Observer based control of an
magnetorheological damper

by
Mehmet Ali Eroglu

Thesis submitted for degree of Doctor of Philosophy

June 2013
;f_*j/;% The
D i ' ]
{ ﬁ ] g?lversu;y

Sheffield.

Department of Mechanical Engineering

Supervisor: Dr N. D. Sims



sun and earth



SUMMARY

Magnetorheological (MR) fluids enable the rapid and continuous alteration of flow resist-
ance via the application of a magnetic field. This unique characteristic can be utilised to
build semi-active dampers for a wide variety of vibration control systems, including struc-
tural, automotive, and bridge applications. However, the non-linear behaviour of smart
fluid dampers makes the objective of achieving a desired control force very difficult. Most
of the control algorithms proposed to overcome this problem require the measurement of
both the MR damper force and the states of the system, which increases the complexity of

the system. In this thesis, this problem is overcome by developing a non-linear observer.

A further aim of this thesis is to investigate the effective control techniques for broad-
band excited observer-based MR vibration systems. Through an extensive series of nu-
merical and experimental investigations, the general single-degree-of-freedom and tuned
mass damper problems are presented. In an experimental case study, the hardware-in-
the-loop-simulation method is adopted, which provides an excellent means to bridge the
gap between theory and practice when the behaviour of a specific component is complex.
Here, the vibration absorber with controllable MR damper is physically tested, whilst
the remainder of the structure is simulated in real-time. The results demonstrate that the
chosen control strategy can provide significant performance benefits when compared to

more commonly used strategies and equivalent passive systems.
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NOMENCLATURE

A System state matrix
B Feedback gain
B Input matrix
Ca Absorber damping coefficient
Ca,opt Optimal absorber damping coefficient
Cp Viscous damping
Cs Structural damping coefficient
C Output matrix
Cpost Post yield damping coefficient
Cpre Pre-yield damping coefficient
D Desired set-point gain of the linearised system
D Feedthrough (or feedforward) matrix
Drs Desired set-point gain of fully active sky-hook system
Dwmr Desired set-point gain of the linearised sky-hook system
Dsas Desired set-point gain of the ideal semi-active sky-hook system
é(+) State estimation error
Fy Damping force
F., and F,, | Structural Excitation force
Fyur MR damping force
F Spring force
F, Yield force
Fy, Friction force
Fur Estimated MR damping force
Fiosired Estimated desired damping force
g Ratio of natural frequencies
Sopt Optimal frequency ratio
G Feed-forward gain
1 Current
Lnax Switching current of the on/off controller
k Linear stiffness represents the fluid compressibility
kq Absorber spring stiffness
ka.opt Optimal absorber spring stiffness
ky Spring stiffness
kg Structural spring stiffness
K Optimal control gain
L Observer gain matrix
m Isolated mass
myg Mass of absorber
Mg opt Optimal mass of absorber
my Mass of structure

Optimal mass of structure

viii




mp Mass representing fluid inertia
ny Mass of piston head
mg Detuned structural mass
r Forced frequency ratio
u(+) Input vector
Vv Piston velocity

Displacement of base

Displacement of mass

Relative piston displacement

Velocity of base

Absolute velocity of mass

Relative velocity of piston

Acceleration of base

Acceleration of mass

State vector

Estimated state vector

X1 Displacement of the mass representing fluid inertia
X3 Displacement of piston head

X, Amplitude of absorber displacement

X Amplitude of structural displacement
y(+) Output (or measurement) vector
y(+) Estimated output (or measurement) vector
X Quasi-steady MR damping function

Oy Static deflection of the system

4 Shear rate

u Viscosity of MR fluid, and mass ratio in Chapter 7

Moptimal Optimal mass ratio of tuned mass damper
Wretuned Retuned mass ratio of tuned mass damper
Na Loss factor of absorber
Na,opt Optimal loss factor of absorber

Ns Loss factor of main structure

T Shear stress

Ty MR fluid yield stress

4 Damping ratio

Cs Damping ratio of main structure

Ca Damping ratio of absorber

(0] Excitation frequency

(0N Natural frequency of the main structure
y Natural frequency of the absorber
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1 Introduction

Vibration is usually undesirable and yet it occurs in most machines, vehicles, struc-
tures, buildings and dynamic systems. The resulting unpleasant motions and the dynamic
stresses which may lead to fatigue and failure of the structure or machine [1]]. A typical
example of vibration could be swinging pendulum. The vibration theory deals with the

oscillatory motion of bodies and the forces associated with them.

Scientists have been studying the theory of vibration since the first quarter of the twentieth
century [2,3]]. Some of the earliest research was done by Timoshenko [2]] and Den Hartog
[3]] who described the primary solutions to vibration problems of engineering structures.
These solutions were achieved by applying passive devices to an engineering system such
as a structure, turbine, vehicle, or bridge. However, the performance of passive devices
suffers under wider ranges of excitation, due to passive systems being only optimal for
specific conditions [4]]. In order to overcome this limitation, scientists developed active
and semi-active systems, which are able to change their absorbing behaviour according to

measured data [3]].

In the present day one of the most promising suspension systems is the semi-active system
which deals with smart fluids. The flow resistance of these fluids changes very quickly

and continuously by applying an electric or magnetic field [5].
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This chapter is organised as follows. First relative merits of the passive, active and semi-
active vibration control techniques are described which followed by the detailed explan-
ation of the smart fluids. This chapter is concluded with the outline and objectives of

present research.

1.1 The relative merits of passive, active, and
semi-active suspensions

Passive suspensions devices are the most preferred solution to vibration control, due to
their inherent simplicity, reliability and low cost. These passive devices are implemented
in many engineering applications: automobiles, aircraft, locomotives, and buildings [6].

An example for the case of a passive suspension system is shown in Figure[I.1]

Response

t

Isolated mass

Viscous
damper

Linear
spring

Disturbance

Figure 1.1: Passive suspension configuration (single degree of freedom mass isolator).

The passive suspension control involves modification of the stiffness, mass and damping

of the vibrating system to make the system less responsive to its vibratory environment.



1.1 The relative merits of passive, active, and semi-active suspensions Introduction

These three passive elements do not require any power sources [7]. Depending on the
relative velocity of the damper, it dissipates energy [8,, 9] which is not controllable as the
suspension properties remain fixed. This makes the performance of the passive systems
highly depended on the excitation bandwidth. For large excitation bandwidths the per-

formance will decrease, due to passive systems only being optimal for specific conditions

[4].

It is possible to classify the passive vibration control methods in four groups according to

Mead [6]].

* Vibration control by structural design

* Vibration control by localised addition

— Passive, active, and semi-active vibration absorbers

* Vibration control by added damping

* Vibration control by resilient isolation

Even one of these solutions might be enough to deal with the vibration, but in some cases
a combination of two or more of these could be implemented. Structural design is simply
re-designing the structure according to the effect of the vibration so that the resonance fre-
quency of a structure moves away from excitation frequency with great benefit. Localised
addition is where the extra devices and materials are added and inserted to the main struc-
ture. This research will focus on this second stage where passive, active and semi-active
vibration absorbers could be considered as an extra device locally added to the main struc-
ture. The commonly used method for vibration control by added damping is to include

highly polymeric materials at strategic locations within the structure. The last method is
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used to isolate the two interconnected structures from one another. An example of this is

where engine mount devices are used to isolate the vibration created by the engines [[10].

