising candidates for semi-active control to reduce vibrations induced on civil 

structures. In order to accomplish these goals, two interrelated stages of research are 

identified as i) modelling of the MR damper and ii) design of a robust controller for the 

MR damper. 
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1.2 Objective and Scope 

The mmn objective of this thesis is to advance the use of MR dampers and the 

development of control laws for MR dampers embedded within building structures to 

reduce the structural vibrations induced by earthquake excitations. To effectively use 

and control MR dampers, their dynamic properties expressed through their 

mathematical models have to be well understood. In order to gain an insight into MR 

dampers, the previous models of MR dampers are investigated. The advantages and 

disadvantages of each model are discussed and proposed models are then developed. 

It is said that the system performance is strongly dependent on the choice of the control 

laws [116]. Following the study of previous structural control methods in the literature, 

and the investigation of their advantages as well as disadvantages, new controllers for 

MR dampers are then proposed and developed in this thesis. 

The specific objectives of this thesis are as follows: 

>-- To conduct studies of structural control devices including passive, active and 

semi-active devices in which MR dampers as semiactive devices are especially 

investigated to gain insight into their dynamic behaviours by reviewing previous 

models such as Bingham and Bouc-Wen, and then proposing the non-

sytnmetrical Bouc-Wen model, the static hysteresis model and the polynon1ial 

fitting model for MR dampers for a variety of applications. 

>-- To conduct studies of structural control algorithms, especially those associated 

with MR dampers, such as Lyapunov-based, clipped optimal, sliding mode 

control, to propose efficient control techniques for a suitable model of MR 

dampers, such as direct control approaches including Lyapunov Stability Theory 

and feedback linearisation technique, as well as the linear quadratic regulator 

(LQR) for MR dampers, and to apply them in the control of dynamic properties 

of magnetorheological (MR) dampers for semi-active control of civil 

engineering structures, subject to structural vibrations. 
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);;o- To significantly reinforce the understanding of efficient smart structures using 

MR dampers through the application of extensive numerical simulations and 

subsequent experimental evaluations. 

1.3 Contribution of the Thesis 

The contribution of this thesis is the proposal of the non-symmetrical hysteresis model , 

the static hysteresis model and the polynomial fitting model for MR dampers, as well as 

direct control approaches for MR dampers to reduce the vibrations in structures during 

earthquake events. The detailed outcomes include: 

• A non-symmetrical model for an MR damper: 

This model considers the effect of non-symmetrical hysteresis which has not been taken 

into account in the original Bouc-Wen model. The model parameters are identified with 

a Genetic Algorithm (GA) using its flexibility in the identification of complex 

dynamics. The computational efficiency of the proposed GA is improved with the 

absorption of the selection stage into the crossover and mutation operations. Crossover 

and mutation are also made adaptive to the fitness values such that their probabilities 

need not be user-specified. Instead of using a sufficient number of generations or a pre-

determined fitness value, the algorithm termination criterion is formulated on the basis 

of a statistical hypothesis test, thus enhancing the performance of the parameter 

identification. 

• A polynomial fitting model of an MR damper: 

This model is a novel and simple model that uses a mixture of sigmoid and Gaussian 

functions to represent the behaviour of an MR damper, resulting in a significant 

reduction of model parameters. The model parameters are then identified by matching 

the simulated model output and experimental data while adjusting the model parameters 

for a minimum root-mean-square matching error. Following comparisons of this model 

with the Bouc-Wen model, the results show that this model can be applied in control 

design for an MR damper even though the model complexity is significantly reduced. 
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• A differential configuration of MR dampers and a novel state-space 

equation: 

A differential configuration of MR dampers is proposed to cancel the off-set force, 

increase control effort and have fault tolerance ability. Moreover, a novel state-space 

equation is proposed by the employment of a static hysteresis model of an MR damper. 

Unlike the commonly-used Bouc-Wen model involving non-linear differential 

equations that may affect the robustness of the control system, the static hysteresis 

model uses computationally-tractable algebraic equations to represent the behaviour of 

the MR damper. Furthermore, the parameters of the static hysteresis model are 

explicitly related to the hysteresis and the parameters are functions of the control current 

supplied to the MR damper. As a result, a state-space equation in which the control 

variable is the control current, not the damper force as is usually the case, is developed 

for direct control design purposes. 

• Direct control approaches: 

MR dampers are used as semi-active devices, taking advantage of the fail-safe operation 

and low power consumption. However, the control of MR dampers is hindered by their 

hysteretic force-velocity responses which usually leads to indirect strategies 

compromising controllability and performance. To enhance system performance, thanks 

to the proposed novel state-space equation mentioned above, a Lyapunov-based 

controller is proposed for direct control of the supply currents of the dampers. Unlike 

indirect control strategies that require determination of the desired MR damper force 

and measurement of the actual MR damper force prior to choosing the control current, 

direct control approaches can directly and precisely determine the control current 

supplied to the MR damper. Another direct control algorithm, based on the feedback 

linearisation technique as well as the linear quadratic regulation (LQR), is also proposed 

in this thesis . 
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1.4.3 Other publications 

Dalvand, H., Nguyen, M.T., Kwok, N.M. & Ha, Q.P. 2008, 'A new hybrid filter for 

power quality improvement in unbalanced load conditions', 1Oth International 

Conference on Control, Automation, Robotics and Vision (ICARCV 2008), Hanoi, 

Vietnam, pp. 1027-1032. 

Duong, H.N. & Nguyen, M.T. 2002, 'Control of a PMW three-phase rectifier us1ng 

internal model control', Journal of Science & Technology, Vietnam, no. 38+39, pp. 66-

70. 
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1.5 Thesis Outline 

The thesis is organised as follows: 

Chapter 2: This chapter presents the related literature review of this research. 

Structural control systems including passive, active, semi-active, and hybrid control 

systen1s are studied. This chapter also focuses on basic concepts about structural 

control, types of control devices and control algorithms, as well as their advantages and 

disadvantages. The semiactive control devices and control methods, especially ones 

employing MR dampers for structural response reduction, are more intensively 

investigated. 

Chapter 3: This chapter presents problems of MR fluid including the introduction of 

MR fluid and its properties, devices using MR fluid, and a wide range of its 

applications. Different kinds of models for MR dampers in literature including 

parameter n1odels such as Bingham, Bouc-Wen, and so forth, non-parameter models 

using fuzzy logic, artificial neural networks, and back-box, among others, are discussed. 

A review of control algorithms for MR dampers are also investigated in this chapter. 
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Chapter 4: Most models for MR dampers mentioned in the previous chapter have not 

taken into account the effect of non-symmetrical hysteresis in the force/velocity 

relationship of MR dampers. The non-symmetrical hysteretic Bouc-Wen model is 

proposed in this chapter. The Genetic Algorithm (GA) technique which has flexibility in 

the identification of complex systems is then used to identify the parameters of the 

proposed model based on the experimental data relating the damping force and its 

displacement under various operating conditions. 

Chapter 5: This chapter introduces two models of MR damper, namely, the static 

hysteretic model and polynomial fitting model developed by our research group. The 

first model aims to reduce the complexity of using a differential equation to describe the 

hysteresis. This model uses a hyperbolic tangent function to represent the hysteretic 

loop together with components obtained from conventional viscous damping and spring 

stiffness. The particle swarm optimisation (PSO) technique is used to identify the model 

parameters. A polynomial (curve fitting) is used to fit the parameters with the current 

supplied to the MR damper. This model will be employed in controller design for future 

chapters. In the second n1odel, the MR damper hysteresis is represented as a mixture of 

sigmoidal and Gaussian functions , resulting in a significant reduction of model 

parameters. The identification is conducted by matching the simulated model output and 

experimental data while adjusting the model para1neters for a minimum root-rnean-

square matching error. 

Chapter 6: There have been several control methods of MR dampers to deduce 

structural vibrations in civil structures. This chapter introduces these control methods 

such as Lyapunov-based, clipped-optimal, sliding mode, and intelligent control, among 

others. Their advantages and disadvantages are discussed. Control methods in the 

literature can be termed 'indirect control' because the currents supplied to the MR 

dampers are determined based on the measurement of MR damper forces and 

comparison with desired forces. The control approach proposed in this chapter is direct 

control, in which the currents are directly derived from the controllers in order to 

improve the system performance. Proposed controllers in this chapter are Lyapunov-

based control and LQR-based control associated with the use of feedback linearisation 
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technique. MA TLAB and SIMULINK are used to verify the system performance of the 

proposed controllers. 

Chapter 7: The effectiveness of the proposed controllers in the previous chapter is not 

only verified by extensive simulations using Matlab/Simulink, but also tested on the 

shaking table with quake-like excitations such as El-Centro, Kobe, Northridge and 

Hachinohe earthquakes. The results obtained from the use of a single-degree-of-

freedom (SDOF) structure are presented. 

Chapter 8: Based on the results obtained from the simulations and experiment, the 

conclusion and recommendations are made in this chapter. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Earthquake is a natural disaster that frequently causes loss of hun1an life and damage to 

civil structures. Moreover, casualties can be extensive and are mainly due to the 

collapsing of civil structures in urban and densely populated areas. Since the long-term 

prediction of the occurrence of earthquakes is difficult, if not impossible, it is necessary 

to construct buildings that can withstand the destructive effects of vibrations induced on 

structures during an earthquake. However, there is always an economic limit to the 

amount that can be invested in constructing strong buildings. As an alternative, 

structural control can be applied to mitigate the vibrations by using appropriate devices 

and control techniques. Though structural control had its roots primarily in aerospace-

related problems and flexible structures, it was quickly rnoved into civil engineering and 

infrastructure-related issues such as protecting civil structures from earthquakes and 

strong winds. Since the initial conceptual study was reported by Yao in 1972 [98], 

researches of structural control have continued to mature, leading to the First World 

Conference on Structural Control held in Los Angeles in 1994. Since then, the World 

Conference on Structural Control has been held in every four years. 

The last three decades have witnessed a great deal of interest in the use of feedback 

control systems to mitigate the effects of dynamic loads, such as those induced by 

earthquakes and strong winds, on civil engineering structures [29]. A variety of control 

systems have been considered for these applications and can be categorised as passive, 

active, semi-active and hybrid [77]. Passive control systems are generally simpler and 
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less expensive but are often less effective and less adaptive. Active control schemes use 

devices capable of generating counteracting external forces to the structure. Integrated 

with online controllers and sensors embedded in the structure, these controllers are able 

to provide enhanced functionality and robustness. However, a fatal drawback of active 

control lies in the vulnerability to power failure . A passive and an active control system 

can be combined to create a hybrid control system. The concept of semi-active control 

has been developed to combine the best features of active and passive control 

methodologies. Semi-active controllers have the potential to dynamically modify the 

response of a building structure to external loadings with improved reliability. It should 

be further noted that power supply to the actuators is not always guaranteed during an 

earthquake, thus, semi-active control is always preferable. In this chapter, structural 

control systems including passive, active, hybrid and semi-active control systems will 

be reviewed. 

2.2 Passive Control Systems 

The difference between the conventional structure and pass1ve control structure is 

shown in Figure 2.1 [78]. Passive control systems use passive energy-dissipating 

devices to partly dissipate structural input energy, thus reducing structural response. 

They can be used for both natural hazard mitigation and rehabilitation of aging or 

deficient structures. These devices are characterised by their capability to enhance 

energy dissipation in the structural systems in which they are installed. Two principles 

are used to dissipate vibratory energy: conversion of kinetic energy to heat and 

transference of energy among vibration modes. They require no external power supply 

which may be interrupted during earthquake. Passive control systems do not need to 

measure response and carry out feedback and thus tend to be simple, less costly, and 

require less maintenance. However, they are not able to adapt to structural changes and 

a wide range of load conditions because they aim simply to protect the structure from a 

particular load condition. Passive dampers include, among others, tuned mass dampers 

(TMDs ), tuned liquid dampers (TLDs ), metallic yield dampers, viscous dampers, 

friction dampers and passive base isolations [74]. 
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b) Passive control structure 

Figure 2.1 Conventional and passive control 

A tuned mass damper consists of a mass-spring-damper system placed on the upper part 

of the structure to counteract ground motion, as shown in Figure 2.2. The mass of TMD 

is from 1% to 2% of the building mass. This device is used to reduce resonant vibrations 

on the structure by being tuned to the natural frequency of the structure. The energy is 

transferred from the primary structure to the TMD. Numerical and experimental studies 

have been canied out to investigate the effectiveness of TMDs in structural response 

reduction, in which three different kinds of stn1ctures are excited by nine different 

eatihquakes. The results show that the effectiveness is remarkably dependent on the 

kind of structure and earthquake [85]. For example, in the case of a pulse-like 

earthquake, the effectiveness of TMDs may be limited. Moreover, the TMD is designed 

to reduce structural response in the first mode, but higher mode responses may be very 

slightly suppressed or even amplified. To tackle this problem, more than one TMD can 

be used to deal with different modal responses, as proposed in [ 16]. A number of TMDs 

were installed in tall buildings, bridges and towers to reduce structural responses 

induced by wind loads, as shown in Figure 2.3 . The first structure installed with a TMD 

in Australia was the Sydney Centrepoint Tower. The Citicorp Group in New York City 

and the John Hancock Building in Boston also employed TMDs. In Japan, the first 

structure using TMDs was the Chiba Port Tower, followed by a number of other 

structures. Several researches about tuned mass dampers and their applications can be 

found in [ 60-61]. 
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a) Tuned Mass Damper in Structure b) Tuned Mass Damper 

Figure 2.2 Tuned Mass Damper 

(a) Sydney Tower (b) Citicorp Center 

Figure 2.3 Examples of structures equipped with tuned mass dampers 

Other passive devices similar to TMDs are tuned liquid dampers (TLDs). TMDs belong 

to a class of control device that dissipate energy by the inertia and viscosity of liquid 

[ 45] .The basic principle of using TLD, including tuned liquid dampers and tuned liquid 

column dampers (TLCDs) in reducing structural vibration of structures is shown in 
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Figure 2.4. However, the TLD response is highly non-linear due either to liquid 

sloshing or the presence of orifices [74]. TLCDs dissipate energy by the passage of 

liquid through an orifice with inherent head loss characteristics while TLDs use viscous 

actions of fluids to absorb structural energy. A number of numerical and experimental 

researches using TLDs against strong winds or earthquakes can be found in [23, 62, 68]. 

_ .... ...--.._ mass TLD m,. 

dashpot c 
stiffness k 

a) TLD 

b) TLCD 

force f(t) 

u(t) 

mass TLD m,. 

force f (t) 
mass m 

u(t) 

Figure 2.4 Tuned liquid damper and tuned liquid column damper [from 88] 
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Metallic yield dampers, also called added metallic energy dissipators, use their inelastic 

deformation to dissipate seismic energy to a structure [74]. They consist of layers of 

mild steel intentionally intended to deform and wrap under earthquake loadings, thereby 

reducing the energy imparted to a structure. Early use of the devices in a structure to 

dissipate energy was proposed by Kelly, Skinner and Heine [35]. Typical types of 

metallic yield dampers are the x-shape plate, or Added Damping and Stiffness (ADAS), 

and the Triangular ADAS (T ADAS) devices shown in Figure 2.5. Structures with these 

devices have been built in New Zealand [71] , in Italy [14], in the United States (US) 

[59], in Japan and other countries [74]. 

Viscous fluid dampers use viscous fluids such as silicone or oil to dissipate energy. 

There are two typical approaches: the first uses a steel plate moving within a rectangular 

steel container filled with viscous fluids. The second consists of a cylinder filled with a 

liquid such as silicone or oil and a piston with small openings through which the fluid 

passes from one side to the other causing friction. The dampers dissipate energy by 

means of the friction, caused by the movement of the piston in the highly viscous fluid, 

to convert the energy into heat [81 , 6]. The dampers widely employed in aerospace and 

the military have recently been applied for structural response reduction against seismic 

excitation [17], as shown in Figure 2.6. 

(a) (b) 

X plate 
metallic 
damper 

(c) 

Figure 2.5 X-Plate Metallic Damper (a), Triangular ADAS (b) and the former device 

installed in the structure (c) [from 6] 
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(a) A bridge located at Yen-Chou 

in Taiwan 

(b) 91115 Anaheim overcrossing 

in California 

Figure 2.6 Examples of applications of viscous dampers to bridges [from 31] 
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Another mechanism for energy dissipation is friction dampers which convert energy to 

heat. Friction dampers have been used for many years in automotive brakes to absorb 

motion energy. Pioneering work on using friction for friction brakes can be found in 

[54-55]. In structural control, a wide variety of devices has been proposed and 

developed. They all use the same friction principle but differ in mechanical complexity 

and sliding materials. Figure 2. 7 shows a friction damper or the Pall device that is 

installed in a structure in an X-braced frame [56]. 

(a) Pall Friction Damper in a single 

diagonal brace [from 84] 
(b) Pall Friction Damper in a cross- brace 

[from 7] 

Figure 2.7 Pall Friction Damper 

One of the most commonly used passive devices is base isolation. In base isolation 

systems, isolators are placed between the foundation of the structure and the structure 

(Figures 2.8 and 2.9). The isolators, also called bearings, are of different types such as 

lead-rubber bearing, high damping rubber bearing, elastomeric bearing and sliding 

fiction bearing. The deformation will happen in these isolators instead of in the structure 
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and therefore they will dampen the structural vibrations induced by seismic excitation. 

Another effect of isolators is to lengthen its natural period [89]. The isolator is very stiff 

and strong in its vertical direction to withstand the structure, but is flexible in the 

horizontal direction to allow deformation. Several buildings and bridges have been 

implemented with a base isolation system worldwide. Some examples include the 

Pasadena City Hall in California, the Los Angeles City Hall [102], the Kwangan Bridge 

in Pusan, Korea [38] , and many others. 

Acceleration and displacement 
response at each floor becomes 
almost the same 

Isolator 

Grol.JllJi movement 

Figure 2.8 Base isolation system [94] 

(a) Laminated Rubber Bearings (b) Lead Rubber Bearings 

Figure 2.9 Section of a Laminated (a) and Lead Rubber Bearings (b) 
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2.3 Active Control Systems 

Figure 2.10 shows the typical schematic diagram of an active control system. Active 

control systems have been developed to tackle the effects of environmental loads. Using 

an external power supply, actuators of active control systems create forces that can be 

used to both add and dissipate energy in the structure. Appropriate force is determined 

based on the measurement and feedback of structural responses. For more than two 

decades, researchers have investigated the possibility of using active control methods to 

improve passive approaches to reduce structural responses . A variety of control devices 

have been developed and proposed for active control systems. These devices include 

active tendon systems, active bracings and active mass dampers [19]. 

The active mass dampers (AMDs) are usually used in active control systems. An AMD 

is similar to the tuned mass damper (TMD), since it also consists of a mass-spring-

damper system as shown in Figure 2.11. Ho\vever, it has an actuator that is used to 

position the mass at each instant, to increase the amount of damping achieved and the 

operational frequency range of the device. The Kyobashi Seiwa Building in Japan, as 

shown in Figures 2.14(a) and (b), received the first full-scale implementation of the 

AMD. Applications ofTMDs, TLDs and AMDs through 1994 are given in Table 2.1. 
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Figure 2.10 Active control system 
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Figure 2.12(b) AMD-based control ofKyobashi Seiwa Building, Tokyo, Japan [from 67] 

Figure 2.13 Active Mass Damper using a rooftop helipmi in the Applause Tower, 
Osaka, Japan [94] 
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Table 2.1 List of Applications ofTMDs, TLDs and AMDs [7]. 

N arne of Structure 
I 

City, Country I Year 
I 

Height I Noof 
(m) dampers 

TUNED MASS DAMPERS 
CN TowerTV Antenna Toronto, Canada 1973 553 1 
John Hancock Building Boston, USA 1977 244 2 
City Corp Center New York, USA 1978 278 1 
Sydney Tower Sydney, Australia 1980 305 1 
Al Khobar Saudi Arabia 1982 120 1 
Deutsche Bundespost Ntimberg, Germany 1982 278 1 
Yanbu Cement Plant Saudi Arabia 1984 81 1 
Chiba Port Tower Chiba, Japan 1986 125 2 
Bin Quasim Power Station Pakistan 1988 70 1 
Tiwest Rutile Plant Australia 1989 43 1 
Fukuoka Tower Fukuoka, Japan 1989 151 2 
Higashiyama Sky Tower Nagoya, Japan 1989 134 1 
Crystal Tower Osaka, Japan 1990 157 2 
Hibikiryokuchi Sky Tower Kitakyushu, Japan 1991 135 1 
HKW Chimney Frankfurt, Germany 1992 120 1 
BASF Chimney Antwerp, Belgium 1992 100 1 I 
Siemens Power Station Killingholme, UK 1992 70 1 
Rokko Island P & G Kobe, Japan 1993 117 1 
Chifley Tower Sydney, Australia 1993 209 1 
Al Taweeiah Chimney Abu Dhabi, UAE 1993 70 1 
Akita Tower Akita, Japan 1994 112 1 

TUNED LIQUID DAMPERS 
Nagasaki Airport Tower Nagasaki, Japan 1987 42 25 
Yokohama Marine Tower Yokohama, Japan 1987 105 39 
Gold Tower U datsu, Japan 1988 136 16 
Shin-Yokohama Prince Hotel Yokohama, Japan 1991 149 30 
Mount Wellington Hobart, Australia 1992 104 80 
Broadcasting 
TYG Building Atsugi, Japan 1992 159 720 
Narita Airport Tower N ari ta, Japan 1993 87 1 
Haneda Airport Tower Tokyo, Japan 1993 178 1 

ACTIVE MASS DAMPERS 
Sendagaya INTES Building Tokyo, Japan 1991 58 2 
ORC 2000 Symbol Tower Osaka, Japan 1992 188 2 
Kansai International Airport Osaka, Japan 1993 - 2 
Yokohama Landmark Tower Yokohama, Japan 1993 296 2 
C Office Tower Tokyo, Japan 1993 130 1 
KS Project Kanazawa, Japan 1993 121 1 
MKD8 Hikarigaoka Building Tokyo, Japan 1993 100 1 
Riverside Sumida Tokyo, Japan 1994 133 2 
Act City Office Building Hamamatsu, Japan 1994 213 1 
Shinjuku Park Tower Tokyo, Japan 1994 227 3 



2. Literature Review 25 

A variety of active control algorithms have been proposed. These algorithms include the 

linear quadratic regulator (LQR) [13, 99], output feedback strategies [79, 80], control 

based on Lyapunov Stability Theory [63], fuzzy control [25], neural-based control [70], 

and sliding mode control [96]. 

2.4 Semiactive Control Systems 

The typical schematic diagram of a semiactive control system is shown in Figure 2.14. 

Various semiactive control algorithms have been considered. These algorithms include 

bang-bang control [ 49, 32] , adaptive control [34], clipped-optimal control [20-21] and 

neuro-fuzzy control [28]. Semi-active dampers have been developed to exploit the best 

features of passive and active devices. The force generated by semiactive devices can be 

adjusted in real time but the device cannot inject energy into the controlled structure 

[29]. Examples of such devices include variable orifice fluid dampers, variable friction 

dampers, adjustable tuned liquid dampers, and controllable fluid dampers. 

I Sensors l _ ... Computer - Sensors I 
... ..... 

Controller 
~l H 

, 
Semiactive 

Devices 

,, 
I 

Excitation 
I ~I Structure 

I ~I Response 
I 

Figure 2.14 Semi-active control system 

A variable orifice fluid damper works as a conventional hydraulic fluid damper except 

that its damping coefficient can be adjusted by means of adjusting the opening of a 

controllable, electromechanical, variable-orifice valve to change the resistance of the 

hydraulic fluid flow. This damper was first proposed by Feng and Shinozuka in 1990 
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[22]. A full-scale experiment was carried out on laboratory [66] , followed by a full-

scale experiment on a bridge on interstate highway I-35 (see Figure 2.15 [57-58]). 

Figure 2.15 Interstate 35 Walnut Creek Bridge with variable-orifice dampers [58] 

Another type of semiactive control devices are variable-stiffness control devices that 

have the ability to n1odify the structure's stiffness and therefore its natural frequency, to 

avoid resonant conditions [82, 76]. They have been investigated for seismic response 

reduction [37, 51, 46, 92, 97, 50]. The first full-scale application of semi-active control 

occurred in the installation of variable-stiffness devices on both sides of the Kajima 

Technical Research Institute, as shown in Figure 2.18. Another building to use variable-

stiffness control devices the 5 storey-building Kajima Shizuoka Building in Shizuoka, 

Japan, built in 1998 [ 40]. 

Similar to TMDs, semi-active tuned mass dampers have the ability to vary their 

damping and they require much less power compared to AMDs. This type of device was 

firstly studied by Hrovat, Barak and Rabins [30]. The system consists of a TMD 

associated with an actuator to change the damping force of the TMD with a small 

amount of external power required. 

Controllable tuned liquid dampers are semiactive control devices that are an 

improvement of passive devices such as tuned liquid dampers (TLDs) or tuned liquid 

column dampers (TLCDs). Unlike TLDs or TLCDs, controllable tuned liquid dampers, 

as shown in Figure 2.16, have the abi lity to change the natural frequency of the liquid 

[ 4 7]. The controllable valve of the controllable tuned liquid dampers require little power 
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supply to operate and can be controlled by controllers to improve structural response 

reduction [91, 62]. 

TLCD 

~ 
Controllable Valve 

I 
Ks 

Ms 
F(t) ... 

IT 
Cs 
~ 

Primary Mass 

Figure 2.16 Semi-active TLCD system [from 91] 

Controllable t1uid dampers are similar to conventional hydraulic dampers that have 

pistons and hydraulic fluid contained in cylinders. Smart fluid or controllable fluid has 

the ability to reversibly change from a free-flowing fluid to a semi-solid with a 

controllable yield strength in milliseconds when exposed to an electric or magnetic 

field. They are electrorheological (ER) fluids and n1agnetorheological (MR) fluids. The 

only moving part in the damper is its piston and therefore it is more reliable. Figures 

2.20 and 2.21 show examples of structures installed with large-scale MR dampers in the 

Tokyo National Museum of Emerging Science and Innovation in Japan and Dongting 

Lake Bridge in China, respectively. 

There are several MR damper models proposed in the literature us1ng a range of 

techniques. Models obtained by a deterministic approach include the Bingham, Bouc-

Wen, phenomenological model and others [75, 8, 95]. The Bingham model represents 

dry-friction as a signum function on the damper velocity and may be considered as a 

simple model for the hysteresis characteristic. The Bouc-Wen model uses a differential 

equation to depict the nonlinear hysteresis with moderate complexity and is widely 

applied in building controls. The phenomenological model improves on the model's 
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accuracy with an additional internal dynamical variable. The models that are obtained 

by soft-computing approaches such as the fuzzy model [ 69] and the neural network 

model [87] are developed by invoking the universal approximation principle to model 

the hysteresis. Although they are equally applicable, it requires tuning the fuzzy system 

or training the neural networks in order to derive a feasible model. Moreover, there are 

other models that use polynomial curve-fitting [12, 48], black-box [33] and 

nonparametric approaches [72]. Approaches of the latter group are more flexible while 

the physical relationship between model parameters and hysteresis phenomena may not 

be explicitly maintained. Consequently, a model that can explicitly relay the hysteresis 

to physical parameter interpretations is very desirable. 

It is important to note that the MR damper model parameters can be identified by using 

optimisation techniques such as Genetic Algorithms (GAs) [24, 27, 65, 41] or particle 

swarm optimisation (PSO) [26, 15, 42]. 

There are a number of controller designs proposed for problems in the building control 

domain that make use of the advantageous features of MR dampers and semi-active 

control strategies. For exmnple, in [ 1 OJ, a modal controller is implemented by focusing 

on mitigating vibrations on d01ninant frequency modes caused by the earthquake 

excitation on buildings. However, an estimation of these frequencies is needed and may 

increase the control cotnplexity. In [90], a sliding mode controller is proposed for its 

robustness to modelling uncertainties in the control of a building under wind-

excitations. Soft-computing methods can also be applied to cater for complexities in 

system modelling and difficulties in the control design. For example, seismic response 

reduction using a fuzzy logic controller was reported in [11]. Nonetheless, a fuzzy logic 

controller usually requires expert knowledge and on-line tuning of the control settings 

[86] may be difficult. 

A recent survey of MR damper controller designs for building control has been 

published in [32] including designs based on Lyapunov Stability Theory, decentralised 

bang-bang, maximum energy dissipation, modulated homogeneous and clipped-optimal 

control [20,21, 101, 18]. In the latter approach for a MR damper based building control 

system, the value of a desired force is derived by a linear-quadratic-Gaussian (LQG) 

controller and a secondary current-control loop is used to derive the appropriate current 



2. Literature Review 29 

supplied to the MR damper. All these controllers are affected via the damping force 

instead of directly controlling the current supplied to the damper. In particular, the 

clipped-optimal design may not be able to provide precise control currents and hence 

optimality may not be preserved. 

Figure 2.17 Kaj ima Technical Research Institute Building equipped with variable-stiffness 
control devices [78] 
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(c) 

(b) ~N(u) 

~ F ' (<N(uhg,(i) 

(d) 

Load .... 
Figure 2.18 Semi-active devices: (a) variable orifice dampers; (b) variable friction dampers; 

(c) adjustable tuned liquid dampers and (d) controllable fluid dampers [4] 

Semi-active Hydraulic 
(SHD) 

Control computers and 
Uninterruptible power suppl} 

Figure 2.19 Semi-active hydraulic dampers installed in the Kajima Shizuoka 
Building [ 40]. 
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Figure 2.20 Nihon-Kagaku-Miraikan, Tokyo National Museum of 
Emerging Science and Innovation, installed with 30-t MR fluid dampers 

manufactured by Sawan Tekki Corporation [76]. 
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(a) (b) 

Figure 2.21 Dongting Lake Bridge (a) and MR Dampers (b) in Hunan, China Dongting 
Lake Bridge in Hunan, China. 

(a) Base-isolated residential building in 
Japan, equipped with a 40-t MR Damper 

(b) MR Damper employed 

Figure 2.22 Full-scale implementation of hybrid control device [76] 

2.5 Hybrid Control Systems 

32 

A hybrid control system is commonly defined as one that combines active and passive 

systems as shown in Figure 2.23. On the one hand, active control system can be used to 

improve the performance of a passive control system. On the other, passive control 

devices may be added to an active control system to decrease its power requirements. 

Hybrid control system can achieve higher levels of performance than passive or active 
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control acting alone, although it is often more complicated. A side benefit is that if there 

is a power failure during an earthquake, passive devices in the system still offer some 

degree of protection [73 , 43] . Typical hybrid control systems include hybrid mass 

damper systems, hybrid base isolation systems and damper-actuator systems [9]. 

I Sensors I .. Computer .... Sensors I .... ..... 
Controller 

J~ • 
~ 

Control 
Actuators 

~ 
Passive 
Devices ,, 

I Excitation I ~ I Structure I ~ I Response J --

Figure 2.23 Hybrid control system 

A hybrid mass damper (HMD) consists of a passive tuned mass damper (TMD) and an 

active control actuator or an AMD attached to a TMD. The reduction of the structural 

response mainly relies on the natural motion of the TMD. The actuator generates control 

force to regulate the TMD to improve its efficiency and robustness. The power required 

by the actuator is very much less than that of a fully active control system with 

comparable performance. Hybrid control systen1s have been the most common full-

scale implementation so far. There are some designs of compact and implementable 

HMDs that have been developed and employed. They are the arch-shaped HMD by 

[83], V-shaped HMD as shown in Figure 2.24 [39], multi-step pendulum HMD [93], 

and DUOX HMD by [36, 53] . 

Similar to the base isolation system, the hybrid base isolation system which combines 

base isolation and a control actuator is another kind of system that has been proposed 

and developed by a number of researchers. A hybrid base isolation system has the 

ability to adapt to changing demands for structural response reduction that cannot be 

achieved in passive base isolation. Thus, a higher level of performance using hybrid 
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base isolation can be achieved without a substantial increase in cost [ 131] . Based 

isolation can reduce the interstorey drift and the absolute acceleration of the structure 

with a large absolute base displacement. The combination of base isolation and an 

active actuator can limit the maximum base displacement with a single set of control 

forces, while the low interstorey drift can still be achievable at the same time. 

Figure 2.24 Shinsuku Park Tower installed with V-shaped HMDs [4] 

A smart base isolation which employs a semi-active system in the base isolation system 

has recently been investigated by a number of researchers [103]. In [22] the 

experimental and analytical study of a semi-active friction-fluid bearing in the sliding 

isolation system to control the amount of friction at the isolation surface was reported. 

Yang et al. [97] examined the use of sliding mode control for a four-storey base-

isolation building model with the use of a hydraulic actuator. In [1 03] an MR Damper 

as a semi-active device employed in a base isolation system to protect building 

structures was analytically and experimentally investigated. Figure 2.25 shows a base-

isolated two-storey building model, constructed and tested at the Structural Dynamics 

and Control/Earthquake Engineering Laboratory at the University of Notre Dame, 

Indiana, in which laminated rubber bearings are used as the base isolation embedded 
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with an MR damper to control the structural response. Using a clipped-optimal control 

strategy for a shake-table test, the performance of the proposed system is improved 

compared to the passive base isolation where a constant current is sent to the MR 

damper. 

Figure 2.25 Smart base isolation system 

Several hybrid control algorithms have been suggested. These algorithms include the 

gain scheduling technique [104] , sliding mode control [96], robust control [100, 52], 

and adaptive control [64] . 

2.6 Summary 

The basic concepts of structural control systems including passive, active, semi-active 

and hybrid structural control systems have been introduced in this chapter. Devices and 

their applications in structures for each kind of structural control system have also been 

studied. The performance of a structural control system is highly dependent on the 

choice of a structural control algorithm. Structural control algorithms for active, 

semiactive and hybrid control systems have been introduced. Although in their early 

development, semiactive control systems that combine the best features of active and 

passive control systems are promising in protecting civil structures against earthquakes 

or strong winds. Furthermore, semiactive devices can be involved in base isolation 

systems that can create hybrid control systems to take advantages of semiactive devices 

and base isolation. Owing to many practical advantages such as reliability and fail-safe 

character of passive devices, as well as the adaptability of fully active devices, semi-
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active control devices such as magnetorheological damper have been increasingly 

employed in structural control applications. However, due to their intrinsically non-

linear force/displacement and hysteretic force/velocity characteristics, modelling and 

development of control strategies that can fully utilise the capabilities of these unique 

devices is a challenging task. 
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Chapter 3 

MR Fluids and Devices 

3.1 Introduction 

Passive control devices can be used to absorb the structural vibratory energy induced by 

dynamic loads but they cannot adapt to environmental changes. Active control devices 

can adapt to environmental changes but they require a remarkably high power supply to 

operate. Semiactive control devices combine the best features of passive and active 

devices and they are considered to be attractive candidates for the control of civil 

engineering structures in the future. Their advantages include being fault-safe, and 

having low-power consumption, force controllability and rapid response. Setniactive 

systems, which require no power supply in the passive mode and low power 

requirements in active mode, have the potential to achieve the performance of active 

control systems and without the possibility of destabilising the system. One class of 

semi-active control devices which is intensively researched for structural control 

engineering is the magnetorheological (MR) damper. MR dampers are semiactive 

control devices that use MR fluids to produce controllable forces. The main drawback 

of MR dampers is that they are inherently nonlinear, making it a challenging task to 

model and develop control algorithms so as to take maximum advantage of their unique 

features. Following the introduction of MR fluid and dampers, a review of several 

models and control algorithms, as well as their advantages and disadvantages, is 

presented in this chapter. 
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3.2 MR Fluids 

MR fluids belong to the class of smart fluids or controllable fluids. These fluids were 

first discovered by Jacob Rabinow at the US National Bureau of Standards in the late 

1940s [ 119-120]. The fluids are suspensions of micron-sized, magnetisable particles in 

an appropriate carrier liquid. In the presence of an applied magnetic field, the liquids 

have the ability to reversibly change from a free-flowing viscous liquid to a semi-solid 

in milliseconds as shown in Figure 3 .1. As a result, yield strength is developed within 

the fluid and the liquid can be used to provide controllable damping forces. Figure 3.2 

shows the microscope images of a MR fluid without (a) and with (b) the presence of a 

magnetic field. Figures 3.3 and 3.4 show the fluid behaviour with an increased magnetic 

field. 

Figure 3.1 MR fluid without (left) and with magnetic field (right) (http://www.cs.ualberta.ca) 

Typical MR fluid contains from 20 to 40% by volume of carbonyl iron particles only 3 

to 5 micrometres in diameter. The particles are suspended in non-magnetic mediums 

such as water, hydrocarbon oil, or silicone oil. Other proprietary additives are often 

added to MR fluids to prevent the iron particles from gravitational settling, to encourage 

particle suspension, improve lubricity, and inhibit wear. The strength of an MR fluid 

depends on the saturation magnetisation of the iron particles. The higher the saturation 

magnetisation of the iron particles is, the stronger the MR fluid is. It is reported that the 

best saturation magnetisation is 2.4 Tesla. However, it is difficult and expensive to 

make such the particles. In practice, pure iron particles with a saturation magnetisation 

of 2.15 Tesla are commonly chosen. 
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(a) Particles in MRF-132AD LORD 

Corporation 

(b) Activated fluid 

Figure 3.2 Microscope images of MRF-132AD Lord Corporation before and after 

activation [ 113] 

(a) no magnetic field (h) and (c) '"ith increasing magnetic field 

Figure 3.3 MR Fluid Behaviour (LORD Corporation 1997-2008) 
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Several types of MR fluids manufactured by the LORD Corporation are now 

commercially available (www.lord.com). Table 3.1 presents the main properties of these 

tlu·ee types of MR fluid: MRF-132AD (hydrocarbon-based), MRF-240BS (water-

based), and MRF- 336AG (silicone-based). The characteristics of plastic viscosity, 

magnetic induction, and yield stress of the LORD MRF-122-2ED are shown in Figure 

3.5. 
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Figure 3.4 A single chain behaviour under the vertically applied magnetic field with slowly 

increasing magnitude B [114] 

MRFLUID MRF-132AD MRF-240BS MRF-33AG 
I--

Base fluid Hydrocarbon Water Silicone 
,__ __ QE_erating temperature _(°C) -40- 130 0-70 -40- 150 -·--------

Density (glee) 3.09 3.818 3.45 
Weight percent solids(%) 81 .64 83 .54 82.02 

Specific Heat @ 25°C (J/g°C) 0.80 0.98 0.68 
Thermal Conductivity (w/m°C) 0.25 - 1.06 0.83 - 3.68 0.20- 1.88 

Flash Point (°C) > 150 > 93 > 200 

Table 3.1 Properties of three different types of LORD MR fluids (LORD Corporation) 
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Figure 3.5(a) Yield stress vs. magnetic field strength ofMRF-122-2ED (LORD 

Corporation) 
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Typical Magnetic Properties 
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Figure 3.5(b) Magnetic properties ofMRF-122-2ED (LORD Corporation) 

Advantages of MR fluids and devices 

Some properties of typical ER and MR fluids are provided in Table 3.2. MR fluids are 

less sensitive to impurities and are therefore easier to manufacture. MR fluids can work 

in a larger operating range and at lower voltage. Moreover, the yield stress achievable 

with MR suspensions is at least an order of magnitude greater, just as the material that 

MR devices use only requires a cornparatively small amount of fluid and space. 

However, since often iron is used as a solute, the density of MR fluids is significantly 

higher than for typical ER suspensions. From a practical implementation perspective, 

although the total energy requirements for the ER and MR devices are almost equal, 

only MR devices can be easily driven by common low-voltage power sources [105]. 

MR devices can be controlled with a low-voltage, current-driven power supply 

outputting only~ 1-2 amps. ER devices, on the other hand, require a high-voltage power 

source ( ~2000-5000 volts) which may not be readily available, especially during strong 

earthquake events. Moreover, such a high voltage may pose a safety hazard. Table 3.2 

provides a summary of the key properties of both ER and MR fluids. 
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Table 3.2 Typical properties ofER and MR fluids [44] 

Property MR fluid ER fluid 
Max. Yield Stress 50-100 kPa 2-5 kPa 
Maximum Field ~250 kA/m ~4 kV/mm 
Apparent Plastic 0.1-10 Pa-s 0. 1-1.0 Pa-s 

Viscosity 
Operable Temp. Range -40-150 oc + 10-90 oc 

Stability Unaffected by most Cannot tolerate 
impurities impurities 

Density 3-4 g/cm3 1-2 g/cm3 

17 I r~ 10-11-10-IO s/Pa 10-8-10-7 s/Pa 

Maximum Energy 0.1 Joules/cm3 0.001 Joules/cm3 
Density 

Power Supply (typical) 2-50 V, 1-2 A 2000-5000 V, 1-10 rnA 

3.3 MR Devices and Applications 

All devices that use MR fluids can be classified as operating in: (a) a valve mode, (b) a 

direct shear mode, (c) a squeeze mode, or a combination of these modes as shown in 

Figure 3.6 [8 , 1 05]. Examples of valve mode devices (fixed magnetic poles) include 

servo-valves, dampers and shock absorbers. Shear mode devices include clutches, 

brakes, chucking and locking devices, dampers and structural composites. \Vhile less 

well-understood than the other modes, the squeeze tnode has been used in some small-

amplitude vibration dampers. 

a. ValYe Mode b. Direct Shear Mode c. Squeeze Mode 

Figure 3.6 Typical modes for MR fluid devices [8] 

In civil engineering applications, the expected damping forces and displacements are 

rather large in magnitude. Therefore, MR dampers primarily operating under direct 

shear mode or squeeze mode might be impractical. Usually, valve mode or its 
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combination with direct shear mode is employed. Some examples of recently-developed 

MR dampers are given below. These dampers are capable of meeting real-world 

requirements and are presently either in commercial production or in production 

prototype trials . 

The MR fluid damper shown in Figure 3.7 is a 20-ton prototype large-scale seismic MR 

fluid damper developed under cooperation between the LORD Corporation and the 

Structural Dynamics and Control/Earthquake Engineering Laboratory (SDC/ EEL) at 

the University ofNotre Dame [121, 128]. The design parameters of the 20-ton MR fluid 

damper are summarised in Table 3.3. 

Figure 3.6 shows a small-scale SD-1 000 MR fluid damper manufactured by the LORD 

Corporation [105, 21, 94, 115]. In this damper, MR fluids flow from a high pressure 

chamber to a low pressure chamber through an orifice in the piston head. The damper is 

21.5 em long in its extended position, and the main cylinder is 3.8 em in diameter. The 

main cylinder houses the piston, the magnetic circuit, an accumulator, and 50 ml of MR 

fluid. The damper has a ±2.5 em stroke. The magnetic field, which is perpendicular to 

the fluid flow, is generated by a small electromagnet in the piston head. Forces of up to 

3,000 N can be generated with this device. 

Table 3.3 Parameters of the 20-ton MR damper 

--
Stroke ±8 em 

Maximum velocity 10 cm/s 
Nominal cylinder bore 20.32 em --
Maximum input power <50 watts 

Normal maximum force 200,000 N 
Effective axial pole length ""'5.5- 8.5 em 

Coils ""' 3x 1000 turns 
Maximum yield stress ""' 70 kPa 
Apparent fluid plastic 1.5 Pa-s 

Viscosity 
1J I r~ 2x10- 10 s/Pa 

Gap ~ 1.5-2 mm 
Active fluid volume ~ 90 cmj 

Wire 16 gauge 
Inductance ""'6H 
Resistance ~3x7 n 
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The MR damper investigated in this research is the RD-1 005-3 Damper developed and 

marketed by LORD Corporation as shown in Figure 3.9. This damper is a compact 

combination of controllability, responsiveness and energy density. As a magnetic field 

is applied to LORD MR fluid inside the monotube housing, the MR damper has the 

capability of straightforward controls, simple design and quiet operation for a wide 

range of applications. 

Wires to 
Electromagnet 

Bearing &. Seal 

MR Fluid Auunlar Orifice 

Diaphragm 
P1stou Cross Sec tion 

Figure 3.7 Small-scale SD-1000 MR Fluid Damper [4] 

Figure 3.8 Large-scale 20t-MR Fluid Damper [4] 
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Figure 3.9 MR damper RD-1005-3 

Application of MR dampers 

There has been a variety of products developed and marketed by LORD Corporation 

and its partners under the trade mark Rheonetic Systems. They include: 

- Automotive primary suspension systems: 

These systems employ MR fluid instead of traditional hydraulic fluid in each shock 

absorber. A controller is used to adjust the damping characteristics providing real-time 

optimisation of suspension to improve ride and handling. 

- MR passenger protection systems: 

These systems use MR fluid in their components including airbag systems, seatbelt 

retractors, bumpers and vehicle seating, which can maximise crash safety for vehicle 

occupants of all shapes, sizes weights and positions. 

- Seismic Protection: 

Owing to unique features such as fast time response, fail-safe qualities, and low power 

requirement, MR dampers have been used by civil and structural engineers to protect 

buildings and their occupants under seismic or wind loads, as shown in Figures 3.10 and 

Figure 3 .11. 
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controllable MR damper 

Figure 3.10 MR dampers installed in a bridge 
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Figure 3.11 Example ofMR dampers installed in a building structure 

- Washing machines 

LORD MR technology can be applied to decrease the noise and vibration in washing 

machines and other appliances as shown in Figure 3 .12. 

Controller 

Figure 3.12 MR damper embedded in a washing machine 
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- Prosthesis for above-the-knee leg amputees: 

These devices have been manufactured by a German-based company (Biedermann OT 

Vertrieb) using the MR damper from LORD Corporation, as shown in Figure 3.13. This 

system not only increases gait balance, stability and energy efficiency, but also 

improves quick response (under 10 milliseconds) under a wide range of control forces. 