In the 1950’s and 60’s, active suspension systems started to get considerable attention in
order to avoid limitations of the passive systems for vibration control [[11]]. The principle
of a fully active suspension system is where a controllable actuator replaces the passive
suspension device. Energy dissipation and storage from and to the vibrating system is
achieved by a hydraulic actuator which supplies controlled forces to the structure. In this
system, the flow rate of high-pressure fluid that is pumped into and out of the actuator
is controlled by the electro-hydraulic servo-valves. The recorded measurements from the
response and/or excitation are monitored by a controller (a computer) which, based on
a pre-determined control algorithm, determines the appropriate control force signal for
operation of the actuators [7]. As a result, better performance can be achieved over wide
ranging excitation conditions by using appropriate sensors and control logic. For ex-
ample, an active control system could increase the ride comfort of the passenger vehicle
up to 35% [12]. However, the generation of control forces by electro-hydraulic actuators
requires large power sources, which are on the order of tens of kilowatts for small struc-
tures and may reach several megawatts for large structures [13]]. In addition to their high
power consumption, the active system increases the cost, complexity and weight of the
system. Due to these disadvantages active control system have not been introduced into
the production of aircraft [[14], and development of the active vehicle suspension has been

dropped [12].

However, the performance of the semi-active systems are almost reaching that of active
systems while keeping the weight, cost and complexity of the system similar to that of

passive systems [[15]]. Based on feedback from the excitation and/or from the measured
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response, the mechanical properties of these systems can be adjusted. As with an active
control system, feedback measurements are monitored by the controller to generate a
proper command signal for the semi-active device. The control forces are developed based
on a pre-determined control algorithm to oppose the motion of the system. Semi-active
systems provide a means to control energy storage and/or dissipation. But such systems
cannot increase the energy of the system like active systems, so the power requirement of

these systems are very low [4].

Researchers proposed different types of semi-active damper, where the semi-active con-
trol is achieved by altering the geometry of the oil flow passages or orifice. In 1974
Karnopp and his colleagues [[16]] introduced the electro-hydraulic semi-active device shown
in Figure[I.2] where the fluid flow was controlled by the electro-hydraulic valves. In this
work Karnopp et al. also described the most significant semi-active control, where the
linear optimal control theory was used to derive the optimal control force for a single-
degree-of-freedom (SDOF) system based on work by Bender et. al. [17]. This system is
called the sky-hook system, as seen in Figure[I.3] the linear viscous damper is attached to
the virtual ground to control the absolute velocity of the mass. The performance advant-
ages of the sky-hook control is represented in Figure in the sense of a transmissibility
plot of a SDOF system. Comparing to the transmissibility of passive system (Figure [T.4}
(a)) with the transmissibility of sky-hook control (Figure [[.4}(b)), a significant reduction
of vibration amplitude at the resonance frequency is achieved without degrading the high
frequency response by the sky-hook control. In reality, only the active system can emu-
late the sky-hook configuration, however, the clipped optimal approach was proposed to
enable the semi-active devices to produce this sky-hook force when the energy dissipa-
tion are required by the Karnopp et. al. [16]. This passivity theory is displayed in Figure

where the semi-active force occurs when the sky-hook force has the same sign of the
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relative velocity across the damper. On the other hand, the level of energy dissipation is

minimised, or the no force at all is produced by the semi-active device when the energy

©
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Figure 1.2: The electro-hydraulic semi-active damper proposed by Karnopp [[16].

Hrovat et al. proposed the first application of semi-active control within the field of struc-
tural engineering for systems subjected to environmental loads [18]. Valve adjustable
semi-active dampers for lorry suspensions were investigated by Cebon et al [19]. This
work pioneered the hardware-in-the-loop-simulation (HILS) method, which enabled vari-
ous controller designs to be investigated experimentally. HILS utilized a real-time com-
puter simulation of a car model and the road excitation signal but not the semi-active
suspension device. In this work by using the sky-hook based controller authors showed
that car body acceleration could be reduced by 22% over optimally damped passive sys-

tems [[19]].
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Figure 1.3: The sky-hook configuration.
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Figure 1.4: Transmissible plots (a) passive, (b) sky-hook SDOF system.
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Semi-active devices are able to reduce the power consumption of the active devices signi-
ficantly, however, the method they use to control the semi-active force by utilising variable
orifice methods are potentially infeasible. They can be as costly, complex, and bulky as
active devices due to their similarity regarding the large number of moving parts, and com-
ponents requirement that are often similar to those used on active systems (e.g. electro-
hydraulic valves). However, smart fluids, provide an excellent, and arguably the most
superior means to provide vibration control via alteration of the fluid properties rather

than the flow geometry. Key advantages of smart fluids are summarised as:

* By using a low power electrical source the properties of smart fluid can be rapidly
and reversibly changed. For example, the MagneRide ([20]) smart fluid damper has
a peak power of 20W, and the root mean square (RMS) value is just a small fraction

of this [21].
* The response times of smart fluids to the applied field are less than 10ms [21]].

e Smart fluid devices have fairly easy and straightforward design stage within the

constraints of existing passive designs.

* Carlson [21] noted that, the MagneRide shock absorber requires 60% fewer parts
than their previous electro-mechanical semi-active damper system which implies

that smart fluid devices do not require any small moving parts.

In conclusion, smart fluid devices combine the cost-effectiveness and simplicity of passive
systems and performance of active systems, which makes them the best solution to vibra-
tion control [21]. Because of these advantages of the smart fluid devices, a semi-active
magnetorheological (MR) damper which is made by smart fluid is used in this study. In

the next section, more detailed description of smart fluids are given.
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1.2 Smart fluids

In general, smart fluids are divided into two groups. The first group consists of micron-
sized semi-conducting particles suspended in a dielectric oil and are called electrorhe-
ological fluid (ER), whereas the second group use micron-sized magnetisable particles
suspended in a non-magnetisable liquid such as mineral oil, silicon oil or water and are
called magnetorheological (MR) fluids. Under the appropriate electric or magnetic field,

microscopically, polarisation causes the formation of the particles chain as seen in Figure

[L6t(a).

@
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Figure 1.6: Smart fluids. (a) Formations of particle chains in smart fluids, (b) the resulting
shear stress/shear rate response.

The intensity of the applied field determines the strength of these chains, hence change
the viscosity of fluid and resist the fluid flow. This increased resistance behaves as a con-

trollable yield stress in the form of a Bingham plastic as shown in Figure [I.6}(b). This
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controllable yield stress approach led to the invention of highly controllable semi-active
devices such as, dampers for vehicle vibration control, rotary brakes for aerobic exercise
equipment, special purpose devices for medical rehabilitation, and erasable Braille dis-
plays for the blind, as well as for seismic damping and virtual surgery etc. [22]. If the
applied field is set to zero volts or zero amperes, the smart devices behave as a Newtonian
fluid as shown in Figure [[.6}(b) , where the shear stress is linearly proportional to the

shear rate.