Controller 

Force and 
Moment Se l1t:l crs 

active motion 
control elemem to 
control knee 
motion 

·data proce~-sing 
to analyse galt 

• software programs 
to calculate actions ./ 

Figure 3.13 MR damper used in lower leg prosthesis 

- Vehicle seat suspension: 

This type of suspension is used for trucks and buses to maximise ride comfort. An arm 

sensor and control are used to adjust the damping force to improve system performance. 

They perform well compared to air-suspension seats because they can adapt to the 

driver's weight and the road vibration, as shown in Figure 3.14. 
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Figure 3.14 Heavy duty seat suspension with MR damper 

3.4 Modelling of MR Dampers 

To develop control algorithms that take maximum advantage of the unique features of 

the MR damper, a model must be developed to characterise the damper behaviour. 

Experimental data such as displacement, velocity, and damping force in different 

conditions of control current and frequency are required for parameter identification and 

evaluation of models. Force-velocity and force-displacement characteristics with respect 

to different magnitudes of control current can be seen in Figure 3.15. 

Force-velocity and force-displacement depend on the control current. The force-

displacement loops follow a clockwise path for increasing time while the force-velocity 

loops follow a counter-clockwise path for increasing time. The force-velocity 

characteristics of MR dampers can be represented by non-linear curves with significant 

hysteresis at lower velocities (pre-yield) and linearly increasing force at higher 

velocities (post-yield). There is a roll-off in force at small velocities that needs to be 

taken into account in the modelling of MR dampers. When the magnitude of control 

current is zero (passive behaviour), the smallest hysteresis exhibits an almost viscous 

property. The damper force increases with the magnitude of the control current 

(controllability). 
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Figure 3.15 Characteristics of damper force vs. supply current: (a) non-linearity in force-

displacement and (b) hysteresis in force-velocity. 

Many models have been proposed to describe the non-linear and hysteretic behaviours 

of MR dampers . These models can be classified as quasi-static and dynamic models. 

Several quasi-static models have been proposed in [132-133]. Although these quasi-

static models can reasonably well describe the force-displacetnent behaviour of MR 

dampers, they are inadequate in representing the nonlinear force-velocity relation of the 

damper [4]. As a result, these models have been considered insufficient for the analysis 

and design of structural control algorithms. 

To tackle this drawback, dynamic models have been developed. There are two 

categories of dynamic models: a) non-parametric models and b) parametric models. The 

non-parametric rnodel is a category of MR damper modelling in which device 

performance through experimental data under different operation conditions is required 

to predict the damper's response. These kinds of models include Chebychev 

polynomials [1 09, 112], neural networks [I 06, 129, 125, 127], and neuro-fuzzy systems 

[69]. 

Parametric models use mechanical elements such as masses, spnngs and dashpots 

connected in appropriate arrangements to represent the device characteristics. The 

parameters of these elements are then determined by matching experimental results. 

These parametric models are summarised below. 
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Bingham model 

The Bingham model can be used to represent the stress-strain behaviour of MR fluids in 

which an ideal Bingham body behaves as a solid until a minimum yield stress r Y is 

exceeded and then exhibits a linear relation between the stress and the shear rater. 

Accordingly, the shear stress r developed in the fluid is given by 

(3.1) 

where r Y (field) is the yield stress caused by the magnetic field and 7J is the viscosity of 

the fluid. 

Based on the Bingham model, Stanway, Sproston and Stevens [ 122-123] proposed an 

idealised mechanical model, still called the Bingham model, which consists of a 

Coulomb frictional element in parallel with a dashpot for the behaviour of an ER 

damper, as shown in Figure 3.16. The model was adopted by Spencer Jr. et al. [75] for a 

small-scale MR fluid damper. The damper force is expressed as: 

f = fc. sgn(x )+ c0x + j~ (3.2) 

where f is the damper force , fc is the friction force, sgn(") the signum function, x the 

velocity, x the displacement, c0 the viscous coefficient and fo is an offset of the damper 

force to account for the nonzero mean due to the presence of the accumulator . 

.-------I!Jio;.,.... X 

f '-fo 

Figure 3.16 Bingham model of a fluid damper [122-123] 
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Figure 3.17: Comparison between the Bingham model and experimental results [75] 
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The model is tested with the 2Hz sinusoidal response data in which the commanded 

voltage supplied to the current driver is 1.5V. The model parameters are chosen as 

follows: fc =670N, c0 =50Ns/cm, and fo = - 95N. As can be seen in Figure 3.17, 

although this model accurately describes the fluid behaviour beyond the yield point, it 

does not capture the behaviour of the damper in the pre-yield region near zero velocity. 

In particular, this model does not represent the nonlinear force-velocity relationship of 

the damper when the velocity and the displacement have the same signs and the 

magnitude of the velocities is small. As a result, this model may be used for response 

analysis rather than control analysis. 

An extended version of the Bingham model was presented by Gamota and Filisko in 

1991 [ 11 0]. It consists of adding a standard linear solid model in series to the original 

Bingham model, as shown in Figure 3.18. The force in the system can be described by: 
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f = ki (~2 - XI)+ CI.(.x2 - XI)+ fo) 
= c0x1 + !_. sgn (x1 )+ fo 
= k2(x3- x2) + fo 

f : k, ( x2 - xJ + c, X, + fo} 
- k2 (x3 - x2) + fo 
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l!l> fc (3.3) 

l!l~fc (3.4) 

where k1 , k2 , and c1 are the parameters associated with the linear solid model, c0 is the 

damping coefficient for the Bingham model. 

The frequency and voltage are kept the same, as 2.5 Hz and 1.5V respectively. The 

model parameters are /_. = 650N, c0 = 500 Ns/cm, c1 = 1300 Ns/cm, k1 = 5 x 104 N/cm, 

k1 = 2 x 106 N/cm and fo = -95 N. The comparison between the predicted responses and 

experimental data is shown in Figure 3.19. It can be seen that this model can capture the 

force-displacement behaviour of MR damper well, and more closely resembles 

experimental results. However, the hysteretic relationship between the force and the 

velocity of the MR damper is still not accurately reproduced, especially near zero 

velocity. Furthermore, thi s model poses numerical challenges such as requiring very 

small time steps to simulate the system [75]. 

\. .,...... ............. ---. .......... . .f- f 0 

Figure 3.18 Extended Bingham model [110] 
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Figure 3.19 Comparison between the extended Bingham model and experimental results [75] 

Bouc-Wen model 

Spencer et al. [75] presented the Bouc-Wen model, as shown in Figure 3.20, to express 

the behaviour of a MR fluid damper due to an approach of Wen [126] to reproduce the 

response of hysteretic systems. The force generated by the MR damper can be given as 

(3. 5) 

where c0 is the is the viscous coefficient, k0 is the stiffness of the linear spring, x0 is the 

initial displacement of spring k0 , a is the scaling factor associated with the yield stress 

of the MR fluid and z is an evolutionary variable given by 

(3.6) 
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Figure 3.20 Bouc-Wen model of MR Damper 

The model parameters are chosen as follows: a= 880N/cm, c0 = 500Ns/cm, 

ko = 25N/cm, r = 100cm-2
, f3 = 100cm-2, n = 2' 0 = 120 and Xo = 3.8 em. Figure 3.21 

shows a comparison between the predicted responses and experimental data and, as can 

be seen, the Bouc-Wen model can well portray the behaviours of MR dampers. 

However, the non-linear force/velocity response of Bouc-Wen model cannot be well 

captured when the magnitude of veloci ty is small [75]. 

.... ·····~ ··········· I 
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Figure 3.21 Comparison between the Bouc-Wen model and experimental results [75] 



3. MR Fluids and Devices 55 

Modified Bone-Wen model 

A modified Bouc-Wen model, as shown in Figure 3 .22, was also proposed by Spencer 

et al. [75] to improve the prediction of the MR damper response. 

where the evolutionary variable is governed by 

z = -rz I x- .Y II z ln-1 -JJ(x- .Y) I z In +8(x- .Y) 

Solving (3. 7) for results in 

f = az + c0 (x- y) + k0 (x- y) + k1 (x- x0 ) 

From Equation (3. 7), the total force can also be written as 

/. 

k 1 

Bouc-.. ~Ven 

---·+~ 

c 

X .. 

I' 

Figure 3.22: Modified Bouc-Wen model ofMR Damper [75] 

(3.7) 

(3.8) 

(3.9) 

(3 .1 0) 

(3 .11) 
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Figure 3.23 Comparison between the modified Bouc-Wen model and experimental results [75] 

The model parameters are given as follows: a = 963 N/cm, c0 =53 Ns/cm, 

k0 = 14 N/cm, c1 = 930 Ns/cm k
1 

= 5.3 N/cm,y = 200 cm-2
, f3 = 200cm-2

, n = 2, 

o = 207 and x0 = 18.9 em. A comparison between the predicted responses and the 

experi1nental data is shown in Figure 3.23. As might be expected, this model can predict 

the behaviour of the damper very well in all regions [75]. However, this model does not 

take the non-symmetric hysteresis into account. Furthermore, there exists differential 

equation in this model that may affect the system robustness and hamper the feasible 

controller. 

3.5 Control of MR dampers 

The performance of a structural control system depends heavily on the control 

algorithms [ 116]. A variety of control algorithms have been proposed. These algorithms 

include Lyapunov based controller, clipped-optimal controller, sliding mode control, 

and so on. 
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Recall the model of a SDOF system under earthquake: 

mx(t) + cx(t) + kx(t) = - J(t)- mx g (t) (3 .12) 

where m is mass of the structure, c is damping of the structure, k is stiffness of the 

structure, x(t) is displacement of the structure, and x g (t) is ground acceleration caused 

by earthquake and f(t) is the control force generated by the control device embedded 

with the structure. 

Consider a multi-storey building model subject to vibration under the influence of the 

ground excitation x g during an earthquake. Let the vibrational displacements of each 

storey be x 1 • Each storey has respectively mass m1 , viscous damping coefficient c1 and 

stiffness (spring) coefficient k1 • These variables are lumped into corresponding matrices 

M , C and K . In general, the equation of motion for n-storey can be described by 

Mx+Cx+Kx = rr +MAXg, (3.13) 

and f = [J;, / 2 , ••• , fn r is the vector of forces generated by the dampers. Matrix r is the 

gain matrix determining the control effect on the building, and A= (1 ... 1 Y is a 

distribution matrix showing the effect of earthquake acceleration. 

The mass matrix takes the form 

M = diag([ml ... mn D (3 .14) 

The stiffness matrix takes the form 

kl +k2 -k2 0 0 
-k2 0 

K= (3.15) 
0 -k 

17 

0 0 -kn k /1 
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The damping matrix takes the form 

el + e2 -e2 0 0 
-e2 0 

C= (3.16) 
0 -en 
0 0 -en en 

The equation of motion can be further rewritten in the state-space form by defining a 

system state y = [x T iT r E R 2n and is given as 

(3 .18) 

where A 0 is the system matrix, B0 is the gain matrix and E 0 is the disturbances 

(emihquake excitation and model uncertainties) of appropriate dimensions. Note that the 

structure of matrix B 0 specially accounts for the damper configuration on the structure. 

Lyapunov-Based Control 

There have been several control algorithms for structural control based on Lyapunov 

Stability Theory [111, 117-1 18, 1 62]. This approach requires the choice of a Lyapunov 

function V(y) which must be a positive definite function of the state variables y. 

According to Lyapunov Stability Theory for a system of stable equilibrium point, the 

system is stable if the derivative of Lyapunov function V(y):::;; 0. A Lyapunov function 

can be chosen as 

V(y) = ~ IIYII~ (3 .19) 

where jjyjiP is P-norm of the states defined by 

(3.20) 
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In Equation (3.20) P is a real, symmetric, positive definite matrix. To ensure V to be a 

negative definite in a linear system, the matrix P is found by solving the Lyapunov 

equation as 

(3 .21) 

where Q Pis a chosen positive definite matrix. The derivative of the Lyapunov function 

becomes 

V = _ _!_y TQ Py +y TPB 0f +yPE 0 xg 
2 

To minimise the V , the control law is chosen as 

v = {Vmax for y TPB oih < 0 
' 0 for y TPB 0ih ~ 0 

One can rewrite as 

Where H() is the Heavi ide tep fun tion. 

Linear Quadratic Regulator (LQR) control 

(3.22) 

(3.23) 

(3.24) 

Linear Quadratic Regulator (LQR) has been used frequently for semiactive control 

systems due to its simplicity and stability. This method aims to maintain the desired 

system state with minimum control effort. The desired control force can be obtained by 

minimising the performance index as 

OCJ 

J = I ( y T Qy + f T Rf )dt ' (3.25) 
0 

which yields the desired control forces 

1 -1 T 
f c = --R B 0 Py = Gy 

2 
(3.26) 
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where Q is a given positive definite matrix, R is a given positive matrix, and P is a 

positive definite matrix solving for a Riccati equation as 

T 1 -1 T PA 0 +A 0 P --PBR B 0 P+ 2Q=O 
2 

(3 .27) 

After determining the desired control force, an inverse neural network is employed to 

calculate the required voltage for the production of such desired force [107, 130], as 

shown in Figure 3.24. 

g,. 
.. J x.x - MR damper Building . ... .. .. --

v = 0 or v = tnax .. 
~ No 

v ,....---

Inverse Yes MR Control ~ '--- .... ~. 

NN model 
... 

fd constraint -- fu algorithm ...._ 
L. + t t 

Figure 3.24 LQR and inverse Neural Network model ofMR damper [107, 130] 

Clipped-Optimal Control 

This is one of the most commonly used algorithms proposed by Dyke et al. in 1996 and 

its details can be found in [20-21 , 32, 116]. The schematic diagram of this algorithm is 

shown in Figure 3.25 where a linear optimal controller K c (s) is designed to determine 

the desired control force, f ., based on the measured structural responses, p , and the 

measured force, f : 
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(3.28) 

where L{-} is the Laplace transform and L-1 
{-} is the inverse Laplace transform. 

To control the damper generating the desired control force, the following strategy is 

applied. If the MR damper force is equal to the desired control force, the voltage applied 

to the MR damper should remain unchanged. When the MR damper force is smaller 

than the desired control force and the two forces have the same sign, the applied voltage 

to the current driver is increased to a maximum level vmax in order to increase the 

damper force to match the desired one. Otherwise, the commanded voltage is set to 

zero. This algorithm for selecting the voltage signal is graphically represented in Figure 

3 .26 and described by: 

(3.29) 

where Vmax is the maximum voltage and H(.) is the Heaviside step function. 

l <g 
l' 1v1R f v 

Structure 
.. .. 

r Damper 

r X], X] 
'-

... f I v = VmaxH{(jc- f}f} 
fc 

- Kc (s) ._ 

Control Law 

Figure 3.25 Block diagram of clipped-optimal control [21] 
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Figure 3.26 Clipped-optimal control [21] 

As can be seen in Equation 3.29, the command voltage takes on the value of either zero 

or the maximum which may cause high local accelerations in the case of the system 

with low dominant frequencies. To tackle this, Yoshida and Dyke [101] proposed a 

modification to the original clipped-optitnal control algorithn1 to reduce this effect. In 

the modified version of the algorithm, the control voltage can be any value between 0 

and Vmax . The control voltage is determined using a linear relationship between the 

applied voltage and the maximum force of the MR damper. When the desired force is 

larger than the maximum force that the device can produce, the maximum voltage is 

applied. This modified clipped-optimal control algorithm is graphically represented in 

Figure 3.27, and can be given as follows: 

in which 

for lh·i I :=;; fmax 

for lfci I > /max 

where J-L = ~nax I fmax and J;nax is the maximum force generated by the MR damper. 

(3.30) 

(3 .31) 
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Figure 3.27 Modified clipped-optimal control [101] 

Figure 3.28 illustrates another modified version of the clipped-optimal control 

algorithm. Although the modified clipped-optimal control algorithm could reduce peak 

accelerations significantly, the modification of the original clipped optimal control 

algorithm might increase peak drifts slightly [ 1 0 1]. In this study, another modified 

version is proposed to solve the problem of an increase in peak drifts. To do this, Jung 

et al. [116] proposed the voltage in the region l.fci l::; fmax as follows: 

v· = {1-!fc; for lh I ::; lici I < alh I 
Cl vmax for l!:i I ~ ali, I (3.32) 

fc; 

Figure 3.28 Another modified ve rs ion of cl ipped-optimal control [ 116] 
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As shown in the equation 3.32 and in Figure 3.28, if there is a remarkable difference 

between the desired control force f . and the actual control force J:, the command 

voltage supplied to the MR damper should be the maximum value Vmax . Otherwise, the 

voltage should be calculated according to the modified algorithm [ 116]. 

Sliding Mode Control 

The theory of variable structure system (VSS) or sliding mode control (SMC) is a 

robust control technique designed for systems subject to model uncertainties and 

external disturbances [1 08]. An example of using the sliding mode controller of a 

building can be found in [ 161]. Within the SMC framework, a nominal system is 

formulated while all uncertainties and disturbances are excluded from the system. In 

SMC technique, a sliding surface is firstly determined such that the system response is 

stable and satisfies some performance criteria. The SMC controller is then designed to 

drive the system response trajectory into the sliding surface and maintain it there. 

For simplicity, let S = 0 be a r-dimensional sliding surface comprising a linear 

combination of the state variables 

S = Py =0 (3.33) 

where S = [S1, S2 , • •• , S,. Y is a r -vector of r sliding variables, r is the number of 

controllers, and P is a ( r x 2n) matrix to be calculated such that the motions of state 

variables on the sliding surfaces are stable. 

To make sure the system response trajectory to be maintained on the sliding surface, 

once it reaches there, one has S 0 . It follows from equations 3.33 and 3.17 in 

which the external excitation is neglected, however, it is taken into account in the design 

of the controllers. 

(3.34) 

The solution of (3 .34) gives the so-called equivalently desired control forces f e that keep 

the response trajectory on the sliding surface. 
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(3.35) 

To determine the matrix P , the state variables in Eq. 3.1 7 are converted to the regular 

form by the following transformation [ 124] : 

q = Dy or y = D- 1 q (3 .36) 

where Dis a transform matrix: 

(3.37) 

(3 .38) 

In which I 2n-r and 1,. are (2n - r ) x (2n- r) and (r x r) identity matrices, respectively, 

and B0 1 and B02 are (2n- r )x r and (r x r) submatrices of the B0 matrix. The 

(r x r) B 02 matrix should be non-singular. If the B02 matrix is singular, the state 

equation 3.17 should be rearranged such that the B02 n1atrix becomes non-singular. 

The new state equation and sliding surface become 

(3.39) 

S = Pq = 0 (3.40) 

where: 

P = rn-1 . 
' (3.41) 

Let q, A0 , and P be partitioned, one has 



3. MR Fluids and Devices 66 

q = l ::J (3.42) 

where q 1 and q 2 are 2n-r and r vectors, respectively, and A011 , A 022 , P1 and P2 are 

(2n- r )x (2n- r), (r x r), r x (2n- r) and (r x r) matrices, respectively. Substituting 

Equation (3.42) into Equations (3.39) and (3.40), the state equations and sliding surface 

become 

(3.43) 

(3.44) 

The matrix P2 can be chosen as identity matrix, P2 = Ir, for simplicity. The Equations 

(3.44) and (3.43) can be rewritten as follows 

(3.45) 

(3.46) 

The matrix P1 can be determined using Equation (3 .46) such that the motion q on the 

sliding surface is stable. Then the matrix Pis obtained from Equation (3 .41 ). There 

have been several methods to determine the P matrix such as pole assignment, LQR, 

and so on. The LQR method is selected to determine P by minimising the performance 

index J as follows 

(3.47) 

where Q is a (2n x 2n) positive definite matrix . Using the transformed state vector q , 

the performance index J becomes 

(3.48) 



3. MR Fluids and Devices 67 

where 

T = (n -1 r QD -1; (3.49) 

in which T11 and T22 are (2n - r )x (2n- r) and (r x r) matrices, respectively. 

Minimising J given by Equation (3 .48) and the constraint in the Equation (3.43), one 

has 

(3 .50) 

where P is a (2n- r )x (2n- r )matrix solved by the Riccati equation as 

(3.51) 

where 

(3.52) 

The P; matrix can be obtained by comparison (3.45) and (3.50) as 

(3.53) 

The P matrix is obtained from (3.41) as 

(3.54) 

The next step is to design a controller which drive the state trajectory into the sliding 

surface S = 0. A Lyapunov function Vis proposed for this purpose as 

(3 .55) 

The system is stable if the derivative ofLyapunov function V(y ):::; 0 



3. MR Fluids and Devices 68 

(3 .56) 

Taking derivative and using the state equation (3 .17), one has 

r r 

V = 1(fc - G)= LAi(fci- GJ=IV (3.57) 
i=l i=l 

Where .A and G are r-vectors, respectively, and fci is the ith desired control force 

(3.58) 

To make sure V(y) ~ 0, a possible controller is proposed as 

f ci = a i G i - B i 1 i 

= a i {- (PB 0 t 1 P(A 0y + E0 )t- Bi (s TPB 0 } 
(3.59) 

In which ai E [0,1] is the lower and upper bound of the control force to be specified by 

the designer, and () i ~ 0 is referred to as the sliding margin. 

The desired control force is determined in 3.59. The voltage applied to the damper is 

then chosen by the clipped-optimal control law (3 .29) to obtain such control force. 

3.6 Summary 

MR fluids and devices, especially dampers, have been introduced in this chapter. 

Semiactive devices using MR fluid exhibit the best features of passive and active 

devices . A drawback that hinders the application of the MR damper is its strongly 

nonlinear behaviour. To develop a control strategy that takes maximum advantage of 

that unique device, a model must be obtained. The non-parametric models are good for 

analysis rather than for control analysis, and the well-known Bouc-Wen model and 

modified Bouc-Wen model have been used to control the device satisfactorily. 

However, these models do not taken into a~ccount the non-symmetric hysteresis in the 

force-velocity relationship. Moreover, there exist the differential equations in these 

models that may affect the system's robustness and hamper the feasible controller. A 
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model of MR damper that can take into account the non-symmetric hysteresis, avoid 

differential equations, or have less parameters to be identified, may be encouraged for 

controller design. Previous control algorithms for MR dampers have been introduced. 

These algorithms usually comprise three steps such as i) determine desirable force, ii) 

measure MR damper force and iii) determine the command voltage to MR damper 

based on i) and ii). A controller that can directly deliver the command voltage without 

the desirable force and the actual MR damper force previously required may improve 

system performance. 
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Chapter 4 

Genetic Algorithm and Its 

Application in Modelling of a 

Magneto-Rheological Damper 

4.1 Introduction 

This chapter describes the development of a non-symmetrical Bouc-Wen model for a 

MR damper. This model is based on the Bouc-Wen model in which the effect of non-

symmetric hysteresis between the MR damper force and its velocity is taken into 

account. The MR model parameters are then identified with a Genetic Algorithm (GA) 

using its flexibility in the identification of a complex systetn. The computational 

efficiency of the proposed GA is improved with the absorption of the selection stage 

into the crossover and mutation operations. Crossover and mutation are also made 

adaptive to the fitness values such that their probabilities need not be user-specified. 

Instead of using a sufficient number of generations or a pre-determined fitness value, 

the algorithm termination criterion is formulated on the basis of a statistical hypothesis 

test, thus enhancing the performance of the parameter identification. Experimental test 

data of the damper displacement and force are used to verify the proposed approach 

with satisfactory parameter identification results. 
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4.2 Genetic algorithms 

A genetic algorithm (GA) can be viewed as a stochastic search method [138]. A set of 

potential solutions called chromosomes is firstly generated randomly to represent the 

parameters. Traditionally, the chromosomes are coded in binary format; however, 

implementations using floating point numbers may also be used [ 13 8]. The algorithm 

proceeds along iterations called generations with the evaluation of an objective 

function, fitness , then goes through the selection, crossover, and mutation operations. 

Upon the satisfaction of a terminating criterion, the algorithm reports the best 

chromosome found thus far as the near-optional solution. 

4.2.1 Traditional GA pseudocode 

During the development of GA, variations to traditional procedures have been proposed 

in a large amount of literature. The following pseudocode describes the traditional GA 

[ 136]. 

begi n GA 

Identify structure of s o lution and generate chromos omes 

wh ile not done do 

Evaluate f itness f unction 

Select chromosomes 

Perform crossover 

Perform mutation 

end while 

Report best chromosome as solution 

end GA 
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4.2.2 Strengths and weaknesses 

The GA is a multi-agent parallelised stochastic search method while numerical 

optimisation methods usually operate as a single agent approach and the efficiency 

depends on the availability of an appropriate initial solution. GAs also feature flexibility 

in a model-free manner in the sense that there is no need for solutions of gradients or 

derivatives which may be difficult for highly non-linear systems. In terms of 

convergence, GAs do not require good initial values. GAs starting with a random 

coverage of the solution space will be sufficient to start the algorithm. The convergence 

is also well proven by the Schemata Theorem [136]. 

As a multi-agent approach, GAs generally repeat evaluations of potential solutions. This 

characteristic may extend the convergence time or drifts may occur [139]. Moreover, as 

in many other optimisation methods, it may be difficult to design control parameters for 

the algorithm. In particular, the GA has to perform selection, crossover and mutation for 

all chromosomes in a population according to control parameters such as crossover 

probability and mutation probability. There has been various progress in improving the 

efficiency, for example, by the choice of selection schemes [140] and crossover 

operations [ 141]. 

4.2.3 Applications of GAs in Modelling and Control 

Apart from adopting numerical optimisation techniques in identifying the MR damper 

model parameters, evolutionary computing techniques also find wide applications 

owing to their independence from the requirements for analytic and derivative model 

expressions. For example, in [24], fuzzy logic, simulated annealing and Genetic 

Algorithms (GAs) were employed for Jiler-Atherton model identification. In [27], the 

parameters of a MR damper model were identified by a GA, where the damper was used 

in the vibration reduction of a vehicle. However, the GA implementation was in its 

standard form, using a fixed number of generations for iteration with predetermined 

crossover and mutation rates. Thus, the algorithm efficiency therein was not considered. 
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Early developments in GAs [136] relied on the coding of potential solutions in binary 

strings and on being operated by evolutionary operators. Recent practices mostly code 

the solutions using real numbers [138], and operational efficiencies are improved. The 

implementation of a GA, in general, requires the specification of selection schemes 

affecting the convergence of the GA [137] as well as the bias effects [134]. There are 

also several problem-dependent control coefficients, for example, crossover and 

mutation rate, that need to be specified. Furthermore, it is difficult to define the 

termination criteria for the algorithm. Comrnonly adopted strategies depend on the 

expiry of a certain number of generations or the attainment of a pre-determined fitness 

value. However, there are no established guidelines available in setting these control 

coefficients, see [142]. Hence, a motivation of our work is to develop a GA that 

involves adaptive crossover and mutation, and operates independently on the control 

coefficients. 

4.3 Proposed non-symmetric hysteresis Bouc-Wen 

model 

4.3.1 MR damper and Bone-Wen model parameters 

A 1najor drawback of the MR damper is its nonlinear force/displacement and hysteretic 

force/velocity response. In the magnetorheological (MR) damper, whose schematic is 

shown in Figure 4.1(a), a magnetising coil is built in the piston or on the housing. 

When a current is passed onto the coil to apply an external magnetic field, tiny 

suspension particles of the MR fluid are aligned and the yield stress of the fluid is made 

changeable within milliseconds. Consequently, a controllable damping force is 

produced. The MR damper used in this work is the RD-1 005-3 model, manufactured by 

the LORD Corporation. The damper has a compressed length of 155 mm, weighs 800 g, 

accepting a maximum input current of 2A at 12V de and has a response time of less 

than 25 ms. The characterisation setup, shown in Figure 4.1 (b), is used to collect 

experimental data to characterise its operation. A sinusoidal excitation of small 

magnitude (e.g., 4-18 mm) at low freque ncies (e.g. , 0.5-2 Hz) is applied from a 
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hydraulic drive to the damper. The damper forces generated, under the application of a 

set of magnetising currents between 0 and 2 A, are measured by a force sensor (load 

cell) mounted on the upper end of the damper. The displacement and the damper force 

readings are recorded for parameter identification. 

Bea ring & Seal___, 

Fluid !low 

Coil 

Accumulator 

(a) (b) 

Figure 4.1 MR damper: (a) Schematic, (b) Set-up for characterisation. 

The following figures show typical characteristics of the MR damper. The test 

displacement drive, a sine wave at 1 Hz and 12 mm magnitude, is shown in Figure 4.2, 

while the resultant datnper force at a magnetisation current of 0.5 A is shown in Figure 

4.3 and the non-linearity between displacement and force is evident. The 

force/displacement hysteresis is illustrated in Figure 4.4, while Figure 4.5 depicts the 

hysteresis relating the damper force and velocity. 
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Figure 4.2 MR Damper displacement 
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Figure 4.3 MR Damper force 
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Figure 4.4 MR damper Force I Displacement 
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Figure 4.5 MR damper ForceN elocity 

The Bouc-Wen model is a set of differential equations describing the hysteretic 

characteristic of the damper force/velocity response. The schematic model and 
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mathematical equations of this model can be seen, in Chapter 3, in Figure 3.20 and 

equations 3.5 and 3.6 respectively. 

It is observed that the damping force f is the sum of three components generated by the 

dashpot c0x, the spring force k0x (with static displacement offset / 0 ) and the force due 

to hysteretic term az . An approximate interpretation on the effect of the parameters on 

the damper force can be stated as follows. 

Let the hysteresis scaling factor be set to zero, i.e., a= 0. The MR damper behaves as 

an ordinary dash-pot in parallel with a spring. If we further ignore the static 

displacement term, fo = 0 , then the damping force produced can be approximated by 

the slope at the two ends of the hysteresis. This occurs when the velocity xis at its 

extremes while the displacement xis crossing zero. Assuming that the hysteresis is 

symmetric about the zero velocity axes and about the force offset, then the slope can be 

further defined as shown in Figure 4.6 and is bounded by 

C < 11/ = fmax - /min 
Omax - A.:_. • _ • ' 

LU. xmax xmin 
(4.1) 

where !max and !min are the maximum and minimum damper forces, xrnax and xrr.in are 

respectively the maximum and the minimum velocities. For example, the difference in 

the damper force is 4f ~ 350-- (- 950) = 1300 N while the difference in velocity is 

M ~ 0.075- (- 0.075) = 0.15 m/s. Then the slope can be calculated from c = 1300/015 

= 8.67 x 104
. On the other hand, if the hysteresis does not exist, then 11/ will be smaller 

than 1300 N, then the slope obtained will be smaller than 8.67 x 104
. Therefore, the 

slope calculated becomes a higher bound and denoted as c0 max as above. In the 

identification of model parameters, the average value 0.5c0 max is adopted for practice 

convergence. 

Similarly, when the velocity is zero, the displacement attains its max1mum and 

minimum values. Due to severe nonlinearity, an empirical approximation to the spring 

constant is upper bound by 
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k < fj.j = fmax -/min (4 .2) 
Omax - ' 

Lix xmax - xmin 

fo = ~nax +/min . ( 4.3) 
2 

For the remaining model parameters, they are directly responsible for the shape of the 

hysteresis. In general, understanding their physical meanings is not straightforward 

[135] and some experimental trial and error tests are necessary to observe their effects 

on the shape of the hysteresis. The parameter a is a scaling factor for the hysteresis, but 

before a solution of the hysteresis differential i becomes available, an explicit value 

for a is difficult to obtain. The parameter 8 affects the rate-of-change of the hysteresis 

through the product with the velocity, i.e., the term 8x. Its effect is negligible when the 

velocity is small. It is more noticeable at large velocities where it contributes to the 

slope of the hysteresis . In general, the hysteresis is not largely dependent on 8 . Hence, a 

small value for 8 is anticipated. The model parameters f3 and r affect the hysteresis rate 

through the expressions f3xl zln and rzlxllzln-l . 
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Figure 4.6 Effect of parameters on hysteresis 
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Note that the ranges and effects of the parameters, identified above, will be used in 

determining the initial values of the chromosomes in the proposed genetic algorithm. 

However, it should be noted that these values serve as a guide only as their values will 

be altered by the genetic operators. 

4.3.2 Non-symmetric hysteresis Bouc-Wen model 

From the experimental force/velocity data obtained in experiments, it is observed that 

there is a non-symmetric hysteretic response, especially in the vicinity of zero velocity, 

when the effect of hysteresis begins to take effect. In this work, this phenomenon is 

called the shifted hysteresis and it is illustrated in Figure 4.7. 
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Figure 4.7 Typical shifted hysteresis 

The strategy adopted is to adjust the velocity value in calculating the hysteretic variable. 

Recall the expression for the hysteretic variable differential 
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The hysteresis changes its slope abruptly according to the value of lxl. This expression 

can be manipulated and rewritten as 

z = (8- (fJ + ysign(zx )~zln ~' (4.5) 

.X~ (x- j.lSign(x )) (4.6) 

where f.1 is the scale factor for the adjustment, and sign(.) is the signum function. 

On the upper right hand side of the hysteresis (positive velocity and displacement), the 

adjustment results in an advanced switching of the hysteresis. Note that at the extremes 

of the hysteresis (left and right hand tips), the velocity is at its extreme value while the 

displacement crosses zero, for example, x ~ 0. 

At these extremities, the adjustment becomes 

J.iSign(x) __, Ol x-=o (4.7) 

and the effect of the adjustment is nullified. The overall effect is to shift the hysteresis 

switching in the vicinity of zero velocity while maintaining the hysteretic shape on the 

rest of the hysteresis loop. 

The parameters (with an additional coefficient f.1) of the non-symmetrical Bouc-Wen 

model that need to be identified will have a coupling effect on the hysteresis and are 

subject to severe nonlinearities. In general, conventional or gradient based system 

identification methods may not be appropriate as they require more parameters to be 

identified at a given accuracy or more computational resources for a given model. In 

this regard, an evolutionary computation technique, the Genetic Algorithm, is believed 

to be a more applicable approach for this task [ 41]. 
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4.4 Identification by Proposed 

Efficient GA 

Computationally-

An efficient GA is developed in this part where the computation load will be reduced 

and the termination is properly determined. A number of experimental data are collected 

with different sinusoidal excitation frequency, excitation displacement magnitude and 

magnetisation current settings. Another set of force/displacement data is generated from 

the damper model using a 4th order Runge-Kutta routine with parameters obtained 

from GA chromosomes. A conceptual sketch is shown in Figure 4.8 and the 

implementation is described in the following subsections. 

Displacement 'MR. Damper 
(real) 

MR. Damper 
(simulated) 

Parameters 
(chromosome pool) 

Damper Force 

Figure 4.8 MR damper parameter identification by GA 

4.4.1 Chromosome structure 

Upon the identification of the solution structure, a set of real-value random numbers 

(the chromosomes) is generated corresponding to the possible ranges of the solutions. 

The parameters to be identified are c, k, fo, a, 5 , /3 , y, nand fl, hence, the chromosome 

becomes 
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The number of chromosomes is chosen as N = 50. Each chromosome contains 9 genes 

of real numbers corresponding to the parameters to be identified. It is well known that 

the GA convergence time for a solution is affected by the initial search space for the 

problem. From the analysis of the effects of the parameters on the hysteresis, 

approximate initial ranges for the parameters are determined. The following initial 

values of the hysteresis parameters are given as 

c = 0: !1/ 
~ 

k = 0: !1/ 
~ 

- -
/ 0 = 0.9/:1.1/ 
a= ~:1.5~ 

8 = 5e 3 
: 5e 5 

f3 = le 6 
: 5e 6 

r = le 6 
: 5e 6 

n = 2:5 
.X 

JL=O :~ 
5xmax 

where 11~ = f~nax - ~mm , !1f = fm ax - /min and J is the average damper force. 
& 2(xmax -X min) ~ 2(xmax - xmin) 

(4.9) 

It is noted that setting the initial chromosome values is largely problem dependent and 

in practice, some a priori knowledge of these values may not be available. With the use 

of the crossover and especially the mutation operator in GAs, chromosomes will be 

driven across the solution search space. Upon the elapse of sufficient generations, the 

search space can be covered and a near-optin1al solution found. 

4.4.2 Fitness function 

A function value, called the fitness, quantifying the optimality of a parameter set (a 

chromosome) is evaluated during a genetic iteration (generation). The design of the 
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fitness is also problem dependent. In this work, the fitness is designed from the average 

sum of normalised square error between the simulated and experimental data. That is 

( 4.1 0) 

where n is the number of data points, v; E [-1, 1] is the normalised velocity, given by 

vi (-- x; -min {x; }, 
I 

2v V(-- I -1 
I max{v;} 

( 4.11) 
I 

Each simulation/experiment data point is indexed by subscript i, superscripts sim and 

exp denote simulation and experitnent, and !'!.f = fmax - fmin is the difference in 

experimental force data. Note that a small error indicates a fitter chromosome and a 

better matching between the model and the experimental data. 

The error is inverted to form the fitness such that a large fitness follows the convention 

in the traditional GA. The intermediate result is further normalised such that the fitness 

falls between zero and unity. That is 

fit ~--1- e; 
1 max{e;} 

(4.12a) 
I 

fit; (-- fit; --min {fit;} (4.12b) 
I 

( 4.12c) 

Note that the fitness function acts only as a relative comparison indicator for individual 

chromosomes and does not carry physical interpretations. 



4. Genetic algorithm and its application in modelling of a MR fluid damper 84 

4.4.3 Selection 

According to the traditional GA implementation, those chromosomes with a higher 

fitness will be copied more frequently. We have 

( 4.13) 

that is, the probability of the existence of a chromosome in generation k + 1, which 

already existed in generation k, is determined by its fitness value. 

A roulette wheel, as a proportionate scheme, is frequently used as a pointer in selection 

for its simplicity. Other selection approaches include the stochastic remainder, ranking, 

tournament selection and others [134, 137] . During the selection process, the fitness is 

sorted in the first phase and a set of scheme dependent pointers are generated. The 

procedure is then followed by a sequential comparison and finally a set of copied 

chromosomes is produced. 

In general, it is always desirable to reduce the number of chromosomes in the GA such 

that the amount of computations can be reduced. Unfortunately, due to the reduced 

nun1ber of pointers required (for a reduced nu1nber of chromosomes), the generation of 

exact, uniformly distributed pointers cannot be realised in practice. For example, the 

number of a particular chromosome must be an integer while the probability is a real 

number. This results in biased selections subjected to stochastic effects. 

In this work, selection is not explicitly implemented but is incorporated in the crossover 

operation as described below. This approach, without going through the sorting and 

comparison operations, effectively reduces the computational load. 

4.4.4 Crossover and mutation 

Crossover and mutation, as found in traditional GA implementations, are two important 

procedures that direct the search for solutions by exploitation and exploration. The 

former procedure aims to refine the best solution found so far while the latter is devoted 
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to searching for the solution spaces that have not been covered. Their fitness dependent 

adaptive implementations employed in this work are described below. 

Crossover 

In the binary-coded approach in GAs, a bit in the chromosome string is used as a pivot 

and sectors of a pair of randomly picked chromosomes are exchanged. The resultant 

pair then replaces the original chromosomes. In the real-coded implementation, 

crossover is performed by the arithmetic mean between the corresponding parameter 

within the chromosome. 

1. Randomly choose chromosomes ci' cj; for i,j E [l. .. N] 

2. If fiti > fit J , 

then generate a child chromosome and replace chromosome C 
1 

by 

C . f- rC + (1 - r )c J I J ( 4.14) 

then generate a child chromoson1e and replace chromosome ci 

( 4.15) 

4. Repeat from step 1 toN times 

The justification for the proposed procedure is as follows. As the complexity of GAs 

depends on the number of chromosomes used, each chromosome has to be manipulated 

by the selection, crossover and mutation operators. The removal of the selection phase 

will certainly reduce the computational load. When crossover is implemented in the 

proposed manner, high fitness chromosomes will have a high percentage of survival. 

The net result will then be equivalent to selection. Therefore, the replacement of the 

less-fit chromosome results in moving this chromosome towards the fitter one and 

hence contributes to convergence at the final optimal solution. 
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Mutation 

In order to avoid the algorithm being trapped in local optima, a randomly picked 

chromosome is added with a random number (e.g., a Gaussian random number, the 

magnitude is problem dependent). This procedure is able to pick chromosomes of low 

fitness and modify or move them to unexplored regions of the solution space in order to 

obtain better solutions, that is, 

1. Repeat N times 

2. If fiti < r, then put 

( 4.16) 

where r E [0, 1] is a uniform random number and rn ~ N(0,0' 2
) is a normally distributed 

random number with a as the standard deviation of the initial population. This choice 

of mutation magnitude ensures a sufficient perturbation of chromosomes throughout the 

solution space. 

Note that the crossover procedure is implemented in a sense that the fitter chromosome 

acts as an attractor for these less-fit chromosomes. The latter may be considered as 

moved from their original locations in the solution space while the fitter chromosome is 

stationary. This results in a concentration of chromosomes in the vicinity of the fitter 

solution for exploitation, hence giving a higher solution precision. On the other hand, 

the mutation operator effectively directs less-fit chromosomes to arbitrary locations, 

thus exploring the solution space. In particular, the mutation rate is not fixed but is 

determined by the chromosome's fitness. By the structure of the fitness comparison to 

the uniform distributed pointer (r in Eq. (4.16)), below average chromosomes will be 

mutated more frequently . Furthermore, in the case that the average shifts to a higher 

value, the proposed mechanism automatically favours a higher mutation rate and thus 

effectively maintains a trade-off between exploitation and exploration. 
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4.4.5 Elitism 

The chromosome with the highest fitness obtained during the GA iteration is stored, 

which ensures the survival of the best chromosome in subsequent generations [ 65]. It 

will be replaced when a better one is found in subsequent iterations. 

For example, at the first generation, the chromosome having the fitness of possessing 

the minimum error among the other chromosomes is stored, i.e., e~in =mini {e:}. At the 

second generation, the minimum error (e!in) is compared to the stored error; if it is less 

than the previous one, then the stored minimum error is replaced. That is 

2 . { 2} emin +---min ei . 
I 

( 4.17) 

Otherwise, the stored minimum error stored at the second generation is copied from the 

previous generation, i.e., 

2 I emin +--- emin . ( 4.18) 

When the generation progresses, this elitism scheme results in a stored sequence of 

minimum errors where elements in the sequence are maintained in descending order. 

After crossover and mutation, a certain portion, e.g., 2% as used in this work, of the 

chromosomes are replaced by copies of the best chromosome. This strategy removes the 

destructive effect of crossover and mutation as encountered in the standard GA 

implementation where the best chromosome might be lost due to stochastic effects 

encountered. The choice of population portions to be replaced is a trade-off between 

convergence and the protection against loss of the best chromosome from crossover. 

4.4.6 Termination 

There are many possible ways to terminate the GA according to the problem domain. 

For example, the GA may terminate after the expiry of a fixed number of generations. 

Alternatively, one may monitor the change on the fitness, and GA terminate when there 

are no more significant fitness improvements. Apart from an ad hoc approach, these 
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thresholds are difficult to define. In the following, the termination IS treated as a 

decision making process and a statistic test procedure on the identification error 1s 

adopted in this work to determine the termination of GA iterations. 

0.014 

0.012 

0.01 

0.008 

0 t:: w 
0.006 

0.004 

0.002 

o ~--~----~----~----~----~----~----~--~ 
0 5 10 15 20 25 30 35 40 

Generation 

a) Minimum error vs. generation (solid), running average (dotted) 

0.9 

0.8 

0.7 

~ 0.6 

:0 
~ 0.5 
e 
a.. 0.4 

0.3 

0.2 

0.1 

..----..-----.------r-------r- -=-r----, 
.!, II I I ~ I I I I I I I II I I 1-

-t 1 1 I I I I 1 • 1 I I I I I I I-

I IIIII Ill II II II I ; 

0.002 0.004 0.006 0.008 0.01 0.012 0.014 
Error 

b) Distribution of minimum error (sol id), accumulated distribution (dotted) 

Figure 4.9 Termination based o n the trace of minimum error 



4. Genetic algorithm and its application in modelling of a MR fluid damper 89 

Error distribution 

As a result of the application of elitism, the stored minimum errors cannot increase over 

iterations, that is 

k < k-1 
emin - emin ( 4.19) 

where eJ~in is the minimum error at the present kth generation and a typical trace of the 

minimum error against the generations is shown in Figure 4.9(a). The current running 

mean of the error, plotted as a dotted line, is calculated from 

-k - 1 ~ j 
emin --k- ~emin 

g .J=g 
(4.20) 

where g is the generation in the case of an initial reduction in the error and k is the 

current generation index. 

When the solution is found, the minimum error cannot be reduced further but remains at 

a steady value. If the GA is allowed tQ iterate for a large number of generations and the 

minimum error sequence is expressed as a probability distribution, then an impulse 

located at the smallest error is anticipated. On the other hand, for a small number of 

generations, the errors may follow that of a unifom1 distribution. During the execution 

of the GA, as the number of generation increases, the error distribution changes from a 

uniform to an impulse distribution. By invoking the principle of maximum entropy, 

which avoids an over-confidence on the distribution of the errors, we choose to 

represent the minimum errors as an exponential distribution, see Figure 4.9(b) where the 

distribution is given as a histogram of 10 bins. The exponential distribution can be given 

by 

- 1-1 ( 1-1 .J \ p e - /l, exp - /l, emin " j = g ... k, ( 4.21) 

where A = e~1n is the latest running mean and e~in spans the possible values of all 

minimum error over the generations when there is an error reduction starting from the 

gth generation. The distribution is classified as exponentially distributed if sufficient 
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samples are available. In this work, kmin > 10 is required, counted after the initial error 

reduction. The cumulative error (dotted line) is also shown in the figure (the 1st bin is at 

5 5o/o while the 2nd bin is at 79%) and this metric is used in defining the rule to 

terminate the algorithm. 