Production of practical ER fluids were started over thirty years ago [23} 24, 25], however
practical production of ER devices have not got enough attention in the market yet. On
the other hand, nearly a decade later, developments in MR fluid technology began and this
was followed by significant commercial success, most notably in the automotive industry
[21]. First MagneRide MR shock absorbers were introduced in the 2002 model year for
General Motors’ Cadillac and Corvette vehicles [26]. The system now appears on more
than a dozen models from a wide variety of vehicles including: Audi TT, Audi R8, Buick
Lucerne, Ferrari 599GTB, Holden HSV Commodore [27]. The reason for this present

difference in commercial viability is largely associated with the fluid properties.

Controllable force levels of ER fluids are low, and in order to generate electric fields of up
to 6kV/mm the requirement of voltages are very high [5]]. Also, the working temperature
range of ER fluids is narrow (typically between 15°C to 90°C [28]]), which makes them
unsuitable in hostile environments. This disadvantage has restricted commercialisation
of ER fluids in the aerospace industry, owing to a reluctance to provide the necessary
voltages [S]. However, MR fluids can operate in the wide range of temperature such
between -40°C to 150°C and also can be powered by a low voltage source [21]. Con-

sequently, MR fluids are are far better suited to aerospace applications, and interest in this

10
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field has renewed due to the more recent developments in MR fluids.

However, the inherent non-linear behaviour of smart fluid devices, makes the target of
tracking a prescribed force demand a challenging task. This problem has motivated re-
searchers to propose a wide variety of relatively complex semi-active control strategies
which are in use either experimentally or commercially. It is not clear how to perform the
best automatic control yet. The inherent non-linearity of the MR fluids can be observed

by considering the simplified behaviour shown in Figure[I.6}(b).

1.3 Aim, objectives and outline

The aim for the current research is to implement and experimentally validate a non-linear
observer to simplify the sensing requirements for control of an MR damper. This can be

completed with the following objectives

* Numerical modelling of:

MR damper

Linearised feedback control

Single-degree-of-freedom-system (SDOF)

Linear and non-linear observer.

* Development of MR linearised control methods based on sky-hook, on-off, and

optimal control approaches.

* To build up an experimental SDOF mass isolation system incorporating a semi-

active damping element (an MR damper).

* To test and verify the observer-based linearised control algorithms from the numer-

ical and experimental study.

11
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* Investigate the numerical and experimental (by using hardware-in-the-loop-simulations)

performance of the proposed approach for a real engineering application.

The research in this thesis focuses on the observer based control of a smart fluid sus-
pension damper (MR damper). The thesis starts with a review of the current literature
concerning smart fluids and dampers. A brief history of the development of smart flu-
ids is followed by a discussion of the properties and relative merits of modern ER and
MR fluids. The various forms of smart fluids devices are then described, paying partic-
ular attention to the literature regarding the so-called flow damper which is used in this
thesis. The literature review concludes by investigating the various modelling and control

strategies that have been proposed to date.

The simple and economical way of converting highly non-linear smart devices (MR
damper) into variable semi-active force generators are investigated in this thesis. In
chapter 3, in order to achieve this target, observer based feedback linearisation of an MR
damper is proposed. Aim of the proposed theory is discussed by giving brief historical
developments and short descriptions of each parts (model of an MR damper, non-linear

Luenberger observer, and linearised feedback control).

In chapter 4, the design and operation of the MR damper experimental test facility are
described in detail, preliminary tests are described, to validate open loop and closed loop
responses of the MR damper device. The experimental results show considerable agree-

ment with the predicted model which makes the numerical model feasible.

Numerical analysis of the observer based linearised control of an MR damper are investig-

ated in chapter 5 based on a single degree of freedom mass isolator system. Three different

models of the MR damper device are proposed by modifying the Bingham plastic model,

12
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with a proper controller and observer design. Later the performance of these models are
presented by using a displacement transmissibility method under the harmonic excita-
tion condition. Later on sky-hook based control algorithms are developed to overcome
the non-linear behaviour of the smart fluid devices. The results are compared with basic
on-off control scenarios under the broadband random excitation conditions by using the

power spectral density (PSD) analysis.

The experimental investigation of semi-active SDOF mass isolation system are presented
in chapter 6. An SDOF mass isolation system, consisting of an MR damper excited by
a high response servo hydraulic actuator is described. The observer and controller were
modelled in a real time digital simulation. The performance of the observer based feed-
back linearisation was investigated by implementing sky-hook controllers, where com-

parisons were made with more simplistic on/off controllers and the uncontrolled case.

In chapter 7, the focus is moved to the specific application of the proposed theory as a case
study, where the tuned mass damper (TMD) problem is chosen. This is also relevant to
smart fluid devices. Numerical and HILS experimental investigations of observer based
adaptive semi-active tuned mass damper with a linearised MR damper that attempts to
mitigate random vibrations of the main structure is described. Numerical models of the
passive TMD with a linear viscous damper and adaptive TMD with an MR damper were
evaluated. In order to estimate the necessary states and damping force a non-linear Lu-
enberger observer was designed. Two control concepts for the MR damper have been
presented in addition to force feedback linearisation. Damping performance of these con-

trol concepts has been tested by varying structural mass, over a wide range.

13
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The frequency response results have been compared to the damping performances of the
passive TMD and an ideal adaptive TMD where the ideal adaptive TMD has been determ-
ined as a benchmark for this study. Simulated and experimental results have demonstrated
that the damping performance of the observer based adaptive TMD with a linearised MR
damper exceeds that of a passive TMD significantly, depending on the change in the main

structural mass.

Chapter 8 presents the key conclusion of this research and some recommendations for

future work.

14



2 Literature review

2.1 A history of smart fluids

Smart fluid was first introduced by Willis Winslow, an American inventor in 1940’s [29].
Winslow investigated the behaviour of different types of ER fluid by experimental testing.
He used a variety of insulating oil (mineral oil, paraffin, and kerosene), with added solid
particles such as starch, stone, carbon, and silicon to find out the how the viscosity of
the fluid changes and the resistance to fluid flow varies under the applied field. At the
beginning, smart fluids were used to implement the clutch and brake mechanism. Later
damping devices and actuators were proposed based on smart fluid technology. The first
ER device was also invented by Winslow, with a title of 'methods and means to translate

electrical impulses to mechanical forces’ [30].

However, the properties of Winslow’s smart fluid were found to be abrasive, toxic, chem-
ically unstable and they had a short life time [5]. Consequently, these drawback delayed
the early commercial exploitation until the more stable and non-abrasive ER fluids were
developed in the 1980’s [23}131]]. The initial discovery and development of MR fluids and
devices also goes back to the 1940’s, an American inventor (Jacop Rabinow) developed
MR fluid at the US National Bureau of Standards [32] and invented the first MR devices

(33134, 135, 136]. Although, significant development of the MR devices took place in the

15
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late 1980’s and early 1990’s [21,[37] most of these were presented by the Lord corporation
[38]. This commercial exploitation of the MR fluid devices were also related to the im-
provement of other technologies such as microprocessors, sensor technologies, computer

processing speeds and battery power [26].

In 1995 the commercialisation of MR fluid devices began with rotary brakes for sports
equipment [39]. After two years, an MR damper was used for heavy-duty truck seat sus-
pension. A few years later, MR fluid devices was introduced to primary vehicle suspen-
sion markets with mass production. The first MR shock absorber known as MagneRide
[20] was manufactured for primary vehicle suspensions system by Delphi Corporation,
and incorporated Lord Corporation’s MR fluid [38]]. This new suspension system was
implemented on the Cadillac Seville STS by General Motors (GM), in 2002 [39]. Since
2002, GM have used MagneRide shock absorbers on the 2003 and 2005 Corvette, many
of the Cadillacs models SRX and XLR (2004-09), STS sedan (2005-11), SRX roadster
(2004-09), CTS-V (2009—), Escalade ESV (2009-), DTS (2006-11), XLR SUV (2005-
09), and latest model of 2013 ATS [40]. In addition to GM vehicles, MagneRide sus-
pension system have been replacing old suspension systems for many other worldwide
companies on their primary vehicles, such as by Buick Lucerne CXS model [41], Ferrari
599 Fiorano (2006-) [42] and California (2008-) [43]], Audi TT (2006-) [44], and R8 [45]],
and Range Rover Evoque [46]. Lord corporation have developed various other commer-
cial MR fluid devices, which include MR rotary brakes for force-feedback elements in
steer-by-wire systems, and large-scale MR dampers (up to 180kN) for civil engineering
applications e.g. for earthquake protection. Lord’s MR fluid production levels in 2004
were reached to the order of tens of thousands of litres to accommodate this wide range

of commercial devices [39]].
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In 1995, the relative merits of ER and MR fluids are clearly identified by Carlson et al.
[21], which explains the reason why MR fluids have had great commercial success, but the
first mass-produced ER device is yet to be developed. The key point of this identification

were described by Carlson as;

* Yield strengths displayed by ER fluids are in the range of 3-5kPa, whereas the

capacity of delivering yield strengths of MR fluids reaches up to 100kPa.

* Operating temperature range of ER fluids (15 °C to 90 °C [28]]) is narrower than

MR fluids (-40°C to 150 °C [21])).

* Voltage source requirement of the ER fluids (2-5kV [47]) to produce the neces-
sary electric field strengths is higher than MR Fluids (12-24V [47]), which can be
provided by more conventional power supplies. Due to the contrasting current re-
quirements (1-10mA for ER, and 1-2A for MR), the power requirements of ER and

MR devices are similar (= S0W) [47]].

* ER fluids are highly sensitive to the presence of contaminants [21].

It is clear that, MR fluids have a significant potential for commercial production.

2.2 Smart fluid devices

In order to classify the smart fluid devices the investigation about their working modes are
suggested. Basically there are three modes of operation (1) flow mode, (2) direct shear

mode, (3) squeeze-flow mode as illustrated in Figure [2.1]
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Figure 2.1: Smart fluid modes of operation. (a) Flow mode, (b) direct shear mode, and (c)
squeeze mode.

* Flow Mode

The basic smart fluid devices are generally constructed with flow mode. Flow mode
device first designed by Winslow [48]. This device mainly includes a pair of stationary
electrodes (ER) or poles (MR) and controllable MR or ER fluid that is held between these

electrodes or poles as shown in Figure [2.1}(a). Perhaps damping devices are the best ex-
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ample of the flow mode devices as shown in Figure[2.2}(a). When the piston moves, smart
fluids pass through the bypass circuit valve. Hence applied magnetic field increases the
viscosity of the fluid therefore resistance to the piston increases as well [49]. Flow mode
phenomenon could also be used to create actuator, servo valves and hydraulic control
devices. A hydraulic actuator based on flow mode smart fluid devices was demonstrated
by Kordonsky [0, 51], where the desired actuator motion were generated by controlling

the flow rate through the two inlets (2 and 4) and the two outlets (1 and 3) as seen in

Figure[2.2}(b).
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Figure 2.2: Flow mode devices (a) Smart fluid damper, and (b) smart fluid hydraulic con-
trol system.
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¢ Direct Shear Mode

Here, smart fluid is shearing between two electrodes (ER) or poles (MR) where one or
both of them are either rotating or sliding as shown in Figure 2.1}(b). As in flow mode,
Winslow was the first inventor of the shear mode device, in 1947 [30]. If the electrodes
(ER) or poles (MR) rotates then the device is a torsion damper, e.g. the Rheonetic MRB-
2107 brakes that were developed by Lord Corporation in 1996 [21] in order to control
aerobic exercise equipment by using the torsional direct shear mode. If the electrodes
(ER) or poles (MR) translate then it is a linear damper. In addition direct shear mode
is also used to build several types of ER/MR fluid devices such as, brakes [52} 53, 154],
clutches [55! 156, 157]], and structural dampers [38}, 159]. Examples of rotary MR clutches
are given in Figure[2.3] Such devices could replace torque converters in automatic drive
line transmissions in order to provide better control during vehicle launch, and to improve
high-speed efficiency (by reducing slip) [60].

(b)

0 1 1

MR fluid
<«—MR fluid
Input Output
Shaft }\ }\ Shaft
Input Output
Shaft ~ N\ Shaf
) ) </ </
J </

Figure 2.3: Shear mode rotary clutches [60]. (a) Cylindrical design, and (b) disk shaped
design.

* Squeeze-flow Mode
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In the squeeze-flow mode, the electrodes (ER) or the poles (MR) are free to translate in a
direction parallel to the applied field as shown in Figure[2.1}(c). This movement depends
on the fluid tension, compression, and shear forces [S]. When the system requires small
displacement and large forces to control then this mode is perhaps the most suitable one
[61], such as engine mounts [62]. In addition, squeeze flow mode devices have been used

to control the vibration of flexible rotor systems [63, 164, 165,166, 67]].

For this research, the flow mode configuration of device is chosen, which is arguably the

most suited to damper design.

2.3 Modelling of smart fluids

In reality, the highly non-linear characteristic of the smart fluids makes it quite difficult
to design a proper model of the device. This non-linearity represents the relationship
between the applied field and produced resistance force. In other words, the output (force)
is the non-linear function of the inputs applied field. Increasing the accuracy of a smart
fluid model will permit the effective design and sizing of devices, and will enable the

development of high performance controllers.