Termination rule 

Owing to the characteristic of an exponential distribution, its cumulative probability 

possesses some salient features useful in determining the termination rule. For example, 

defining r; = A- 1 e~in and setting r; = 5 , the encompassed probability amounts to 0.9933 

while the probabilities are 0.9502 and 0.6321 for r; = 3 and 1 respectively. Let the 

probability distribution be described by a histogram as consisting of 10 bins each 

corresponds to 10% of error (e.g. Figure 4.9(b)), then a proper value for the mean A to 

cover all errors less than 20% is A,* = 0.2maxk {e~in} which corresponds to the 

probability of 63% within the first 2 bins. 

The termination strategy is proposed, such that, terminate the GA if a reduction of 

minimum error of greater than 20% of the maximum error is not expected in further 

generations. 

Therefore, the termination criteria employed in this work is defined as: 

A~ 0.2max{e~in} 
k 

(4.22) 

Recall that sufficient error samples are needed to confirm an exponential distribution 

and to have a hard-decision on the maximum number of generations ( kmax =50 in this 

work), we finally arrive at the following termination condition: 

Terminate at generation kif: 

((k > kmin) n (A- ~ 0.2 max {e~in }))u (k > kmax) (4.23) 

where n is the logical AND operator, u is the logical OR operator. 
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Note that, by the encompassed area under an exponential distribution (63% for the two 

bins in the error distribution corresponding to a 20% of error), the decision that the 

termination is made results in a power of 0.63 for the test according to the decision 

strategy proposed. 

Discussion 

The distribution shown in Figure 4.9(b) indicates an approximate exponential 

distribution. The probability in the first bin is shown above 80%, which results in a high 

confidence in terminating the GA such that further reduction in identification error is 

not likely. This rule permits an adaptive termination threshold according to the 

performance of the algorithm and relaxes the need for a specific threshold determined in 

an ad hoc manner. The choice of the 63o/o criteria can be further manipulated by the 

user. However, it should be noted that by the maximum likelihood criteria, any criteria 

larger than 50o/o can be chosen while a higher percentage threshold will extend the 

iterations. A trade-off between the computation load and performance should therefore 

be expected. 

4.5 Results 

In order to verify the performance of the proposed approaches, MR damper parameter 

identification processes will be conducted and compared in the context of model 

accuracy and the reduction in the number of generations needed in GAs. 

Test setup 

A collection of experimental data sets was obtained for a MR damper (LORD Corp. 

RD-1005-3) and fed into the proposed GA to identify the damper parameters of the 

standard and non-symmetrical Bouc-Wen models. The damper was excited by a 

sinusoidal displacement in several test cases with different excitation frequency, 

displacement magnitude and magnetisation current supplied to the MR damper. The 

experimental setups are shown in Table 4.1. The driving frequency varies from 0.5 to 2 

Hz, the supplied magnitising currents are between 0 to 2 A, displacement ranges from 4 

to 18 mm. The excitation frequency setting contains 3 entries, the current has 4 settings 
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and 3 displacements give a total of 3 x4x3 = 36 experimental data sets. Furthermore, the 

identi fi cation is carried out using the standard and non-symmetrical Bouc-Wen model 

while the algorithms employed include the standard GA and the proposed efficient GA. 

Table 4.1: Experimental setup for data gathering 

Current (A) Frequency (Hz) 

0.5 1.0 2.0 

0.0 6112118 4/8/12 6/6/8 

0.5 6/12/18 4/8/12 6/6/8 

1.0 6/12/18 4/8/12 6/6/8 

2.0 6/12118 4/8/12 6/6/8 
--

Identification results 

Typical results are shown in Figures 4.10 to 4.13 for different combinations in the 

model and variations in the GA. The standard Bouc-Wen model is used in tests leading 

to the results shown in Figures 4.10 and 4.11 with the standard GA and efficient 

implementations. It is very noticeable that the hysteresis switches only at points of zero 

velocity. Due to the limitations of the model, implementation enhancements have a 

small effect on the error. The proposed non-symmetrical Bouc-w ·en model is used in 

tests giving the results shown in Figures 4.12 and 4.1 3. It is shown in the figures that the 

hysteresis follows the experimental data and is shifted across the zero velocity point. 

The sloping regions contain reduced error as compared to the previous cases. It is 

illustrated in this experiment that the combination of the proposed model and efficient 

GA outperforms the other cases. Compared with the work in [ 41], which employed the 

standard Bouc-Wen model, the results from the proposed model provide a better fit of 

the experimental data. However, the better perfonnance is achieved at the expense of an 

additional parameter catering for the non- symmetric hysteresis against the velocity 

polarity. 
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Error behaviour 

The identification errors are plotted in Figure 4.14(a). It is observed that error from the 

non-symmetric Bouc-Wen model and effective GA has the smallest value while the 

error for the standard combinations has the largest value. The results are summarised in 

Table 4.2. 

Table 4.2: Average error and standard deviation 

GA implementation Model 

Bouc-Wen Non-symmetric 

Standard 0.015/0.009 0.008/0.006 

Efficient 0.005/0.003 0.002/0.003 

From the results corresponding to the experiment data set, statistics about identification 

errors are illustrated in Figure 4.14(b). The worst error found is the standard 

implementations with 95o/o errors below 0.0363 while the best result is obtained from 

the proposed model and efficient GA with 95% errors below 0.0081. Other results are 

summarised in Table 4.3. 

Table 4.3: Identification error below 95% 

GA implementation Model 

Bouc-Wen Non-symmetric. 

Standard 0.0363 0.0222 

Efficient 0.0141 0.0081 
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Termination performance 

The comparison between GA implementations is indicated by the plot of test-runs 

against the terminating generation with respect to the standard and proposed models; 

see Figure 4.14( c). The efficient GA maintains a smaller number of generations needed 

before termination. The cause of the early termination may be attributed to the higher 

accuracy of the proposed model such that optimal parameters were obtained in early 

generations. However, it is also noticed that the instances of maximum generation 

needed (set atkmax =50 in this experiment) are the same for the two models. This is due 

to the additional parameter (shifted hysteresis parameter JL) which increases the 

dimension of the solution space. 
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Figure 4.10 Hysteresis reconstructed from identified parameters: Bouc-Wen model; 

standard GA. Dotted line( ... ) represents experimental data and solid line(-) represents 

simulated reconstructed hysteresis. 
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Figure 4.11 Hysteresis reconstructed from identified parameters: Bouc-Wen model; 

efficient GA. Dotted 1 ine ( . .. ) represents experimental data and solid line (-) represents 

simulated reconstructed hysteresis. 
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Figure 4.12 Hysteresis reconstructed from identified parameters: Non-symmetric Bouc-

Wen model ; standard GA. Dotted line( ... ) represents experimental data and solid line(-) 

represents simulated reconstructed hysteresis. 
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Figure 4.13 Hysteresis reconstructed from identified parameters: Non-symmetric Bouc-

Wen model; efficient GA. Dotted line( ... ) represents experimental data and solid line(-) 

represents simulated reconstructed hysteresis . 

In Figure 4.14( d), the distribution of the termination generations is plotted. A larger 

portion of test runs terminates earlier with the proposed model. For the standard GA 

i1nplementation, the expected termination is at the 38th generation while 50% 

(likelihood) of the test runs terminate below 46th generations. The expected termination 

is given by 

kmax 

k = £ {g} = L gP(g) (4.24) 
g=l 

where £. {-} is the expectation operator, g is the generation index and P(g) 1s the 

probability of terminating at the gth generation. 



4. Genetic algorithm and its application in modelling of a MR fluid damper 97 

Table 4.4 Expected terminating generation and likelihood terminating generation 

Model Bouc-Wen Non-symmetric 

Generation 38/46 34/38 

Moreover, for the non-symmetrical Bouc-Wen model, the expected termination is at the 

34th generation and the test run terminates at the 38th generation for the 50% likelihood 

termination respectively. Results are summarised in Table 4.4. 

Identified parameters 

The identified parameters from the various test runs are grouped according to the 

supplied currents. The parameters are then averaged and put into a first order 

polynomial on the basis of supplied current. Relationships between the parameters and 

the supplied magnetisation current, i , are summarised in the following expressions 

C = 2.65 X 103i + 2.05 X 103 

k = 1.99 X 103 i + 5.57 X 103 

/ 0 = -0.60i + 272.43 

a = 2.11 X 103 i + 1.68 X 103 

0 = 0. 50 X 1 03 i + 2. 50 X 1 03 

j3 = -0.45 X 106 i + 3.18 X 106 

r = 0.39x106 i+3.60x106 

n = 0.12i + 1.58 
f.1 = -0.02i + 1.25 

(4.25) 

Finally, a typical reconstn1cted hysteresis using the identified parameters for the non-

symmetrical Bouc-Wen model and efficient GA. The results are calculated from the 

supplied current of 0.5 A, 12 mm displacement and frequencies of 0.5 and 1.0 Hz, and 

shown in Figure 4.15. 
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Figure 4.14 Analysis of identification results: Bouc-Wen model and standard GA ( o ); Bouc-

Wen model and effic ient GA (0); non-symmetric Bouc-Wen model and standard GA ( v ); non-

symmetric Bouc-Wen model and standard GA (o) . 
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Figure 4.15 Reconstructed hysteresis from identified parameters . Dotted line ( ... ) represents 

experimental data and solid line (-) repr~esents simulated constructed hysteresis. 
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4.6 Summary 

This chapter has presented a non-symmetrical Bouc-Wen model for a MR damper and a 

computationally-efficient implementation of the Genetic Algorithm for the MR damper 

parametric identification. The proposed model enhances the modelling accuracy by 

reducing the errors due to non-symmetric hysteresis characteristics. In the proposed 

algorithm, the selection stage in standard GA is absorbed in the crossover stage. 

Furthermore, crossover and mutation operate adaptively without the need for pre-

specified and fixed control settings. Termination of the algorithm is determined through 

a statistical test by modelling the progress of the identification error as an exponential 

distribution with a specified level of decision confidence. Finally, experimental data are 

used to illustrate the effectiveness of the proposed approach. 
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Chapter 5 

Particle Swarm Optimisation and 

Polynomial Fitting Approach in 

Modelling of MR dampers 

5.1 Introduction 

This chapter is devoted to introducing two models of MR damper, namely, the static 

hysteretic model and the polynomial fi tting model developed by our research group [ 42, 

143] . The first model aims to reduce the complexity of using a differential equation to 

describe the hysteresis. This model uses a hyperbolic tangent function to represent the 

hysteretic loop together with components obtained from conventional viscous damping 

and spring stiffness. The particle swarm optimisation (PSO) technique is used to 

identify the model parameters. A polynomial (curve fitting) is used to fit the parameters 

with the current supplied to the MR dan1per. This n1odel will be employed in controller 

design for the forthcoming chapters. In the second model, the MR damper hysteresis is 

represented as a mixture of sigmoidal and Gaussian functions, resulting in a significant 

reduction of model parameters. The identification is conducted by matching the 

simulated model output and experimental data while adjusting the model parameters for 

a minimum root-mean-square matching error. The rest of the chapter is organised as 
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follows. In section 5 .2, the PSO technique and its application are introduced. The static 

hysteretic model, its parameter identification, and simulation results are presented in 

section 5.3. The polynomial fitting model is introduced in section 5.4. Finally, a 

summary is drawn in section 5.5. 

5.2 Particle Swarm Optimisation Technique 

Particle swarm optimisation (PSO) is an optimisation technique developed by Kenedy 

and Eberhart in 1995 [ 144]. Inspired by the social behaviour of bird flocks and schools 

of fish, PSO has similar capabilities to evolutionary computation (EC) techniques such 

as Genetic algorithms (GAs) by human evolution and evolutionary programming [144]. 

Unlike GAs, there are no evolution operators such as crossover and mutation in PSO. 

Moreover, PSO is easy to implement and there are few parameters to adjust. 

The GA, developed before PSO, is also a population based search algorithm inspired by 

natural evolution. It is widely applicable in system identification, control, planning and 

scheduling and many other applications [145] and the references therein. A basic GA 

can be described by the pseudo code shown in chapter 4. The ability to obtain a near-

optimal solution is guaranteed by the Schemata theory [136]; the quality of the solution 

is a trade-off between accuracy and computational load in terms of the number of 

iterations needed. The operation of the algorithm can be viewed as a concentration of 

search areas, i.e., exploitation, through the selection and crossover operator. The search 

ability is enhanced through the use of the mutation operator with regard to exploration. 

However, the exploration process is generally slow and this may increase the search 

time span when the initial population does not cover the solution. In practice, a priori 

knowledge on the solution that can be used to guide the initialisation of the population 

may not always be available. Furthermore, the crossover operator may destroy useful 

solutions. Hence, an elitism strategy is usually implemented [65] which may also 

increase the computational load. 

In PSO implementations, a particle represents a potential solution. The values of the 

particles are continuously adjusted by emulating the particles as bird flights. That is, 

each particle is assigned a velocity to update its value as a new position. A group of 
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particles is randomly initialised. Each particle consists of components. The /h 
component of the i1

h particle has the following features: 

It is randomly initialised with a position xu and a velocity vu 

It knows its best fitness value Pu determined by a fitness function to be 

minimised. 

The best fitness value of each component of each particle Pu 1s used to 

determine the best fitness value of all particles gi.f. Each particle knows its neighbours 

and the best fitness value for all particles gu. 

Each particle searches for its optima by updating generation. In each iteration, the 

velocity and position of each particle are updated. The new velocity is calculated as 

following velocity-update rule [ 144] 

(5.1) 

where 

i=l , ... n is the population size of the PSO 

j = 1, ... m is the component size of each particle 

v u (t + 1) is new velocity of the /h cmnponent of the ;th particle 

vu (t) is the velocity of the /h component of the /h particle in the previous iteration 

xu (t) is the position of the /h component of the /h particle in the previous iteration 

Pu is the present best fitness value of the /h co1nponent of the ;th particle 

g u is the present best global fitness value the /h component of the i1
h particle 

c1, c2 are acceleration constants 
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As can be seen in equation (5.1), the calculation of new velocity takes into account the 

previous velocity, the effect of the best particle position and the effect of the global best 

position. The previous velocity can be considered as inertia so the particle tends to 

follow its way. The second one is regarded as personal influence so the particle tends to 

follow its best position. And the third one is called social influence so the particle tends 

to move towards its neighbour best position. 

Each particle is moved to new position calculated as follows: 

(5.2) 

The general process of implementing PSO has the following steps. 

1. initialise a population of particles 

2. while a certain termination criteria is not met, do 

a. calculate fitness value of each particle 

b. update pBest if the current fitness value is better than previous pBest 

c. choose the particle with the best fitness value for all the neighbours as 

the global best fitness value gBest 

d. calculate the new velocity for each particle using equation (5.1) 

e. update the particle position using equation (5.2) 

There is another version of PSO called local version in which each particle keeps track 

of the best solution of its neighbours, I, instead of g of the entire population. 

According to [146] , the velocity of each particle is randomly initialised and updated by 

the rule (5.1 ). The velocity is not exceeded to the maximum velocity Vpso _ max which is 

defined by the user. If the initial velocity or the update velocity is greater than Vpso _ max, 

it will be set to Vpso _ max. If Vpso _ max is too high, particle might overlook the good 
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positions. On the other hand, if Vpso _ max is too small, the particle may not fly far enough 

in the problem area. 

A comparison of the computational efficiency between GA and PSO may reveal that the 

latter is more attractive. Within a single iteration in the two algorithms, the evaluation 

of the fitness of each potential solution is mandatory in both algorithms. The selection 

and crossover operator in GA are two-pass operations, while a small number of 

mutation operations is conducted. On the other hand, the finding of group- and 

personal-best are single-pass operations. The updates of velocity and position are simple 

additions. Furthermore, the generation of random numbers, crossover/mutation 

operation in GA and scaling by c1 and c2 in PSO are common to both algorithms with 

similar complexities. The saving in PSO computation is obtained from its simplified 

calculations for the group- and personal-best particle. In addition, PSO inherently 

maintains the group-best without an explicit elitism implementation. 

5.3 Static Hysteresis Model ofMR damper 

A simple model is proposed here to model the hysteretic force-velocity characteristic of 

the MR damper. The mechanical diagram of this model is the same as that of the Bouc-

Wen model presented in Chapter 3, as can be seen in Figure 3.20. In terms of 

mathematical expressions, the model makes use of a hyperbolic tangent function to 

represent the hysteresis and linear functions to represent the viscous and stiffness. The 

model is given by 

J(x) =ex+ kx + az + fo (5.3) 

z = tanh(fi.X + sgn(x)) (5.4) 

where c and k are the viscous and stiffness coefficients, a is a scale factor of the 

hysteresis, z is the hysteretic variable given by the hyperbolic tangent function and fo 1s 

the damper force offset. 

Note that the model contains only a simple hyperbolic tangent function and is 

computationally efficient in the context of parameter identification and subsequent 
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inclusion in controller design and implementation. A description and an analysis of the 

parameters will be given next. 

The components building up the hysteresis are depicted in Figure 5.1 which illustrates 

the effects of the parameters on the damper force-velocity response. The viscosity ex 
generates an inclined line that represents the post-yield (at the two ends of the 

hysteresis) relationship between the velocity and the damper force. Large coefficient c 

gives a steep inclination. The stiffness k , (the horizontal ellipse formed from the 

product kx) is responsible for the opening found from the vicinity of zero velocity. A 

large value of k corresponds to the opening of the ends. Parameters c and k contribute 

to the representation of a conventional damper without hysteresis. 
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Figure 5.1 Hysteresis parameters . 

The basic hysteretic loop, which is the smaller one shown in Figure 5.1 , is determined 

by f3. This coefficient is the scale factor of the damper velocity defining the hysteretic 

slope. Thus a steep slope results fron1 a large value of f3 . The scale factor 8 and the 
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sign of the displacement determine the width of the hysteresis through the term &ign(x) 

and a wide hysteresis corresponds to a large value of 8 . The overall hysteresis (the 

larger hysteretic loop shown in Figure 5.1) is scaled by the factor a determining the 

height of the hysteresis. The overall hysteretic loop is finally shifted by the offset fo . 

After the development of the simple model, the model parameters are identified, and the 

approach adopted will be detailed in the following sections using the PSO algorithm. 

5.3.1 Parameter Identification by PSO 

To identify the model parameters, a particle swarm optimisation (PSO) algorithm is 

employed using experimental force-velocity data obtained from various operating 

conditions. The experiment, under different displacement, frequency and supplied 

current, to collect data of the MR damper, RD-1 005-3 model, manufactured by the 

LORD Corporation, has been presented in Chapters 3 and 4. 

To determine the PSO parameters, the equation (5.1) and (5.2) can be rewritten as 

follows 

v(t + 1) = wv(t ) + c1 (p- x(t))+ c2 (g- x(t)) 

x(t + 1) = x(t) + v(t + 1) 

(5.5) 

(5.6) 

The control settings of the PSO can be obtained by conducting an analysis using control 

system theories [ 14 7 -149]. The confidence in the optimisation result may be derived 

from an indication of the particles being concentrated in the vicinity of the group-best 

particle g . The philosophy adopted is that of the convergence of the potential solutions 

to the optimal. Now, denote the position error of a particle as: 

E(t) = g- x(t) 

v(t + 1) = (c1 + c2 )c(t) + wv(t)- c2 (g- p) 

and 

E(t + 1) = g- x(t + 1) = (1- c1 - c2 )c(t)- wv(t) + c2 (g- p) 

(5.7) 

(5.8) 

(5.9) 
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Following equations (5.8) and (5.9), the particle position error and velocity can be 

written in the state-space form as : 

-(JJ][£(t)] [ 1 ] 
m v(t) +c2 -1 (g-p) 

or 

z(t + 1) = Az(t) + B u(t) 

where z(t +I)= [t:(t +I) v(t + J)f, u(t) = g- p , and A, Bare self-explanatory. 

(5.1 0) 

(5.11) 

It becomes clear that the requirement for convergence implies c: 1~0 and v1~0 as time 

t~oo. When the best solution is found g becomes a constant and p will tend to g if 

the system is stable. The stability of a discrete control system can be ascertained by 

constraining the magnitude of the eigenvalues A1 ? of the system matrix A E R 2x
2 to be 

less than unity, that is : 

(5.12) 

By choosing the maximal random variables c 1 and c 2 to be c 1,max = 2 and c 2,max = 2 and 

taking the expectation values from a uniform distribution, the coefficients become 

c1 = 1 and c2 = 1 . This case corresponds to a total feedback of the discrepancy of the 

particle positions from the desired solution at g. Writing out the eigenvalues, we have: 

A,,, = ~ (w -1 ± .Jr- 6w + w' ) (5 .13) 

After some manipulations, it can be shown that w < 1 with ci ,max = c 2,max = 2 will 

guarantee stability for the system, hence the particle will converge tog. Here w = 0.65 

is used in the MR damper model identification for a moderate rate of convergence. 

Experimental data, including the damper displacement, velocity and the generated 

damper force were collected under a wide range of operating conditions. The current 

supplied to the damper was varied from OA to 2A, the driving frequencies were set at 
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1Hz and 2Hz while the displacement ranged from 4mm to 12 mm, respectively. The test 

conditions are summarised in Table 5.1 below. Note that there are six combinations of 

frequency and displacement, and for each combination there are six current settings. 

The data set is stored in corresponding computer files and the damper model parameters 

are identified off-line using the proposed PSO algorithm. Upon the availability of a data 

set with specified current, displacement and frequency values, the static hysteretic 

model proposed is used to simulate the hysteretic responses. 

Each hysteretic loop is determined by a set of model parameters encoded as particles in 

the PSO algorithm. This gives an array of N -rows and M -columns, where N is the 

number of particles and M is the number of components (parameters) to be identified, 

i.e., c, k, a, fo, f3 and 5. In this work, the number of particles used is set at 50 while the 

control coefficients are set as c1 = c2 = 2, w = 0.65 . 

Hysteresis loops are reconstructed or simulated from models using the identified 

parameter sets for the proposed and Bouc-Wen models. Figure 5.2 shows the 

reconstructed hysteresis from the proposed model while Figure 5.3 shows the 

reconstructed hysteresis for the Bouc- Wen model, both in different test conditions. The 

damper forces obtained fr01n experiments are plotted in dots while the model 

predictions are plotted in solid lines. The smoothness of the reconstructed hysteresis 

from the proposed model is obtained from the hyperbolic tangent function. By contrast, 

the Bouc-Wen model is capable of producing sharp curves because of its representation 

of hysteresis by a non-linear differential equation. However, this may lead to the 

problem of over-fitting where measurement imperfections are being captured by the 

model. 