Models of smart fluid devices are mainly divided in two groups. The first group estimates
the behaviour of the smart fluid during the steady flow conditions i.e. where the fluid shear
rate is constant. These are called Quasi-steady models. The second groups accounts for
the transient flow behaviour, which can include effects such as fluid compressibility and
fluid inertia. These dynamical models are better suited to precisely predicting device
performance as part of a complete vibrating structure. As a result, dynamical model of

smart fluids enable the more effective development of control strategies.
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The most common way to represent the quasi-steady behaviours of the smart fluid is the
Bingham plastic model (see Figure [I.6}(b)). According to this model, the onset of flow
does not occur until the smart fluid is stressed beyond a critical yield stress, when it starts
to flow like a Newtonian fluid with a constant viscosity. Experimental test results of the
one-dimensional axisymmetric damper [68] have strongly supported Bingham plastic be-
haviour. However, the yield stress and viscosity predictions were not good enough, where
fluid property values had to be updated before good correlation was achieved [68]]. In ad-
dition, smart fluids may exhibit shear thickening or shear thinning behaviour. Figure [2.4]
compares quasi-steady response for Bingham model with shear thickening or shear thin-
ning behaviour where the apparent viscosity tends to increase or decrease with increasing
shear rate [69]. Particularly the performance of smart fluids can vary from idealised Bing-

ham plastic behaviour at high velocities.

Shear stress, 7 . .
A Shear thickening

Bingham plastic

Yield

stress, 7, Shear thinning

.

Shear rate, y

Figure 2.4: Shear thickening and shear thinning behaviour of smart fluids.

In order to illustrate this effect several solutions proposed such as, by using Herschel-
Bulkley model with assumption of the shear stress is proportional to a power law of the
shear rate [[70, [71} [72, [73]], by using simplified Herschel-Bulkley model where a region
of high shear rate flow and a corresponding reduction (shear thinning) or increase (shear

thickening) in the fluid viscosity were defined by using a bi-linear post-yield viscosity
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function in the Bingham plastic equation [69]], and empirical coefficients used to modify
the equation for Bingham plastic flow between parallel flat plates as an alternative method

[741].

The described models based on Bingham plastic theory were effective at predicting the
post-yield quasi-steady response. They do not account for the significant dynamic beha-
viour that is observed in real devices. To give an example of this behaviour, Figure
compares force/velocity response of Lord Corporation’s RD-8040-1 MR damper [75],
and the quasi-steady response for Bingham plastic under the sinusoidal excitation. Figure
illustrates the shortage of the quasi-steady model under dynamic conditions. Also, the
key dynamic effects has been attributed to fluid compressibility which appear in the form
of a hysteresis loop with reference to the experimental response [[/6], and under-damped
oscillations are associated with the fluid inertia [76]]. Furthermore, viscoelastic behaviour
appears in the pre-yield response, which assumes rigid pre-yield behaviour.

2
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Figure 2.5: Experimental and numerical force/velocity response of Lord Corporation‘s
RD-8040-1 MR damper [75] under 2 mm 10 Hz sinusoidal excitation.

In 1987, the first dynamical model of ER fluids was proposed by Stanway et. al. [77],
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illustrated in Figure 2.6} (a). The model was designed for ER vibration damper and mod-
elled as a parallel combination of a viscous damper (to model the post-yield response) and
Coloumb friction element (to model the yield stress). Gamota and Filisko extended this
model to three degree of freedom system by adding viscoelastic and plastic elements [[78]]
as seen in Figure 2.6}(b). This later model was better able to predict the behaviour, but it
also increased the complexity of the system, also the dynamic equations are stiff and so
difficult to [S9]. Later on, Spencer et. al. proposed the modified Bouc-Wen model [59].
This single degree of freedom Bouc-Wen model differs from the Bingham model with
an additional parallel non-parametric element to account the hysteresis effects as shown
in Figure [2.6}(c). The Bouc-Wen model was able to adequately predict the experimental
response, but for significant accuracy of prediction an additional degree of freedom is
required [59]]. However, the Bouc-wen model requires the identification of large num-
ber of parameter and so the researchers have focused on the development of the effective
system identification techniques [79, 80, |81} 182, [83), 184]. Also, it is claimed that “to ac-
count for the experimental force—velocity plots, an additional degree of freedom had to

be introduced to the Bouc-wen model” by Sims [85].

Another dynamic modelling approach called the viscoelastic-plastic model, was proposed
by Kamath and Wereley [86] where non-linear shape functions determine the weighting
of two linear shear flow mechanisms — one that describes the pre-yield behaviour (par-
allel viscous damper and linear spring) and one that describes the post-yield behaviour
(viscous damper), this is shown in Figure [2.6}(d). Researchers have been proposed many
other non-parametric techniques for the dynamic modelling of smart fluid dampers. For
example, Chebyshev polynomials were fitted to experimental data by Gavin, et al. [87],
and 6th order polynomials were fitted by Choi, et al. [88]]. A neural network of an MR

damper were developed by Chang and Roschke [89]]. In order to train the neural network
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they used a Bouc-Wen model.
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Figure 2.6: Lumped parameter model of some previous smart fluid dampers: (a) Bingham
model [[77], (b) extended Bingham model [[78]], (c) Bouc-Wen model [59], (d)
viscoelatic-plastic model [86]], and (e) unified MR model [85].

Many of the smart fluid device model formats discussed previously require the identifica-

tion of many parameters and are highly complex. Besides, models are often developed in
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parallel to existing laboratory devices and the parameters can often lack physical signific-
ance. So these models might be well suited to a particular device, and thus cannot be used
for different designs. In order to overcome these potential drawbacks, Sims et. al. [85]
have developed more a general modelling approach, which is shown in Figure[2.6}-(e), and
comprises a quasi-steady damping function in series with two masses and a linear spring.
The mass m; represents the fluid inertia, whilst the mass m, represents the piston head
mass, respectively the fluid compressibility k is represented by the linear spring. Analyt-
ical model of Bingham plastic equation for flow between parallel flat plates can be used to
derive the quasi-steady damping function [[/6]. This indicates that, by using constitutive
relationships between the fluid properties and the device geometry, the parameters of the
model can be evaluated, rather than using observed experimental behaviour. This enables
to design an accurate dynamical model before the device manufactured, which is vital for
prototyping. In addition, this model also makes it possible to implement system identi-
fication method or the updating procedure. As a result, this model accurately represent
many of real devices. An effective system identification method was explained by Sims,
et al. [85]. Also, the authors showed that the resulting model is extremely efficient in
reproducing an MR damper’s behaviour with broadband mechanical and electrical excit-
ation. This model is used in this thesis in order to develop effective control strategies for

MR mass-isolators and vibration absorber problems.

2.4 Control of smart fluid devices

The significant non-linearity of the smart fluids damper complicates the proper control
design, so as a result researchers have proposed wide range of control schemes. All of

these control algorithms have aimed to find out;

1. The desired set-point damping force for optimal performance.
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2. A method to determine the corresponding input current/voltage that achieves this de-

sired force.

By combining these two targets, smart fluid devices were driven with an optimal calcu-
lated input current/voltage to track desired set-point damping force which is the biggest
challenge in reality. To overcome this challenging task, relatively complex semi-active
controllers were proposed by researchers, in an attempt to fully exploit their potential
within automatic control systems. Several researchers implemented Lyapunov stabil-
ity theory and clipped optimal control strategies with some success to structural control
[90, 91, 192, 93, 94]. Yoshida and Dyke compared these methods with equivalent ideal
semi-active and fully active systems [95]]. Implementation of the neural networks for both
structural [96, 97, 98] and automotive [99, (100, 101} [102] applications are investigated,
as well as fuzzy control schemes [[103}104, 105, 106], quantitative feedback theory based
controllers [[107] and H., controllers [[108,,109]. Adaptive neural network techniques were
proposed by Morishita and Ura [110] and implemented to the two-degree-of-freedom
(2DOF) beam structure numerically and experimentally. Researchers have also proposed
sliding mode control for aerospace [111]], automotive [112} 113} (114} [115], and structural
[116] applications. In addition Kim et al. designed a non-linear sliding mode control and
experimentally investigated it a cantilever beam specimen [117]]. Pole placement control
method was used to reduce the tip deflection of a beam over frequencies of up to 100 Hz
by S. H. Choi et al. [118]. Dyke et al. described the clipped optimal algorithm by using
MR damper for structural application [90]. In a numerical study clipped optimal control
implemented to the three-story building by using the measured acceleration signals. Also

the experimental validation of optimal theory is done by Dyke et. al. [91]].

Bang-bang or on/off methods are mostly preferred by researchers as algorithms to simply
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achieve a proper force tracking of smart dampers. These methods simply switch the
smart damper’s current/voltage supply to a predetermined level when a dissipative force is
required within the controllable range of the device, otherwise switch the smart damper’s
current/voltage supply to the zero or the minimum level [119, 120, [121]. It was shown
by Sims et al. [[15]], that this simple on-off approach is very effective under the sinusoidal

excitation but under more realistic random inputs the performance suffers.

Yoshida and Dyke investigated alternative force tracking methodologies include the de-
velopment of approximate linear relationships between the control current and the desired
damping force [93]]. A polynomial model of an MR damper was used to analytically gen-
erate the inverse damper dynamics by Choi, et al. [88]. This methodology was used by
Du, et al [[108] to implement H., control of an MR vehicle suspension where the authors
concluded that due to the insufficiency of the polynomial model to describe the low ve-
locity behaviour, the desired force could not be tracked accurately. By using the neural
networks investigators have proposed more complex force tracking strategies, which are
trained to predict the control current for a given force [122, [123| [124]]. For example, it
is shown that the force/velocity response could be linearised by using the experimental
MR damper data to train neural networks [[122]]. A Bouc-Wen model is used for training
by Chang and Zhou [123]], and tracked force demands from optimal control laws for both

single and multi-degree-of-freedom systems (MDOF).

So far, many of the control methodologies described above are derived using specific nu-
merical or experimental behaviour which makes them sensitive to parameter uncertainty.
In other words, if the behaviour changes due to differences in fluid properties or variations
in viscosity of fluid, the force tracking accuracy will suffer. This problem motivated the

researchers at the University of Sheffield, and they proposed an alternative approach to
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controller design, where force feedback loop is used to linearise the force/velocity be-
haviour of a smart fluid damper [125} 49]. Accurate desired set-point force tracking is
achieved by the feedback linearisation technique with in the control limits imposed by the
fluid properties and device geometry. This control strategy enables effective implementa-

tion of the various control algorithms.

2.5 Observer base semi-active control

In a previous numerical study based upon an ER damper [126], feedback linearisation
was shown to be effective for a single-degree-of-freedom (SDOF) mass-isolator with si-
nusoidal excitation. A later article [15] extended this work to investigate an ER vehicle
suspension, where a 32% reduction in car body acceleration was demonstrated with the
linearised controller. After that, Batterbee and Sims [[127, [128]] validated the force feed-
back linearisation algorithm under the actual roadway excitation conditions, by using the
force transducer to measure the damping force, and an LVDT sensor to measure the piston
displacement. Most of the proposed semi-active control algorithms implement the similar
sensors techniques to measure these values, but implementation of these sensor in reality
are difficult and increases the complexity of the system [129]. One target of this present
thesis to overcome this complexity problem by estimating the force by using a non-linear

observer.

Most of the control concepts proposed in the history of semi-active control also require
the knowledge of the damping force and system states (velocity or displacement informa-
tions ) [[130] which were difficult to measure in practice [129]. The difficulty of measuring
damping force and system states has motivated scientists to look for alternative ways to
predict these values. Some of the proposed solutions use the measurement of semi-active

relative displacement[131} [132], relative displacement and accelerations of the system
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[133} [134]], while some authors consider acceleration(s) alone [135, [136] to predict the
required states of the system. Li et al [137]] designed Luenberger [138] based non-linear
dynamical neural network observers to isolate the vibration of the 20-story non-linear
structure by using the relative displacement of first floor as the inputs of the observer. Giua
et. al designed predictive observer by minimizing the Hy norm of the transfer function
matrix between the estimate error and the external disturbance [[131]. Adaptive observers
are developed for a class of non-linear systems by Rajamani et. al. [[133] which use the
measurement from two accelerations and an LVDT sensor. Yi et. al. present the observer
uses easily accessible measurements such as accelerations and guarantees exponentially
convergent state estimation for suspension deflections and velocities [136]. Dixit et. al.
investigated sliding mode non-linear observers use the suspension deflection as a meas-
ured input [132]. H./LPV linear parameter varying method was proposed by Aubouet
et. al [[139] to control the automotive suspension by using the relative displacement of the

system.

Various methods have been proposed to estimate the velocities based on simple acceler-
ometer implementation, such as simple bandpass filters, Kalman filtering, the decoupling
technique, the sliding-mode technique, and gain scheduling among others [132, 131,133,
135 1134, [136]. Acceleration based observers are designed especially for semi-active
suspension system [[140]. In this study, arguably the most applied simple Luenberger ob-
server based on the measured accelerations are used. First observer designed according

to linear model of the system and than updated to the non-linear observer form.

2.6 Summary of Chapters 1 and 2

The first two chapters in this thesis have described the limitations of traditional pass-

ive suspensions, whilst highlighting the advantages that can be gained using semi-active
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devices. Moreover, magnetorheological fluid based devices were identified as a particu-

larly superior means to provide semi-active vibration control.

Chapters 1 and 2 also drew attention to the non-linear behaviour of MR dampers. This
makes the objective of achieving a desired force (and hence the application of classical
control techniques) very difficult. Consequently, there is no general consensus on how
to best perform automatic control. Previous research at the University of Sheffield has
focused on a methodology known as feedback linearisation, which simplifies this force
tracking issue. However, this research used the force transducer to measure the damping
force same as the other controllers which in reality increases the complexity of the system.
This motivates this thesis to implement a Luenberger observer by using the measured
accelerations. The proposed observer, first is designed by using the linear model of the

system and then by moving to a non-linear model.

The next Chapter aims to discuss the proposed observer based linearised control of an

MR damper.
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3.1 Introduction

Magneto-rheological, or MR, dampers are one of the most promising semi-active con-
trol devices for protecting civil engineering structures, vehicles, ships, or aircraft from
the damaging effects of dynamic loading. They have many advantages over alternative
technologies, such as low power requirement, reliability, and low cost. A wide range of
control schemes have been considered for MR dampers, with no general consensus on
the most appropriate approach. Research at the University of Sheffield has focused on
feedback linearisation [[125]], but this requires measurement of the damping force which

increases the complexity of the system.