Table 5.1 Test conditions 

Current (A) 0.00 0.25 0. 50 0.75 1.00 2.00 

Frequency (Hz) 1 1 1 2 2 2 

Displacement (mm) 4 8 12 4 6 8 
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Figure 5.2 Reconstructed static hysteretic model and experimental results 
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5.3.2 Parameters against Supplied Current 

In order to determine the control current supplied to the MR damper to generate the MR 

damper force in a direct control algorithm, the identified parameters are grouped (e.g., 

the viscous parameter c) according to their experiment settings and are plotted against 

the supplied current as shown in Figure 5.4. 
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Figure 5.4 Parameter identification results(-) and polynomial fitted coefficients(' · ·):(a) 

parameter c , (b) parameter k , (c) parameter a , (d) parameter f3, (e) parameter o , and (f) 

parameter / 0 . 

The parameter groups are then averaged and a polynomial is used to fit the averaged 

values. The results of this operation (shown by dotted lines in Figure 5.4) give the 
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following set of expressions describing the parameters as functions of the supply current 

as shown in equation (5.14): 

c = c1 + c2 i = 1232 + 1929i, 

k=k1 +k2i=5100-1700i, 

a =a1 +a2i+a3i2 =32+918i-244i2 , 

fJ = 100, 
8 = 81 + 82i = 0.58 + 0.30i, 

fo = 101 + J02 i = -256 -18i 

where i is the current supplied to the MR damper. 

(5.1 4) 

As can be seen in Figure 5.4, most of the parameters c, k, 8 and fo can be approximated 

using a 1st-order polynomial and the relationships between the parameters and the 

current become linear. An exception is observed from the scaling parameter a where a 

2nd-order polynomial is needed to represent the relationship to the supply current. It is 

observed that, in particular, parameter fJ is approximately a constant against the supply 

current values. Consider the change of parameters with regard to the limits of the 

allowed range of current supplied to the damper, i.e., from OA to 2A. The minimum 

parameter ratio is obtained frorn the offset fo at 1:1.5 to the maximum ratio of 1:4 

obtained for the viscous damping parameter c. Furthermore, these parameters change 

linearly with the supply current (approximated by a 1st-order polynomial). This 

characteristic makes the proposed model very suitable for irnplementing controllers for 

vibration reduction in buildings. The set of polynomial fitted parameters is used to 

reconstruct the hysteretic responses and compared to the experimental data shown in 

Figure 5.5. The results indicate that the matching between the reconstructed hysteresis 

and experimental data is practically acceptable although the matching contains some 

discrepancy. It is suspected that the collected experimental data are not depicting the 

physical hysteresis accurately due to measurement errors. For example, when the 

displacement is set at as small as 4 mm, it becomes practically difficult to precisely 

mount the test gears, or there are dead-zones or back-slash found in the drive 

mechanism. Another problem that may be encountered is the over-fitting phenomenon 
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where the PSO algorithm is directed to fit a noise corrupted or distorted hysteresis, thus 

giving rise to the discrepancy. 
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Figure 5.5 Results of parameter identification. Experimental data(· · ·),reconstructed hysteresis 

from polynomial fitted parameters(-): (a) frequency= 1Hz, displacement= 8mm and (b) 

frequency= 2 Hz, displacement= 4 mm. 
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5.4 Polynomial fitting model ofMR damper 

The most commonly-used model in describing the damper hysteresis is the Bouc-Wen 

model. However, the identification of these model parameters is complicated due to the 

large number of parameters required and the coupled nonlinear differential equations 

existing in the model. In other word, this will demand a heavy computational resource 

to accomplish the identification task. 

An alternative model of hysteresis is presented in this section, containing a smaller 

number of parameters. The model is developed by using a curve fitting technique [ 14 3]. 

The hysteretic behaviour of the MR damper is presented by a mixture of sigmoidal and 

Gaussian functions . The resultant model has a significant reduction of model 

parameters. The model parameters are determined by matching the simulated model 

output and experimental data while adjusting the model parameters for minimum root-

mean-square matching error. 

5.4.1 Mean value of the hysteresis 

The hysteresis loop of the MR damper, as can be seen in Figure 5.5, can be described by 

two curves. The upper curve is F; when x ~ o while the lower curve is F; when x < o. 

Furthermore, the mean value of the hysteresis is calculated by taking the average of 

every vertical sector in the hysteresis. The mean values are given by 

(5.15) 

where i is the index of the velocity of the hysteresis curves; and F;;, F2; are the 

corresponding damper forces determined by the displacement polarity. The calculated 

means is further described by a sigmoid using three parameters. That is 

b G(x) =a+----
1 + exp(c.X) 

where a, b, c are the parameters to be identified. 

(5.16) 
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5.4.2 Thickness of the hysteresis 

The thickness of the hysteresis can be estimated by taking the mean difference between 

the two upper/lower traces and the mean of the hysteresis. This is indicated by the 

discontinuous line in Figure 5.6 and given by 

0.6 

0.4 

0.2 

0 

z -0.2 
~ 

~ 
tf -0.4 

-0 .6 

-0.8 

-1 

0.45 

0..4 

0.35 

0.3 

~ 0.25 

~ 
~ 0.2 

0.15 -

0.1 

0.05 -

0 
.0.8 .0.6 .0.4 

I 
I 

I 
I 

I 

, .. 
I · 

I 
I 

I , . 
. I 

I 
I 
I 

I 
I 
I 
I 

I 
I 
I 

I 
•I 
I 

I 

.0.2 0 
Velovlty (mm/a) 

0.2 

Figure 5.6 Thickness curve 

0.4 0.6 

-1.2 ~ __ .....____ __ _.__ __ ___.___ __ _...J.. ___ J__ __ _.__ __ __, 

-{).8 -{) .6 -{) .4 -{) .2 0 0.2 0.4 0.6 
Velovity (mrnls) 

Figure 5. 7 Thickness and mean 

(5 .17) 



5. PSO and Polynomial Fitting Approach in Modelling of MR Dampers 120 

To describe the thickness of the hysteresis more precisely, we use a Gaussian curve 

(continuous line), that also needs only a small number of parameters. The Gaussian 

curve is determined by 

D(x) = rexp(- 0.5(x I rr) 2 );(&rr ), (5.18) 

where r is the vertical scaling factor of the hysteresis, and the standard deviation (j here 

is the value that defines the width of the hysteresis . 

5.4.3 Proposed model 

Based on the mean value of the hysteresis (Equation 5 .16) and the thickness of the 

hysteresis (Equation 5 .18), the addition and subtraction of these two curves, namely the 

mean and the thickness as depicted in Figure 5. 7, will form the hysteresis as eventually 

shown in Figure 5.8. The model hysteresis is proposed as described by the following 

equation: 

{~ : G(x) + D(x), 
F (x ) = 

F2 : G(x)- D(x), 

x:2: o 
.X <0, 

where G(x) and D(x) is given in equations ( 5 .16) and ( 5 .18) respectively. 
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Figure 5.8 Comparison between this model and Bouc-Wen model and experimental results 
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5.4.4 Results and discussions 

To verify that this model can handle a wide range of operating conditions, the 

displacements from different excitation and different currents were fed through the new 

model, and results compared with the recorded experimental data sets. In test 1, the 

excitation was at 1 Hz and 4 mm peak value. In test 2, the excitation was 2 Hz and 8 

mm peak. The control currents applied to the damper were set at OA, 0.25A, 0.5A, 

0.75A, lA, and 2A. 

In order to choose the model parameters with a certain level of accuracy, a root-mean-

square (RMS) error criterion (5.20) is used as given by 

E = _!_ ~ (FExp _ pSim )2 
rms L..J 1 1 

n i=I 
(5.20) 

From the graph in Figure 5.9, the RMS error versus the applied current indicates that the 

accuracy of this new model is acceptable, as the RMS errors remain small as the current 

increases. 

Furthermore, in order to investigate the relationship of the magnetisation current and 

other parameters in the new model, the values of all of the parameters are plotted 

against the supplied damper current. Frotn the graph in Figure 5.1 0, it is apparent that 

the relationships are linear for all parameters. Most of the values have a small rate of 

change except parameter c, which is due to the term exp(cx) in the sigmoid function. 

These values will have a strong influence on the shape of the hysteresis. 
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2 

The results are shown below in comparison between the computed model and the 

experimental data. From these plots, Figures 5.11 and 5.12, it is observed that the 
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identified parameters are able to reconstruct the hysteresis loop accurately, especially in 

the roll-off region where acceleration and velocity have opposite signs and the 

magnitude of the velocity is small. 
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Table 5.2 Identified MR damper parameter vs. current at frequency = 1 Hz 

Current( A) a b c a r rms 
0.00 -0.24 -0.13 6.00 0.60 0.07 0.01 
0.25 0.05 -0.59 6.43 0.35 0.15 0.03 
0.25 0.32 -1.13 5.60 0.28 0.32 0.04 
0.75 0.52 -1.52 5.11 0.28 0.45 0.05 
1.00 0.60 -1.70 5.20 0.28 0.51 0.06 
2.00 0.87 -2.22 4.83 0.30 0.65 0.09 

Table 5.3 Identified MR damper parameter vs. current at frequency= 2Hz 

Current( A) a b c a r rms 
0.00 -0.22 -0.12 4.75 0.50 0.04 0.01 
0.25 0.03 -0.59 5.56 0.29 0.15 0.02 
0.25 0.32 -1.18 4.40 0.36 0.30 0.04 
0.75 0.53 -1.57 3.85 0.35 0.45 0.05 
1.00 0.74 -1.86 5.64 0.22 0.45 0.06 
2.00 1.00 -2.49 3.06 0.38 0.72 0.08 

One drawback of this model may be that the resultant hysteresis loop does not fit very 

well at the high velocity region at a higher frequency (2 Hz), as can be seen in Figure 

5.11 and Figure 5.12, in particular at currents of OA and 0.5A. However, the error still 

remains small in the overall acceptable performance, as compared to the results given in 

[1 0] , but here involving a smaller number of parameters. The identified paratneters, 

cotTesponding to different test conditions, are summarised in Tables 5.2 and 5.3 above. 

The parameters listed are lying in the same order of magnitudes at different values of 

supplied currents. This observation supports the view that the proposed model is able to 

handle a wide range of operating conditions. 

5.5 Summary 

The static hysteretic model of the MR damper to represent the hysteretic relationship 

between the damping force and the velocity, avoiding the use of differential equations 

such as in the Bouc-Wen model, has been represented in this chapter. A PSO technique 

is proposed for identifying the model parameters. The model parameters can be 

explicitly related to the cuiTent supplied to the MR dmnper. Results obtained by the new 

model have shown highly satisfactory coincidence with the experimental data, and also 
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the effectiveness of the proposed identification technique. Another model of MR 

damper has also been proposed in this chapter: the polynomial fitting model, in which a 

mixture of a sigmoid and Gaussian function is employed to represent the hysteretic 

behaviour of the MR damper. This model requires as few as five parameters in 

comparison to the eight parameters of the Bouc-Wen model and other models available 

in the literature. When compared with experimental data, the resulting model is also 

accurate in predicting MR damper behaviour under a wide range of operating 

conditions. These results indicate that the proposed models can be effectively used for 

controller design in the context of civil structure control. 



6. Structural Control Approaches 127 

Chapter 6 

Structural Control Approaches 

6.1 Introduction 

Smart structures are civil or mechanical structures that can automatically react to 

external dynamic loadings. In construction automation, the strategic placement of 

sensors and actuators to n1onitor and control the structures under different loading 

conditions such as strong winds and earthquakes has been identified as a research vision 

for the 21st century [150]. In addressing the ultimate objective of the suppression of 

quake induced vibrations or dynamic loading, such as wind or heavy traffic, there has 

been a great deal of research effort devoted to the stluctural control area [ 151]. For 

suppression of vibrations in high-rise buildings or long bridges that are susceptible to 

resonance caused by any dynamic loading source, control devices and methodologies 

can be classified as passive dampers requiring no input power to operate, active 

dampers requiring a great deal of power to generate counteracting forces [152], and 

semi-active dampers that combine features of both passive and active damping [82]. 
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In structural control, active control devices require a certain amount of energy to drive 

the actuators to accomplish the control objective. On the other hand, semi-active control 

needs a relatively small amount of driving power and the actuators can be operated in 

passive mode. The philosophy adopted in these approaches is to effectively absorb the 

vibration energy by modifying the control device characteristics. In [153], a comparison 

was conducted on the efficiency and performance of approaches using semi-active 

devices against active tuned mass dampers for building control. 

The control devices that are popular in semi-active control include fluid viscous, 

electrorheological (ER) and magnetorheological (MR) dampers. In essence, ER and 

MR dampers are equivalent in construction to conventional hydraulic dampers except 

that the characteristics of the fluids can be altered upon the application of current-

induced magnetic fields. Although these devices are analogous to each other, the MR 

damper [ 44] requires lower voltage which is very attractive for safety and practical 

reasons. Owing to this advantage, the MR damper is being increasingly employed in 

vehicle suspension applications [154] where high voltage supplies are not available. In 

the building control paradigm, the MR damper has also been applied in the passive 

mode [155] and in brace configuration [156]. 

A recent survey of MR damper controller designs for building control has been 

published which includes designs based on Lyapunov stability, decentralised bang-

bang, maximum energy dissipation, modulated homogeneous and clipped-optimal 

control [75, 101]. In the latter approach, the value of the desired force is derived by a 

linear-quadratic-Gaussian (LQG) controller and a secondary current-control loop is used 

to derive the appropriate current supplied to the MR damper. All these controllers are 
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affected via the damping force instead of directly controlling the current supplied to the 

MRdamper. 

Controlling directly the magnetisation currents of MR dampers requires an appropriate 

model of the devices to adequately incorporate nonlinearities with a tractable 

relationship of its parameters to the control current. For building control with MR 

dampers, unlike [157], where the MR dampers were characterised by a well-known 

dynamic friction model, an algebraic 13-parameter model for the MR damper hysteresis 

with PI control scheme are proposed in [158]. It is noted that in [158], the control 

constraints are not taken into account in the design but are imposed by using a condition 

function based on the signs of relative displacement and velocity responses. Here, based 

on the static hysteresis model of the MR-damper using computationally-tractable 

algebraic expressions [42], algorithms are proposed in this chapter to control the 

magnetisation current to the dampers, configured in a differential mode to counteract 

the force-offset problem. The first proposed design, similar to the work reported in 

[ 111] for structural control with ER materials, uses a Lyapunov-based control strategy 

with the objective of minimising a total mechanical energy function by forcing its time 

rate of change to be as negative as possible, subject to the MR damper feasible currents. 

Another control design uses feedback linearisation technique to linearise the system and 

then a linear quadratic regulator (LQR) technique to derive desirable control currents 

supplied to the MR damper. The effectiveness of the proposed techniques is verified in 

simulation by using a 4-floor building model subject to four quake-like excitations, 

namely, El-Centro, Hachinohe, Kobe and Northridge earthquakes. 
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The remainder of the chapter is organised as follows. In Section 6.2, the dampers ' 

differential configuration together with the MR damper-embedded structure dynamics 

are described. The design of the proposed Lyapunov-based and LQR-based controller 

with current inputs is presented in Section 6.3 and 6.4, respectively. Simulation results 

to verify the effectiveness of the proposed approaches are given in Section 6.5 . Finally, 

a summary is drawn in Section 6.5. 

6.2 Structural System 

The system under consideration is an n-th storey building subject to seismic-like 

excitations as shown in Figure 6.1 where MR dampers are embedded on the building 

structure in a cascaded-differential configuration. The equation of motion for such a 

building structure has been presented in Chapter 3 where the control input in the state-

space equation is the control force. That leads to the so called 'indirect' control 

algorithms discussed in Chapter 3. 

To directly control the cunent supplied to the MR damper, the state-space equation is 

proposed in this section in which the control input is the current instead of the force. To 

do so, the static hysteresis model of the MR damper, presented in Chapter 5, is 

employed and a differential configuration of MR damper is proposed. 

Figure 6. 1 shows the schematic diagram of the building structure embedded with MR 

dampers, typically, on the first and k-th storeys. The dampers will generate resistive 

forces against the movement according to the model described below. 
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6.2.1 Damper Differential Configuration 

It is observed that due to the need for sufficient travelling strokes to accommodate the 

frame movement, the dampers have to be connected to the frame in their compressed 

state. Hence, offset damper forces are produced which may further complicate the 

controller design. In the sequel, a differential configuration is proposed to counteract the 

offset forces. By placing two MR dampers in an end-to-end configuration, the forces 

generated due to expansion are assigned a positive polarity, as illustrated in Figure 6.2. 

Since the offset-forces are opposite to each other, the resultant offset forces can be made 

to cancel out independently of the piston extension, even in dynamic relationships with 

the piston displacement and velocity. 

f2 = cd2xd2 + kd2xd2 + ad22 d2 + g2 
zd 2 = tanh(f32xd2 + sign(xd 2 )) 

MR damper 2 

fl = cdlxdl +kdlxdl +adl 2 dl + gl 

zdl = tanh(fJI xdl + sign(xdl )) 

MR damper 1 

Figure 6.2 Damper differential configuration. 

To simplify the design for direct control of the magnetisation current supplied to the 

dampers, the static hysteresis model given in Chapter 5 is used. Accordingly, the 

damper forces generated are given by: 

(6.8) 

where the subscript j= 1, 2 for the left and right damper in the differential configuration, 

and the values of damper parameters cd; , kdJ , ad; , g 1 , f31 , 81 ; j = 1, 2, depend 

explicitly on the supplied damper current. The relationships between these parameters 
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and the magnetisation current can be approximated by first- or second-order 

polynomials [ 42]. 

As a result of the proposed differential configuration, the displacements are opposite in 

sign, that is 

. . . 
x, =xd, =-xd2' x, =xd, =-xd2· (6.9) 

Thus, by noting the current-dependent coefficients [ 42], for example, for the first 

damper in Figure 6.2: 

(6.1 0) 

where id 1 is the current supplied to the right damper, the damper forces can be written in 

their explicit form as: 

(6.11) 

(6.12) 

Therefore, the effective damping force will be the difference of the damper forces, 

I=~ - 12 , which will be used for vibration suppression and given by 

I= (cc/I t + cc/21 ).x, + (kd,, + kd21 )x, + (cdi2.x, + kd12x, )id, 
+ (cd22.x, + kd22x, )id2 + ad,zd, - a d2zd2 + g, - g2 · 

Let the currents supplied to the dampers be equal, i.e., id1 = id2 = i, then 

I= (cdii + cd21 ).x, + (kdll + kd21 )x, + ((cdl2 + cd22 )x, + (kdl2 + kd22 )x, )i 
+ ad,zd, - ad2 2 d2 + g, - g2 · 

(6.13) 

(6.14) 

Consider the offset forces g 
1 

= g 11 + g 12 i, (J = 1,2). For identical dampers, one has 

g 1 = g 2 , and hence, the offset forces cancel out each other. The total force then reduces 

to: 



6. Structural Control Approaches 

f=(cdii +cd2I).x, + (kdii +kd2 I)x, +((cdi2 +cd22 ).x, + (kdi2 +kd22 )x, )i 
+ a d,zdi - a d2zd2 . 

Now consider the hysteretic variables : 

134 

(6.15) 

(6.16) 

(6.1 7) 

Again, due to the use of identical dampers and equal supply currents, the hysteretic 

variables become 

(6.1 8) 

(6.19) 

Since tanh(lfl) = - tanh( -lfl) , one has z dl = - z d 2 = z d. The total force can therefore be 

written as 

(6.20) 

The above development indicates that the offset forces are cancelled out while the 

stiffness and damping components of the damper forces are augmented to result in the 

overall vibration suppressing force , which in turn can be controlled by varying the 

applied currents . In the case a full cancellation is not achieved or there exists other 

modelling uncertainty, then this source of uncertainty may be lumped to the last term in 

equation (6.20), for example, a zd, and a robust controller should be designed to deal 

with this problem. 



6. Structural Control Approaches 135 

6.2.2 MR Damper-Embedded Structure Dynamics 

When a damper pair in the differential configuration is installed on the k'h floor of a 

building, the motion equation for this floor can be re-written as below to incorporate the 

damper current by noting (6.20): 

(6.21) 

where mk, ck and kk represent, respectively, the corresponding mass, damping and 

stiffness. Suppose pairs of dampers are placed on the 1st , . .. k'h , ... and n'h floors with 

the control current vector i = [i1 .. · ik .. ·in ]T , the state-space equation (6.6) for the 

building smart structure can be written as : 

y = Ay + B(y)i + E (6.22) 

where 

on 0/1 
0 - m,-'(c, .X,+ k, x,) 

1 1 

0 0 
(6.23) 

0 0 

with all elements of K and C remaining the same as of K and C in equation (6.2), 

except the k-th diagonal elements 
- -

Kk=Kk+kok, and Ck=Ck+c1k (k=1,2, ... ,n). 
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Note that matrix E may contain an additional uncertain component coming from the 

modelling inaccuracy or incomplete cancellation of the damper offset forces as two 

dampers used in the differential configuration may be not quite identical. 

6.3 Lyapunov-based controller design 

Our control synthesis is based on minimising a total mechanical energy, including 

potential energy, x TP1x, and kinetic energy, i TP2i, where P1 and P2 are positive-

definite symmetric matrices to be determined. By noting y = [x T iT )T E R 2n and 

choosing P = diag(P1, P2 ), the total energy of the syste1n can be represented by the 

following the Lyapunov function candidate 

(6.24) 

where V = 0 , if and only if y = 0 , V > 0 , Vy :t: 0 . 

Taking the time derivative of V gives 

v = y T (A Tp + PA)y + 2y TP(Bi +E)= -y T Qy + 2y TP(Bi +E)' (6.25) 

where A Tp + P A = -Q is the Lyapunov equation from which matrix P can be 

obtained for a given positive-definite symmetric matrix Q . Note that matrix Q, which 

may be generally chosen as the identity matrix, Q =I, can be determined by assigning 

the rate of decrease of the Lyapunov function V, and hence the maximum convergence 

rate on the system state. By using the inequality y T Qy ~ /Lmin JJyJJ
2

, where A.min is the 

minimum eigenvalue of Q , one has 

(6.26) 
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The idea here is to obtain the current control vector i(t) such that the total energy V is 

minimised by forcing the time rate of change of the Lyapunov function V to be as 

negative as possible, subject to 0::; ik ::; imax for all k. For the second term in the right 

hand side of (6.26) to be negative, the following control law is proposed: 

(6.27) 

where B+ is the generalised Moore-Penrose pseudo-inverse of matrix B, determined by 

B+ = (BTBr1 BT for a full-column rank matrix B, and p is an upper bound of vector 

E accounting for the system excitation magnitude and modelling uncertainty. One can 

verify that the time derivative ofV becomes negative under the law (6.27): 

V S -Amin IIYII2 -2y TP(BB+PTyp/IIPYII-E) 

::; -Amin IIYII
2

- 2(jiPYIIP- Y TPE) < 0. 
(6.28) 

Therefore, the system is stable and the system state is asymptotically driven to zero 

according to the Lyapunov Stability Theory [160] . 

When the constraints 0::; ik ~ imax for all k are not satisfied then an exhaustive search is 

used to minimise V(y, i), subject to V < 0. This results in a set of all feasible control 

currents i = 11 E [0, imax], j = 1, .. . , N, where N is the number of feasible current values. 

Thus the control currents are obtained as 

. lik ,J-I for V(i) ~ 0 
l k . = 

,J argmin{V(i)} for V(i) < 0. 
(6.29) 

Another control approach, LQR-based control, has also been proposed below for 

companson purpose. 

6.4 LQR-based controller design 
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Recall the equations (6.22) and (6.23) where control matrix B(y) is not a constant but 

dependent on state variables which make it hard to apply LQR-based controller design. 

To make use of linear control techniques, consider new control variables 

U = [ U I · • · U k · · • U n ) T aS: 

(6.30) 

so that (6.22) becomes: 

y = Ay+Bu +E. (6.30) 

where B now becomes constant matrix as 

0 0 

0 

0 (6.31) 

E -1-

B= 
0 

An LQR controller can be designed to minimise the following cost function: 
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00 

J = J ( y T Qy + Ru 2 )dt , (6.32) 
0 

which yields 

(6.33) 

where Q is a given positive definite matrix, R is a given positive scalar, and P is a 

positive definite matrix solving for a Riccati equation. 

The control current is then obtained by 

!0, 

i, = ~~ (cd ,, x, + kd,, x, t', 
1max' 

(6.34) 

!
0, 

i, = u, (cd,, x, + kd,, x, t' , 
1max' 

(6.35) 

(6.36) 

wherein the value of imax is determined by the maximal magnetisation in accordance 

with the physical properties of the MR fluid used in the damper. 

6.5 Numerical Results and Discussions 

Numerical examples are given in this section to verify the control design validity. In the 

following, a benchmark 4-storey model with one pair of identical MR dampers [16] in 

the proposed differential configuration is used as an application example. Control 

performance results and structural vibration suppression effectiveness are judged 

against several performance criteria. 
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The parameters of a pair of MR dampers differentially configured at the first floor are 

given in Equation (5.1) and the parameters of a 4-storey building model are given as 

follows: 

mk = 98.3kg, k = 1 .. .4 

c1 =75(Nslm) 
C2 .4 =50(Nslm) 

k1 = 5.16 x 105 
( N I m) 

k2 ___ 4 = 6.84 x 105 (N I m ). 

6.5.1 Evaluation Criteria 

(6.37) 

The effectiveness on reductions tn earthquake induced vibrations on the building 

structure is further evaluated by a set of performance indices comparing the control 

response against the results obtained from an uncontrolled case. The criteria, adopted 

from [11] and [18], encompass ratios of storey displacements and accelerations. They 

are formulated as follows 

Absolute storey displacement ratio 

(6.38) 

where the subscript k = 1, . .. , N stands for the storey index and subscripts c, u denote 

controlled and un-controlled displacement. 

Absolute storey acceleration ratio 

(6.39) 

where the notation .X presents the storey acceleration. 
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Inter-storey drift ratio 

(6.40) 

where the inter-storey displacement is given by x1 = x 1, xk> 1 = xk - xk_1. 

Root-mean-squared storey displacement ratio 

(6.41) 

where the root-mean-square (RMS) values are calculated from xk = ~T-1 L {o1x; (t )}, 

01 is the sampling time and T is the total excitation duration. 

RMS storey acceleration ratio 

(6.42) 

where the RMS values are calculated as above. 

Average applied current 

J6 = 1 = r - l L {oJ(t )}, (6.43) 

which evaluates the economy of the proposed controller. Here, a small average current 

associated with an extended operation duration will account for the possible case when 

the damper is applied from a battery. 

6.5.2 Control responses 

Simulations are conducted on the MA TLAB platform using the forth-order Runge-

Kutta routine to solve the system differential equation for benchmark records 

respectively of El-Centro, Hachinohe, Kobe and Northridge earthquakes scaled by 0.5. 
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6.5.2.1 Lyapunov-based control 
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Figure 6.3 El-Centro responses: (a) earthquake record, (b) current, (c) damper force, (d) 
Lyapunov function, (e) 1st storey displacement, velocity & acceleration (dotted - no control, 

solid- under proposed Lyapunov-based control (Control 1)). 
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Figure 6.4 Hachinohe responses: (a) earthquake record, (b) current, (c) damper force, (d) 
Lyapunov function, (e) 1st storey displacement, velocity & acceleration (dotted - no control, 

solid -under Control 1 ). 
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Figure 6.5 Kobe responses: (a) earthquake record, (b) current, (c) damper force, (d) Lyapunov 
function, (e) 1st storey displacement, velocity & acceleration (dotted- no control, 

solid- under Control 1 ). 
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Figure 6.6 Northridge responses: (a) earthquake record, (b) current, (c) damper force, (d) 
Lyapunov function , (e) 1st storey displacement, velocity & acceleration (dotted - no control, 

solid - under Control 1 ). 

Comparisons of the evaluation ratios between the passive control case of the damper 

current i = 0 and the proposed Lyapunov-based controller responses are provided in 

Table 6.1. 
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Table 6.1: Comparisons of the evaluation ratios between the passive control case of the 

damper current i = 0 and the proposed Lyapunov-based controller responses 

(a) current i = 0. (b) current generated from 
Lyapunov-based controller 

Cri./ 
Jl ]2 ]3 ]4 ls Jl ]2 ] 3 ]4 l s Fl. 

El-Centro Earthquake 

1st 0.54 0.46 0.54 0.21 0.19 0.25 0.37 0.25 0.08 0.09 

2nd 0.57 0.56 0.61 0.22 0.20 0.34 0.45 0.58 0.12 0.12 

3rd 0.58 0.59 0.65 0.22 0.20 0.38 0.48 0.63 0.13 0.14 

4th 0.59 0.63 0.70 0.22 0.20 0.40 0.54 0.68 0.14 0.14 

Hachinohe Earthquake 
1st 0.55 0.45 0.55 0.21 0.20 0.21 0.24 0.21 0.09 0.10 

2nd 0.56 0.43 0.57 0.22 0.20 0.25 0.23 0.39 0.12 0.12 

3rd 0.56 0.42 0.57 0.22 0.19 0.28 0.22 0.41 0.13 0.12 

4th 0.56 0.44 0.58 0.22 0.20 0.29 0.26 0.41 0.14 0.13 

Kobe Earthquake 
1st 0.79 0.56 0.79 0.40 0.22 0.60 0.38 0.60 0.23 0.11 

2nd 0.80 0.57 0.80 0.37 0.22 0.65 0.37 0.77 0.26 0.13 

--
3rd 0.80 0.61 0.80 0.37 0.23 0.67 0.37 0.75 0.27 0.14 

4th 0.80 0.63 0.81 0.3 7 0.23 0.68 0.44 0.78 0.27 0.15 

Northridge Earthquake 
l st 0.56 0.33 0.56 0.28 0.22 0.30 0.28 0.30 0.14 0.09 

2nd 0.55 0.36 0.55 0.29 0.23 0.33 0.32 0.50 0.16 0.12 

yct 0.54 0.39 0.54 0.28 0.23 0.36 0.33 0.48 0.17 0.13 

4th 0.54 0.40 0.53 0.28 0.23 0.36 0.30 0.50 0.17 0.14 
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6.5.2.2 LQR-based direct control 
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Figure 6.7 EI-Centro responses: (a) current, (b) damper force, (c) 1st storey displacement, 
velocity & acceleration (dotted- no control, solid- under LQR-based control (Control 2)). 
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Figure 6.8 Hachinohe responses: (a) current, (b) damper force, (c) 1st storey displacement, 
velocity & acceleration (dotted- no control , solid - under Control 2). 
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Figure 6.9 Kobe responses: (a) current, (b) damper force, (c) 1st storey displacement, velocity 
& acceleration (dotted- no control, solid -under Control 2). 
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Figure 6.10 Northridge responses: (a) current, (b) damper force, (c) 1st storey displacement, 
velocity & acceleration (dotted- no control, solid- under Control2). 

Comparisons of the evaluation ratios between the passive control case of the damper 

current i = 0 and the proposed LRQ controller responses are provided in Table 6.2. 
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Table 6.2: Comparisons of the evaluation ratios between the passive control case of the 

damper current i = 0 and the proposed LQR-based controller responses 

(a) current i = 0. (b) current generated from LQ R-
based controller 

Cri./ 
JI ]2 ] 3 ]4 ls JI ]2 J 3 J4 J s Fl. 

El-Centro Earthquake 

1st 0.54 0.50 0.54 0.21 0.19 0.36 0.48 0.36 0.11 0.13 

2nd 0.57 0.56 0.61 0.22 0.20 0.35 0.41 0.52 0.12 0.11 

3rd 0.58 0.59 0.65 0.22 0.20 0.35 0.36 0.60 0.12 0.10 

4th 0.59 0.63 0.70 0.22 0.20 0.35 0.48 0.68 0.13 0.12 

Hachinohe Earthquake 
1st 0.55 0.45 0.55 0.21 0.20 0.31 0.41 0.31 0.11 0.18 

'1nd 0.56 0.43 0.57 0.22 0.20 0.28 0.33 0.31 0.12 0.17 k 

3rd 0.56 0.42 0.57 0.22 0.19 0.25 0.23 0.38 0.13 0.12 

4th 0.56 0.44 0.58 0.22 0.20 0.25 0.28 0.43 0.14 0.14 

--'------
Kobe Earthquake 

l st 0.79 0.56 0.79 0.40 0.22 0.70 0.46 0.71 0.30 0.1 7 

2nd 0.80 0.57 0.80 0.37 0.22 0.70 0.37 0.70 0.29 0.12 

3rd 0.80 0.61 0.80 0.37 0.23 0.69 0.31 0.67 0.29 0.12 

4th 0.80 0.63 0.81 0.37 0.23 0.69 0.36 0.67 0.29 0.14 

Northridge Earthquake 
} Sl 0.56 0.33 0.56 0.28 0.22 0.43 0.30 0.43 0.18 0.12 

2nd 0.55 0.36 0.55 0.29 0.23 0.42 0.27 0.44 0.17 0.10 

3rd 0.54 0.39 0.54 0.28 0.23 0.42 0.22 0.45 0.17 0.10 

4th 0.54 0.40 0.53 0.28 0.23 0.41 0.26 0.45 0.17 0.11 
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6.5.2.3 Discussions 

The results are shown in Figure 6.3 for the El-Centro earthquake, controlled by 

Lyapunov-based controller (Controller 1 ), where time responses of the derived current, 

damping force and the corresponding Lyapunov function derivatives and the first storey 

displacement, velocity and accelerations are presented, whereas for the same 

earthquake, the derived current, damping force and the first storey displacement, 

velocity and accelerations obtained from the LQR-based controller (Controller 2) are 

shown in Figure 6.7. The scaled earthquake record, shown in Figure 6.3(a), exhibits a 

peak approximately at 1.7m I s 2 and endures 60sec. The applied damper current is 

illustrated in Figure 6.3(b) and Figure 6.7(a); it is always positive, as required, and 

maintains a small magnitude for economy. Figure 6.3(c) and Figure 6.7(b) depicts the 

force generated from the dampers and presents a resemble of the earthquake. The 

Lyapunov function derivative is shown in Figure 6.3( d) indicating the systen1 stability 

in most of the earthquake period except where the magnitude is too large. However, the 

derivative returns to negative and the building structure under control becomes stable. 

The first storey time responses are shown in Figure 6.3(e) and Figure 6.7(c). The 

responses (solid lines) display reduction in displacetnent, velocity and acceleration as 

compared to the un-controlled responses (dotted lines). 

Controller 1 and 2 also performed well in the Hachinohe, the Kobe, and the Nmthridge 

earthquakes. For the Hachinohe earthquake, the reduction in induced vibrations is also 

noticeable, as in the previous case. Figure 6.4 and 6.8 show results obtained from 

controller 1 and 2, respectively. In the Kobe earthquake case, the previous comments 

also apply with this earthquake excitation, as shown in Figure 6.5 for Controller 1 and 

6.9 for Controller 2. As to the Northridge earthquake, the vibration reduction is 

remarkable in this quake excitation, as shown in Figure 6. 7 (Controller 1) and 6.10 

(Controller 2), respectively. 

In order to evaluate the performance of each controller against different earthquake 

excitations, the evaluation ratios as given in equations (6.39- 6.44) are used. Table 6.1 

and 6.2 show the comparisons of the evaluation ratios between the passive control case 

of the damper current i = 0 and the Controller 1 and Controller 2, respectively. As can 
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be seen in the Table 6.1 and 6.2, all the corresponding ratios with the Controller 1 and 2 

are much smaller than that with no control (i = 0). The maximum displacement 

reductions ranged from 32% for the Kobe earthquake to 79o/o for the Hachinohe 

earthquake shown in Controller 1. These comments also apply for Controller 2 where 

there were maximum displacement reductions from 30% for the Kobe earthquake to 

75% for the Hachinohe earthquake. There were also remarkable reductions in Controller 

1 on peak acceleration from 46% for the El-Centro earthquake to 78% for the 

Hachinohe earthquake. Similar for Controller 2, reductions on peak acceleration from 

48o/o for the El-Centro earthquake to 78o/o for the Northridge earthquake were found. 

These controllers not only decreased peak responses, but reduced the RMS responses as 

well. As can be seen in Table 6.1, RMS displacement reductions ranged from 73% for 

the El-Centro earthquake to 92 o/o for the Kobe earthquake for Controller 1, while in 

Table 6.2, RMS displacement reductions from 29% for the Kobe earthquake to 69% for 

the Hachinohe earthquake can be seen. Moreover, there were also remarkable 

reductions on RMS acceleration reductions from 85% for the Kobe earthquake to 91% 

for both the EI-Centro and the Northridge earthquakes (Controller 1), and from 70% for 

the Kobe earthquake to 89% for both the El-Centro and the Hachinohe earthquakes 

(Controller 2). Inter-storey drift reductions \Vere remarkable for all four seis1nic 

excitations and ranged i) Controller 1: from 22% for the Kobe earthquake to 79o/o for 

the El-Centro earthquake; ii) Controller 2: from 82% for the Hachinohe earthquakes to 

90o/o for both the El-Centro and the Northridge earthquakes. 

6.6 Summary 

Vibration control of building structures using MR dampers was studied in this chapter. 

The perfonnance of no control, passive control, Lyapunov-based control and LQR-

based control was analysed and evaluated. Four seismic excitations, namely, El-Centro, 

Hachinohe, Kobe and Northridge earthquakes were used for simulation. The efficiency 

of control methods was evaluated by using five evaluation criteria. 

Due to the nonlinear and hysteresis behaviour of MR dampers, most control algorithms 

in literature have three steps. Firstly, the value of the desired force is usually calculated 
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by optimal methods such as LQR or LQG. The next step is to measure the actual 

damper force. Finally, the voltage supplied to the MR damper is determined based on 

the comparison between the desirable force and actual damper force. As a result, these 

algorithms may not result in precise values of control currents and hence the optimality 

may not be preserved. The Lyapunov-based control and LQR-based control proposed in 

this chapter directly control the magnetisation currents of MR dampers. To do this, an 

appropriate model of MR damper that can adequately incorporate nonlinearities with a 

tractable relationship of its parameters to the control current is required. Thanks to the 

hysteretic model of MR damper used, when associated with proposed differential 

configuration, direct control methods can be achieved. 

Through simulations with four benchmark earthquakes and the use of evaluation 

criteria, both proposed controllers demonstrated effectiveness in reducing not only floor 

displacements, velocities and acceleration but also inter-story drift. 
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This chapter is devoted to verifing the effectiveness of the proposed Lyapunov-based 

controller in response reduction through experimental work. In this work, a single-

storey structural building model is employed. Data obtained from a free vibration test 

without using MR dampers are used to calculate the model parameters such as stiffness 

and darnping for control design purposes. After the free vibration test, two MR dampers 

in differential configuration are embedded in the structure. The tests on the shake table 

include no control, passive control, Lyapunov-based controller and clipped-optimal-

based control. The tests conducted range from simple to more complex. The excitation 

from the shake table in the first tests is a sinusoidal function, and the subsequent 

excitation for the second tests is benchmark earthquake records. 

The remainder of this chapter is organised as follows. In Section 7 .2, the preparation 

work for the experiment is presented. Tests on the shake table, results and evaluation are 

presented in Section 7.3. Summaries are drawn in Section 7.4. 
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7.2 Experimental Preparation 

There are several devices and softwares involved in this experiment. A one-floor steel 

frame building model coupled with a differential pair of RD-1 005-3 MR dampers is 

installed on the UTS shake table. A dSP ACE control kit is used for the test. The kit 

consists of a DS 1104 controller board which includes a DSP TMS320F240, 8-MByte 

memory for applications, ADC input and DAC output channels. In order to measure the 

displacement of the steel beam, a displacement transducer of Linear Variable 

Differential Transformer (L VDT) type is employed. Two load cells with a capacity of 

205kg each are used to measure forces generated by the two MR dampers. A voltage-

to-current device, called the Wonder Box, is used to convert the obtained voltage to the 

control current supplied to the MR dampers. A real-time interface tool that helps to link 

collected data by the kit and Matlab/Simulink is also used in the experiments. 

7.2.1 One-Floor Steel Frame Building Model 

The one-floor steel frame building model is shown in Figure 7.1. A pair of RD-1005-3 

MR dampers is etnbedded in the rnodel in a differential configuration. A displacement 

transducer of LVDT was installed horizontally to measure displacement ( x ) of the 

beam. Two load cells of SG-AST-250 with a capacity of 250 kg are used to measure the 

damping forces generated by the MR dampers. 

A voltage-to-current converter, called a Wonder Box, is used to convert the obtained 

voltage to the control current supplied to the MR dampers. The Wonder Box is 

manufactured for the MR damper RD-1 005-3 and both are from the LORD Corporation, 

USA. 
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MR d,mper 

a) MR dampers on the structure 

b) Instruments used 

Figure 7.1 MR damper control set-up 
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The behaviour of the model was first studied by a free vibration test in which MR 

dampers were disconnected from the model. The frame of the model was pushed or 

pulled to an initial displacement, and then released. For the single-storey structure, the 

equation of motion is 

mx + ex + kx = mx g (7.1) 

where m is the mass of the beam, c is the viscous damping, k is the stiffness and x g is 

the ground excitation, if applied, otherwise x g = 0 as in the case of free-vibrations. 

The homogeneous solution can be obtained as 

(7.2) 

where C1; C2 are constants depending on the initial conditions and the exponential 

constants are related to the model characteristics by 

(7.3) 

and ; is the damping ration, (J)
11 

is the natural vibration frequency. 

When the structure is initially displaced to one side and released from 

x h ( 0) ::f. 0 and x h ( 0) = 0 . The response of the structure (displacement) becomes 

(7.4) 

where (j)d = (J)
11 
P" is the damped frequency. 

At different instances of periodic timer d = (j) ~~, the amplitude of vibrations are 

reducing in a logarithmic ratio, e.g., (J. Typical traces of vibrations are shown in Figure 

7.2 with the associated Fourier spectrum given in Figure 7.3. 
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Figure 7.3 Fourier spectrum 

Knowing the mass of the beam (m physically measured), and by definition of the natural 

frequency, the stiffness can be obtained as 

2 k wn =-::::::: wd for small <;. (7.5) 
m 
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After some manipulation, the damping ratio is obtained as 

a c; = --;:::::=== 
~ 4TC2 + 0'2 

(7.6) 

The damping can be obtained as follows. 

(7.7) 

Based on experimental data obtained from the free vibration test and above equations, 

the model structural parameters are calculated as given in Table 7.1 below. 

Table 7.1 Parameters of the testing model with dampers disconnected (no control) 

m (kg) k (N/m) c (Ns/m) ~ (damping ratio) /d (Hz) 
71.80 43,300 7.11 0.002 3.91 

7.2.2 Tools for Controller Development 

An advanced control education (ACE) kit developed by dSPACE was used for this 

experiment. The dSPACE company was found 20 years ago in Paderborn, Germany. 

The dSPACE kit appropriate to this experiment consists of a DS 1104 Control Board 

mounted within a personal computer for real time data acquisition, a panel for 

connecting signal lines to the control board, and dSPACE software for the seamless 

integration of Matlab and Simulink. The block diagram of the DS 11 04 Control Board is 

shown in Figure 7.4. A DS1104 controller board includes a DSP TMS320F240, 8-

MByte memory for applications, ADC input and DAC output channels. 

A real time interface (RTI) is a piece of dSP ACE software that consists of components 

to help link the controller board with Matlab and Simulink. A block diagram of a 

control system can be built by using Matlab/Simulink and RTI ' s components as shown 

in Figure 7.5. 



7. Seismically Structural Response Reduction Using MR Dampers 

I 
I : 
I 
I 
I 
I 
I 
I 
I 
I 
~ 
I 
I 
I 
I 
I 
I 
I 
I 
I . 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

PCfBus 

---·----------·-----------------------------------------------i 

lnta:rupt C«tttd 
Unn: 

nmEn 

I 
I 
I 

·------ ·----------------~~L.~---J 

Figure 7. 4 Block diagram ofthe DS1004 controller board 

C<ll'lti'IJoo• 
!!:; D1se<<1e 
~ FIXlCtiom &Tobles 
:tj Math 
~ Nonfr>oa~ 
~ SognolsLSystc"" 

~ Sorb 
-·~ Scucos 

fi: COMA Aclctcnce Bkx:k•e1 
··Jl COIMUliCOiiom Bloci<>CI 
§iJ CortloiSystemlool>o>< 
ll] DSPBbck•ot 

4J §iJ Dials & Gouges Blockscl * W. Fuzzylogelool>o>< 
I M1 MPCBioci<t 
~ ~ NCO Bbck•e1 
fi1 ill Nco..rol Ne1wak Bbcktel 
~1 ill Powe~ System Blockse1 
t. Jilt Aooi·TrneWOikoh<>p 
! JiJ Aei)<>I!Gcnc<olor 

ill ··JilSirmkokEKtlot 
it) MJ Sy~cm 10 Bbckt 
t;J 'i dSPAa RTI1104 
. ii'J ~ DS1104MASTERPPC 

.. ~ DS1 104SLAVEDSP 
~ EXTRAS 

~ Tosklb 
Ji ICPCT01get 

4 .1 
4.3 
1.0 

09-Jul-ZOOl ol<oy 
09-J ul-ZOO l okay 
30 - J&.n-ZOOl okay 

Figure 7.5 RTI and block diagram of a control system 

161 



7. Seismically Structural Response Reduction Using MR Dampers 162 

The block diagram built in Figure 7.5 is then compiled by Matlab/Simulink to a System 

Description File (SDF) file which can be loaded to the memory of the DS 1004 

controller board for real-time control. Another dSPACE software, ControlDesk, is used 

to monitor and store experimental data or interested signals as shown in Figure 7.6. 