The present research aims to overcome this problem by investigating the application of
observer based control to the feedback linearisation of an MR damper. A single-degree-of
freedom structure is chosen as the basis for this study, as shown schematically in Fig-
ure [3.1}(a). With reference to Figure [3.1}(b) and Figure [3.2] by replacing the passive
damping element with a controllable MR damper the aim is to perform observer based
force-feedback linearisation of the MR damper (so that it can perform as an arbitrary
semi-active force generator) using an observation of the feedback force and states, rather
than measured values. The proposed observer based linearised force feedback control of

SDOF system consists of three basic components: the actual plant, non-linear observer
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and the controller (combination of control concept and feedback linearisation) as seen in

the Figure 3.2

Response Response
Xm Xm
Mass,m Mass,m

Input
Xp

(a) (b)

Figure 3.1: SDOF mass isolator configurations, (a) viscous damper model (b) MR damper
model

The present chapter is organised as follows. First, there is a short discussion on the model
of single degree of freedom system. After describing the model of the MR damper, an
investigation of the observer design is then presented. Next, some attention is paid to the

control algorithm. Lastly, it concluded with discussion and summary.
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Figure 3.2: Observer based linearised control of the SDOF system.
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3.2 Single degree of freedom system

A single degree of freedom system is created by an isolated mass (m), a linear spring (k)

and a linear viscous damper (c;) as shown in Figure (a).

The equation of motion for the SDOF system is;

min(r) = —kp (6n(1) — %5 (1)) — ¢ (o (1) —5p(0) (3.1)

where x,,(+), % (-) and %,(-) are the displacement, velocity and the acceleration of the
mass. Also, x,(+) and x5 () are the displacement and the velocity excitation applied to the

base.

For the case of harmonic excitation, the time domain solution is;

X (1) = Xpe'® (3.2)

Xp (l‘) = Xbeiwt (3.3)

Substituting Equations [3.2]and [3.3into Equation [3.1] yields

—m®* X = —kp (X — Xp) —ioc), (X — X) (3.4)
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and so the displacement transmissibility of the system becomes,

Xin _ k,+iwcy (3.5)
X, —mw?+k,+ioc, '

Equation [3.5] illustrates the dynamics of the linear mass isolator problem. But, the per-
formance of Lord Corporation’s RD-8040-1 short stroke Magneto rheological (MR) [[75]]
damper are investigated in this thesis. Because of this, the Equation [3.5| needs to be up-
dated regarding MR damper rather than passive damper as seen in Figure [3.1}(b). The
resulting equation of motion for MR damper mass isolation system becomes dependent

on the MR damper force such as;

mX (1) = —kp (X (1) —x(¢)) — Fur(t) (3.6)

where Fyg(-) is the MR damper force. Because of the MR non-linearity, it is not possible
to develop this equation further to evaluate the displacement transmissibility. However
this non-linear model of SDOF system will be investigated numerically and experiment-
ally in Chapter [5] and Chapter [6] At this point, a little attention is paid to the numerical

model of an MR damper.

MR damper model

In reality the MR damper is a non-linear and hysteretic device due to highly non-linear
characteristic of the magneto-rheological fluid. This non-linearity represents the relation-
ship between the input and output. In other words the output (force) is the non-linear
function of the electrical input (current applied) and the mechanical input (displacement

of one end of the damper relative to the other end). Also the definition “hysteretic” is that
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the output force is dependent not just on the instantaneous values of the inputs, but also
on the history of the output [141] i.e. such a system has “memory”. So a non-linear model

of the MR damper is necessary.

Several types of numerical models have been designed to simulate the non-linear and hys-
teretic behaviour of the MR dampers. Shortly referring to the literature review, the most
popular models of the smart fluid dampers were the model, proposed by Stanway [77]
(Figure [2.6}-(a)), Gamota and Filisko’s model [78]] (Figure [2.6}(b)), the modified Bouc-
Wen model [59] (Figure [2.6-(c)), the viscoelatic-plastic model [86] (Figure [2.6}(d)), and
the unified MR model (Figure [2.6}(e)) [85]. This was based on Lord Corporation’s RD-
1005-3 MR damper [142] and a schematic drawing and lumped parameter model of this
device are shown in Figure [3.3] This is a flow mode device (Figure [2.1}(a)) where move-
ment of the piston rod forces fluid through an annular orifice. An accumulator is also
incorporated to accommodate for the change in the working volume caused by the pres-
ence of the piston rod. This introduces an element of stiffness to the damper response,
however this was found to be insignificant when compared to the suspension stiffness
terms in the SDOF models [127]. Consequently, the effect of the accumulator has been
neglected in the development of the MR damper model (Figure 2.1}(b)). Here, the stiff-
ness element represents the compressibility of the MR fluid, whilst the mass represents
its inertia. The non-linear damper represents the Bingham plastic nature of the MR fluid
flow. In earlier work the damping function was obtained by solving the Bingham plastic

equations of flow.
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Figure 3.3: (a) Schematic diagram of the Lord Corporations RD-1005-3 MR damper
[142] and (b) the lumped parameter model [85].

As it is been explained in the literature review that this unified model will be used in
this thesis, due to not only it is flexibility in the choice of the model’s damping function,
but also the performance of the unified model has been proved by experimental testing
of Lord Corporations RD-1005-3 short stroke MR damper by Batterbee and Sims [[127]]

under the broadband mechanical excitation. This unified model is used in the present
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study in order to develop effective control strategies for MR mass-isolators and vibration
absorbers problems.
This unified model also will be summarised in Chapter [5|together with the other two types

of non-linear models of MR damper.

3.3 Observer Design For SDOF System

All of the MR based semi-active control strategies require the system states (piston dis-
placement and/or piston velocity) for control concepts, and the damper force (for feed-
back method), which are difficult to measure in practice. Direct measurements of these
values are possible by the proper sensor applications (load cell, LVDT, and velocity trans-
ducers). However, the implementation of the load cell and LVDT sensors are difficult and
expensive compared to accelerometers. This motivates proper observer design to predict
states and the damper force from easily accessible measurements such as accelerations,
for the implementation of the force feedback linearisation. There could be another way
to measure this force such as using the acceleration signal directly, but it does drift when
integrating the signal and also the observer concept could be extended for more complex
systems to estimate the states. Implementing the observer reduce expense, reduce the

working space of the system, and reduce the complexity.

Assume that there are two accelerometers, which are placed on the basement and mass
to measure the accelerations of the basement and the mass. The question that arises here
is whether an observer is able to estimate the velocity and displacement data of the base
and the mass or not. In order to answer this question, firstly the state space representation
of the SDOF system is derived. Then the observer gain is decided and implemented in

Simulink.
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If the estimated values of piston velocity and displacement are acceptable then the target
is to estimate the force produced by the MR damper, which is installed between basement
and mass to absorb the vibration by different values of applied current. If the force acting
on the MR damper can be estimated, then the control algorithm could be developed to

control the current applied to the MR damper according to force feedback linearisation.