,<F. .. ConlroiDesk Developer Versoon - layoull Rr;;J f3 

~ layoutl • --------------

1.0 

~ :.: ~ 
-0.5 

-1 .0 "-t-+-+-+-+-+-+-+-+-+--+-+---+-+--+-+ 
• o 2 4 e e 10 12 14 1s 1e 20 

ForHelp.pu> .. Fl. !RUN j 

-~Stmtj j ~ i!f <(.\ {f; lJ ~~-Jj~controiDe~L • ls\!E-;;porong_-C:\Ojj!~nkl..b-iJ--""': ~ewold· 

Figgure 7.6 ControlDest for acquiring data and observing interested signals 

7.3 Shake Table Tests 

7.3.1 UTS shake table 

The building model is installed on the shake table at the University of Technology, 

Sydney (UTS) which can be programmed to carry out earthquakes-like vibrations. The 

properties of the shake table are shown in Table 7.2 below. 
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Table 7.2 Properties ofUTS shake table 

Size 3 metres x 3 metres 

Maximum specimen weight 1 0 tonnes in mass 

Frequency range 0.1 - 50 Hz 

Displacement ± 100 mm 

Velocity ± 550mm/s 

Acceleration ±0.9g 

Waveform Regular/irregular 

7.3.2 Programming for tests 

No control test 

When the MR dru.npers are not installed in the structure ('no control'), the motion 

equation is given in Equation (1.1) and the Matlab diagram for the system is shown in 

Figure 7. 7. In this diagrru.n, signals of the displacement of the bean1 and external 

excitation are collected. 

LVDT and Excitation 

MUXADC 

DS1104MUX_ADC 

Ga in2 EQ 

Derivative De rivative 1 

Figure 7.7 Damper disconnected 
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Passive control test 

In passive control, the current supplied to the MR dampers is set to remain unchanged. 

The diagram is shown in Figure 7.8 where the currents supplied to MR dampers are set 

to zero. 

DerivativeDerivaiivo1 

,.-------~0 
current 

Load cell 1 and 2 Constant 

MR1 

Figure 7.8 Passive control 

Clipped-optimal-based control test 

To design this control, the motion equation (3 .13) is used. Using the model parameters, 

one has system matrices as follows. 
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z =[:J 

(7.8) 

The LQR control is obtained by specifying quadratic coefficients such that the system 

response would minimise the following cost function (3.23) and the desired force is 

obtained by equation (3.24) whereQ is a diagonal matrix chosen as diag[109 109
] and R 

is set to 0.01. Such values result in control forces within the MR damper capability. The 

resultant control gain is obtained as G = [18087 31667 J The desirable control force 

can be determined by using equation (3 .26). 

Let the desirable and MR damper forces be denoted by fc and fd respectively. The 

maximum allowed current ( imax = 2A for the LORD RD-1 005-3 damper used in this 

project) is applied when the following condition is satisfied 

i = {imax , if (tcfd > o) and ~~c I > ltd I) 
0 , otherwise 

(7.9) 

It should be noted that the control current is generated in the form of switching between 

only two values; the resultant performance is foreshadowed as sub-optimum and would 

be degraded to a certain extent from the idealised performance under the LQR control. 

However, the clipped-optimal control is attractive for its implementation simplicity. In 

this project, performances obtained from this control approach will be used as a 

reference baseline to illustrate the effectiveness of the proposed Lyapunov-based control 

algorithm. Figure 7.9 shows the diagram of clipped-optimal-based control. 
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Lyapunov-based control 

The clipped-optimal-based control approach is regarded as an indirect control method 

whereby an imaginary damper capable of generating the required force is assumed and 

the current needed for the damper is the coarse value. The proposed Lyapunov-based 

control which aims at directly controlling the damper supply current is therefore 

developed envisioning an improved supply current precision. 

To design this control, the state equation (6.22) is used. Using the model parameters, 

one has system matrices as follows. 

z =[:J 
I o 1 ] 

A -l- 745.1253 -34.4166 ' 
(7.1 0) 

B = [- (3858.i:- 3~00x )10.0139] 

The controlled current is determined using equations (6.27) and (6.29). The diagran1 of 

this control system is shown in Figure 7.1 0. 

To make sure the control system worked properly, the tests were carried out in two 

stages. The first control test used the sinusoidal excitation from the shake table, whereas 

the second test used the benchmark earthquake excitations. 



LVDT and Ex citation y2 Fl I> 

y l 

Derivative2 Subsystem 

i _ const(O .. 2) 

• . ~ ....... ___ .. IV dot 

i_sat 

"":> I l111dEQ norm 

determine i 

-alpha_not"z/m 

Subsystem1 

Load cell 1 and 2 

Figure 7.10 Lyapunov-based control 

MR1 

DAC I 

DS1104DAC_C1 

MR2 

DAC I 

DS1 104DAC_C2 

I 

I 

I 

I 

I 

I 

I 

:'I 
rJ1 
~-
~ a ;:;· 
~ q 
rJ1 -""'f c 
~ ...... c 
""'f 
~ 
:::0 
~ 
~ 

"0 
0 = ~ 
~ 

:::0 
~ 
Q.. = ~ -o· 
= c 
~ s· 
~ 

~ 
~ 
~ 
~ a 

"0 
~ 
""'f 
~ 

0\ 
00 



7. Seismically Structural Response Reduction Using MR Dampers 169 

7.3.3 Results from tests using sinusoidal excitation 

In this test, the excitation is a sinusoidal function. Figure 7.11 shows the test signal 

generated by the shake table while the beam displacements are shown in Figure 7.12 

for the cases passive off, i = 0 (dotted line) and with i = 0.25 A (solid line). To show 

the effectiveness of the proposed scheme in semi-active control, the beam displacement 

and the control responses are shown in Figure 7.13, where a significant reduction of the 

oscillation magnitude can be observed (Figure 7.13(a)) and the current response can 

take all values between 0 and 2 A (Figure 7.13(b)). To further evaluate the control 

performance, the results obtained are compared with a well-recognised technique that 

has been proven to be effective: the clipped-optimal control [11]. As in most indirect 

control techniques, the actual force is compared with the desired force, obtained by 

using an LQR control. The resulting control current is then clipped between zero and 

maximal values. Figure 7.14(a) shows the beam displacement while the damper currents 

are depicted in Figure 7 .14(b) for the clipped optimal controller (dotted line) and 

Lyapunov-based controller (solid line). The results show satisfactory performance in 

suppression of vibrations from an external source. 
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Figure 7.13 Experimental responses: (a) Beam displacement (dotted line- passive control 
(current OA); solid line- Lyapunov-based control), (b) Damper current generated by 

Lyapunov-based control. 
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Figure 7.14 Comparison of experimental responses: (a) Beam displacement, (b) Damper 
current (dotted lines- clipped-optimal control; solid lines- Lyapunov-based control). 
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As can be seen in Figure 7.14(a), maximum displacement readings are 0.26 mm for the 

clipped-optimal controller and 0.24 mm for the proposed Lyapunov-based controller. 

This shows the effectiveness of the proposed controller in the capability of damping out 

external vibrations while it is also observed that the proposed controller requires lower 

magnetisation currents for the MR dampers (Figure 7.14(b)). 

7.3.4 Results from test . 
USing benchmark earthquake 

excitations 

The effectiveness of the proposed Lyapunov-based controller has been verified by using 

the sinusoidal excitations induced by the shake table. The controller was further tested 

by using benchmark earthquake excitations from the shake table, namely, Kobe, El-

Centro, Hachinohe and Northridge earthquakes. 

The Kobe earthquake record, scaled down by 50% is shown in Figure 7.15. The 

displacement with the proposed control, with a maximal deviation of 0.17 mm, and 

damper current responses are shown respectively in Figure 7.17 and 7.18 in a critical 

period during the first 20 seconds, whereas the maximum displacement in the case of no 

control was 25 mm, as shown in Figure 7.16. The results obtained indicated that with 

the proposed controller with embedded MR dampers in a differential configuration the 

structure can mitigate seismic vibrations such as those that occurred in the 1995 

earthquake that occurred in Japan. 
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The scaled 75o/o El-Centro earthquake induced by the shake table is shown in Figure 

7.19 with the peak approximately at 0.5 x 0.6 x g = 0.5 x 0.6 x 9800 = 2940mm I s 2 and 

the duration of 25 seconds. Figure 7.20 and Figure 7.21 depict the displacement with no 

control and the proposed controller respectively. As can be seen, there was a significant 

reduction of displacement (99.6%) when the proposed controller was used. 
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Figure 7.22 Damper current with proposed control (El-Centro earthquake) 

Similar responses shown in Figures (from 7.23 to 7.26) and (from 7.28 to 7.30) were 

obtained for scaled records ofHachinobe and Northridge earthquakes respectively. 
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Notably, although the control current exhibits some undesirable high-frequency 

chattering, it can take any value from zero to i= imax = 2 A. This is explained by the 

interesting feature of the above control scheme that when a large value of the control 

current results from a discontinuity or the pseudo-inverse matrix in control law (6.27) 

then the search in (6.29) for feasible currents applies to force the ti1ne derivative V to 

be as negative as possible. The constraints on the control signal and its chattering may 

however lower the high performance required for the smart structure control. The 

disadvantage may be overcome by using the time rate of change of the currents as the 

control, for example, in a second-order sliding mode controller. 

7.4 Summary 

The effectiveness of MR dampers for seismic structural response reduction has been 

shown though experimental work. The experiments were conducted on the single-storey 

building model in the structural laboratory at the University of Technology, Sydney 

(UTS). A pair of MR dampers was installed in the building model in the differential 
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configuration to cancel out the off-set forces of the MR dampers. The static hysteresis 

model of MR dampers was employed for design of direct controllers. The performance 

of MR dampers in a semiactive control system has been investigated using the model 

subjected to sinusoidal excitation and four benchmark earthquake records. 

The experimental work started by a free vibration test to identify the model parameters. 

In this test, the frame of the model was pushed or pulled to an initial displacement, and 

then released. The model parameters were determined by using traces of vibrations with 

associated Fourier spectrum analysis. 

Based on the model parameters obtained above, the controllers were designed and the 

programming carried out on Matlab/Simulink. Controllers included no control, passive 

control, clipped-optimal-based control and Lyapunov-based control. To make sure the 

system work properly, the first tests were carried out in sinusoidal excitation from the 

shake table. The results show that there was a significant reduction of the oscillation 

magnitude response reduction by using the proposed Lyapunov-based controller 

compared to using no control or passive control. To further evaluate the control 

performance, the results obtained from Lyapunov-based control have been compared 

with a well-recognised technique that has been proven to be effective: the clipped-

optimal control. 

The validity of the proposed controller was also verified through experiments for the 

model with four earthquake records induced from a shake table. The results obtained 

demonstrate the effectiveness of the proposed controller under constraints of the control 

signals in mitigation of seismic vibrations of MR damper embedded structures. 
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Chapter 8 

Conclusion and Future Work 

8.1 Introduction 

This thesis has presented the modelling and control of magnetorheological (MR) 

dampers embedded within building structures to mitigate seismic structural responses. 

MR dampers are considered to be semi-active devices that have tnany practical 

advantages for structural control. However, their intrinsically non-linear 

force/displacement and hysteretic force/velocity characteristics hinder their application. 

As a result, mathematical models of MR dampers which are able to accurately described 

their behaviours with an appropriate level of complexity for parameter identification can 

be applied for control design to take full advantage of MR dampers for structural 

control. Through simulations and experiments, proposed models of MR dampers 

presented in this thesis show that they can be effectively used for controller design in 

the context of civil structure control. System performance is strongly dependent on the 

choice of the control laws. The proposed control laws in this thesis, which have been 

verified in both intensive simulations and experiments in part, aim at directly 

controlling the damper supply current. They have been developed by envisioning an 

greater precision in the supply current, without the desirable force and the actual MR 

damper force previously required by the indirect control laws found in the literature. 
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The following section summaries the work of the thesis. Finally, some directions of 

future work are recommended in Section 8.3 . 

8.2 Summary of Thesis 

In general, a structural control consists of a structural control device and a structural 

control algorithm. Structural control devices can be classified into passive, active and 

semiactive devices according to their power consumption. Several structural control 

algorithms have been proposed and implemented to date: Lyapunov-based control, 

optimal control, Sliding Mode Control (SMC), predictive control, intelligent control and 

so forth. A passive device and an active device can be combined in a structure to 

become a hybrid system. Attempting to isolate a structure and its foundation is another 

means of structural control and is called a base isolation system. 

The MR damper is one of the semiactive devices that has increasingly been researched, 

tested and implemented in structural control systems owing to its many practical 

advantages, such as fault-safe operation, low-power consumption, force controllability 

and rapid response. However, a major drawback that hinders its application lies with the 

non-linear force/displacement and hysteretic force/velocity characteristics. There have 

been several efforts to describe these behaviours of MR dampers through mathematical 

models such as the Bingham model, Bouc-Wen model, phenomenological model, 

polynomial model, and models using intelligent techniques such as fuzzy logic or 

artificial neural networks, among others. 

From the control point of view, it is crucial that a tractable model of the MR damper is 

available before any realisable controller can be designed. An appropriate model for 

control design may have some properties such as accuracy, tractability, simplicity, and 

so on. A model for an MR damper which is based on the Bouc-Wen model and takes 

into account the non-symmetric hysteretic relationship between the force and the 

velocity of the MR damper has been proposed in this research. The model parameters 

have then been identified using the Genetic Algorithm (GA) which is considered to 

have flexibility in identification of complex systems. To improve the computational 

efficiency of the proposed GA, the selection stage is absorbed in the crossover stage and 
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mutation operations. Furthermore, the algorithm termination criterion is formulated on 

the basis of a statistical hypothesis test, thus enhancing the performance of the 

parameter identification. The effectiveness of the proposed model and its identified 

parameters has been verified by using experimental test data of the MR damper in 

various operating conditions. 

Another model of MR dampers, the static hysteretic model, has also been discussed in 

this thesis. The static hysteretic model makes use of a hyperbolic tangent function to 

represent the hysteresis, avoiding the use of differential equations as in the Bouc-Wen 

model, and has linear functions to represent the damping and stiffness. The model 

parameters are then identified using the technique of the particle swarm optimisation 

(PSO) and the identified parameters are explicitly related to the currents supplied to the 

MR dampers. The effectiveness of this model and identification technique has been 

illustrated with the experimental data. This model has been successfully employed, 

associated with the proposed differential configuration of pairs of MR dampers, to 

develop the direct control laws proposed in this research. 

The curve fitting model of MR dampers is the last model reported in this thesis. In this 

model, the hysteretic behaviour of MR dampers is represented by a mixture of a 

sigmoid function and a Gaussian function. This results in the proposed model being 

simpler for parameter identification because it requires as few as five parameters in 

comparison to the eight parameters of the Bouc-Wen model and other models examined 

in the literature. Experimental data of the MR damper operating in a wide range of 

conditions was used to evaluate the effectiveness of this model in structural control. 

Designing a controller that can take full advantage of MR dampers is a challenging task 

because of the intrinsically non-linear force/displacement and hysteretic force/velocity 

characteristics of MR dampers . This may be the reason why most control laws in the 

literature were indirect. These control laws have three steps. Firstly, the value of the 

desired force is usually calculated by optimal methods such as LQR or LQG. The next 

step is to measure the actual damper force . Finally, the voltage supplied to the MR 

damper is determined based on the con1parison between the desirable force and actual 

damper force. As a result, these algorithms may not result in precise values of control 

currents and hence the optimality may not be preserved. The direct Control of the 
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magnetisation currents of MR dampers has been proposed in this research, which 

requires an appropriate model of MR dampers to adequately incorporate nonlinearities 

with a tractable relationship of its parameters to the control current. Based on the static 

hysteresis model of the MR damper using computationally-tractable algebraic 

expressions, two direct control algorithms have been proposed and developed in this 

thesis to directly control the magnetisation current to the dampers, configured in a 

differential mode to counteract the force-offset problem. The first controller, based on 

Lyapunov Stability Theory with the objective of minimising a total mechanical energy 

function by forcing its time rate of change to be as negative as possible, can directly 

deliver feasible currents supplied to MR dampers. The second controller has been 

proposed using the technique of linear quadratic regulator (LQR) to directly control the 

currents supplied to MR dampers. To make it possible to apply the LQR technique, the 

system was linearised using the feedback linearisation technique. The LQR technique 

was then used to maintain the desired system state with minimum control effort. The 

control currents supplied to the MR dampers can be directly obtained by minimising the 

performance index. The effectiveness of both proposed controllers has been verified, 

associated with the use of six evaluation criteria, by intensive simulations with 

Matlab/Simulink using a 4-floor building model subject to four earthquake-like records 

of El-Centro, Hachinohe, Kobe and Northridge earthquakes. 

In addition to using intensive simulations to evaluate the proposed control strategies, the 

effectiveness of these strategies has also be partly conducted through experimental work 

in this thesis. A test setup is a single floor building model on a shaking table. Firstly, a 

free vibration test is conducted to determine the properties of the model, such as its 

stiffness, damping and frequency. The Matlab/Simulink and the advanced control 

education (ACE) kit have been employed in this experiment. The ACE kit is 

manufactured by the dSPACE company in Paderbom, Germany for real-time solutions. 

The kit consists of a DS 1104 real-time data acquisition card mounted inside a PC 

computer and software called ControlDesk. To help the card interface with peripheral 

devices, a DS 11 04 Analog Channels is used. The control signal is sent from the 

computer to the MR damper through a WonderBox which is used to convert the voltage 

to the current. Secondly, two MR dampers are installed in the building model in 

differential configuration and the whole model is placed on the shaking table excited by 
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a sinusoidal function. The control strategies of Lyapunov-based control and clipped-

optimal based control are tested and compared with each other, and with passive 

control, to evaluate the effectiveness of the proposed Lyaponov-based control. The 

clipped-optimal control is a well-known algorithm whose effectiveness has been 

proven. Whereas the second test relies on the sinusoidal excitation from the shake table, 

the third test, which aimed to compare the proposed Lyaponov-based control with no 

control case, has been carried out with the shaking table excited by scaled benchmark 

earthquakes such as Kobe, Northridge, El-Centro, and Hachinohe earthquakes. 

The thesis contributions are summarised as follows. 

8.2.1 Modelling ofMR Dampers 

There are some contributions through this research in terms of modelling and control of 

MR dampers embedded in civil structure that can be summarised as followings. 

• The non-symmetrical hysteretic Bouc-Wen model of the MR 

damper: The contribution of this model is that it can more accurately describe 

the behaviour of the MR dan1per because it takes into account the non-

symmetric hysteresis in the force/velocity relationship of the MR damper. 

Another distribution lies on the efficient genetic algorithm (GA) proposed to 

identify the model parameters. 

• The static hysteresis model of the MR damper: This model describes the 

behaviour of the MR damper as well as the well-known Bouc-Wen model. 

Instead of using differential equations to represent the hysteresis of the MR 

damper in the Bouc-Wen model, the static hysteresis model uses a hyperbolic 

tangent function for that purpose. As a result, compared with the Bouc-Wen 

n1odel, the complexity of the static hysteresis model is reduced. The model 

parameters are identified by using the particle swarm optimisation (PSO) 

technique that has been proved to be more attractive than the GA technique. 

Moreover, the model parameters in this model can be explicitly related to the 

hysteresis as well as to the magnetism current of the MR damper which makes it 
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possible to develop control strategies that can directly control the currents 

supplied to the MR damper. 

• The curve fitting model of the MR damper: a mixture of a sigmoid and 

Gaussian function is employed to represent the non-linear and hysteretic 

behaviours of the MR damper as accurately as the models in the literature. 

However, this model is simpler than other models because as few as five 

parameters are needed to identify, compared to eight parameters in the Bouc-

W en model, for example. 

The effectiveness of these models and techniques for their parameter identification has 

been verified and evaluated by simulation in Matlab/Simulink as well as from the 

experimental data of the MR damper operating in a wide range of conditions. 

8.2.2 Control of MR Dampers 

• State space equations: Based on the static hysteretic model associated with 

the proposal of using two MR dampers connected in differential configuration, 

the state space equations of a multi-storey building model which make it 

possible to develop control strategies to directly control the currents supplied to 

the MR dampers have been proposed in this research. 

• Lyapunov-based controller: This controller can directly control feasible 

currents supplied to MR dampers, based on the Lyapunov Stability Theory, by 

forcing the rate of change of a Lyapunov function to be as negative as possible. 

The total mechanical energy has been chosen as the Lyapunov function. The 

effectiveness of this proposed controller has not only been verified by intensive 

simulations using a four-storey building model subjected to four earthquake-like 

excitations of Kobe, Northridge, El-Centro, and Hachinohe earthquakes using 

six benchmark evaluation criteria, but also by experiments in part on the shake 

table, excited by the four scaled earthquake records, at the structural laboratory 

at the University of Technology, Sydney (UTS). 
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• LQR-based controller: This is another controller that has been proposed and 

developed to directly control the current supplied to MR dampers. In order to 

apply the LQR technique subject to linear systems, a feed back linearisation has 

been proposed to linearise the system in advance. The LRQ technique has been 

proposed to then directly deliver the control currents supplied to MR dampers. 

This technique aims to maintain a desirable system state with minimum control 

effort by minimising the performance index. In this case, the control effort is the 

currents supplied to the MR dampers. Minimising the control currents is 

significantly important in semiactive structural systems where power supply is 

often limited. The effectiveness of this proposed controller, based on six 

benchmark evaluation criteria, has been illustrated by intensive simulations 

using a four-storey building model subjected to earthquake-like excitations of 

El-Centro, Hachinohe, Kobe, and Northridge earthquakes. 

8.3 Future Work 

This section highlights some directions for future investigation related to the research 

presented in this thesis, as follows. 

• The effectiveness of the proposed models for MR dampers has been verified 

though simulations and experimental work in which MR dampers operated in a 

wide range of conditions. Environmental conditions such as temperature also 

affect the operation of MR dampers, and the effect of temperature on the 

proposed models of MR dampers should be further investigated. 

• The multi-storey structural model e1nployed in verifying the effectiveness of the 

proposed controllers was a symmetric model subjected to translational ground 

motions. The effect of irregular structures, rational ground motions and torsional 

coupling, as well as soil-structure interaction, should be taken into account to 

evaluate the system performance of the proposed controllers. 

• The effectiveness of the proposed controllers was based on the structural system 

maintaining linear status during earthquakes. However, in strong earthquakes, a 
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structural system may become nonlinear if the structural vibrations exceed the 

elastic limits. The effect of nonlinear structures should be further studied to 

analyse the effectiveness of the proposed controllers. 

• The proposed controllers were based on the system states that needed to be 

measured by sensors, for example L VDTs for displacement measurements. The 

taller a structure is, the more system states there are and the more measurements 

(sensors) are required. To tackle these issues, observer design and model 

reduction to reconstruct the system states and to reduce the system dimensions 

should be further studied. 
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