State space model of the SDOF system

The equation of motion for SDOF system with linear viscous damper is already given in
Equation [3.1]

min(t) = —kp (6n(1) — %5 (1)) = (o (1) —5p(0)

Where acceleration of mass is;

o () = == (o () =25 (£)) = = (o (1) = 35 (1)) 3.7)

System inputs are x,(¢) = u(t), X5(t) = ua(t), and the system output is the acceleration
Xm(-) of the mass. The system states are designed to be displacement of mass x,,(1) =
x4(t), and velocity of mass X, () = x,(¢) so x4(t) = x,(¢) and X, (¢) = x,(¢). Also

60) = (x0) ~ (1)) — L (0(0) ()

The state space form for this SDOF system is ;

() = Ax(t) + Bu(t) (3.8)

¥(t) = Cx(t) + Duf1)

Which can be rewritten as:
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3.3 Observer Design For SDOF System Theory

0 1 0O O
x4(1) _ | x4(1) N . up(t) (3.9)
(1) & e ] x0) A N0,

‘p
m

%, () = { _’% _C_p] xa) +{ (3.10)

x,(1)

3

} u (1)

uz(l‘)

With reference to Figure [3.1}(b), the observed damper force was obtained using observa-
tions of the base and response motions, along with knowledge of the spring stiffness and

payload mass:

FMRZm)'C'm(l‘)—kp (xm(t)—xb(t)) 3.11)

This solution requires estimates of the payload mass acceleration and displacement, as
well as the base motion. These can be obtained by designing a Luenberger observer
[138]], using as x,(¢) system inputs, ¥,,(¢) as available output measurements, and %, (¢),
and %,,(t) as states to be identified. The frequency of the observer is chosen to make
the observer dynamics considerably faster than the dynamics of the SDOF system. The

mathematical model of the observer is defined as:

(1) = A%(t) 4 Bu(r) + Lz (1) (3.12)

$(t) = Cx(t) + Du(t)

where the difference between the measured outputs y(7) and the estimated output y(¢) is

represented by:
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z2(t) = y(t) —9() (3.13)

The dynamics of the state estimation error is then given by

é(1) = (A— LC)e(r) (3.14)

where

e(t) = x(t) — (1) (3.15)

where L is the observer gain matrix which is a 2x1 matrix for SDOF system. The pole
placement method is used to find the observer gain matrix. Assuming the observer gain

matrix is;

L=
1)

Poles of the SDOF system are given by;

|sI—A| =0
s 0 0 1
_ . -0

Choosing the eigenvalues of the observer model at point a and b, implies that the desired

characteristic polynomial of the observer is to be given by;
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(s+a)(s+b)=0

s+ (a+b)s+ab=0 (3.16)

These chosen eigenvalues are the poles of the observer equation which is;

(1) = (A — LO)x(t) + Bu(t) + LCx(t)

where the eigenvalues are

|sI —(A—LC)|=0 (3.17)
s 0 0 1 I .
_ ‘ _ [ —2 _%p } =0 (3.18)
0 s —% —j—;; 12

Comparing coefficients of Equation[3.18| with the desired characteristic polynomial Equa-

tion the observer matrix could be evaluated.

Referring to Equation [3.12] the simulated model of the SDOF full state observer is shown
in Figure[3.4]. The upper half of Figure [3.4]is the actual SDOF system and the lower half
is the observer design for this system. This linear model could simply be converted to

the non-linear observer model by replacing the linear damping element by the non-linear
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3.3 Observer Design For SDOF System Theory

model of the MR damper as seen in Figure [3.5] However, at this point it is worthy to ask
whether the observer gain matrix (chosen based on the linear model), is able converge the
system error dynamic (Equation [3.15) to zero in the presence of non-linearity? The an-
swer to this question will be investigated numerically (in Chapter [5), and experimentally

(in Chapter [6).
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Figure 3.4: Linear Observer Design of SDOF system.

Next, a single degree of freedom linear observer system is designed based on the Luen-
berger [138]] technique and a brief description of the non-linear observer design is given.
Later, in Chapter[5] three types of non-linear SDOF observer models will be considered as

well as the form of the non-linear MR model used to develop the SDOF observer system.
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Figure 3.5: Non-linear Observer Design of SDOF system.

3.4 Feedback Linearised Control

Designing a proper control concept for smart fluid dampers is the key point to reach

the maximum performance of the device due to their highly non-linear characteristic.

Several types of control scheme have been proposed in the last two decades and these

were summarised in the literature review. Kim et al. designed a non-linear sliding mode

control and experimentally investigated on the cantilever beam specimen [[117]. Adaptive

neural network techniques was proposed by Morishita and Ura [110] and implemented to

the 2DOF beam structure numerically and experimentally. Pole placement control method

was used to reduce the tip deflection of the beam over frequencies of up to 100 Hz by S.
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3.4 Feedback Linearised Control Theory

H. Choi et al. [118]. Dyke et al. described the clipped optimal algorithm by using
MR damper for structural application [90]. In a numerical study clipped optimal control
implemented to the three-story building by using the measured acceleration signals. Also

the experimental validation of optimal theory is done by Dyke et. al. [91].

These non-linear controllers increased complexity of the system. It is been suggested by
Sims et. al. [126] that using a linear control structure might be an alternative. Researchers
at The University of Sheffield [[125]126] have developed simplistic feedback linearisation
control method by using graphical techniques developed by West [143]]. Using this model,
a linear input/output characteristic can be obtained and also the slope of the line can be
determined through the choice of a gain term in the controller, this linearised feedback

control algorithm was chosen as the control strategy to be explored in this study.

The linearised feedback control strategy is shown in block diagram form in Figure [3.6]
Here, feedback control is being used to implement a semi-active force generator. The
proposed control system uses a measurement of the damper force to linearise the non-
linear damping behaviour. Essentially, the controller gains B and G can be tuned so that
the actual force closely matches the set point force. Here, the desired set point force is
generated by the control law chosen separately by the users such as sky-hook, optimal,
passive etc. However, the desired set point force could only be tracked by the MR damper
if it lies within the control limits imposed by the device geometry and MR fluid properties.
Figure illustrates the control envelope of the MR damper. Feedback linearisation
properly can track that force, if the desired set point force inclines within this envelope.
On the other hand, the MR damper will remain in its ‘off” state to minimise the energy
dissipated if an energy input is required i.e. the desired force inclines within energy input

quadrants, or if a dissipative force requirement is lower than that governed by the base
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3.4 Feedback Linearised Control Theory

viscosity of the fluid (zero current), then this force cannot be achieved. On the other
hand, if the desired force exceeds the upper boundary of the control envelope (maximum
current), and is a dissipative one, then in order to maximise the energy dissipated, the

damper current will saturate at its maximum level.

Piston
locit
Desired set- velodty, V. Actual
oint force MR damp cr N u'a
p n damping
Fesired F MR=— f ( I/, I) > force, Fy
_ Current, /

B

Figure 3.6: Semi-active force generator modified from [126]].

Feedback linearisation control theory will be rediscover in Chapter 3]
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Figure 3.7: Control envelope of MR damper.

3.5 Summary of chapter 3

The proposed observer based feedback linearisation theory aims to convert a highly non-
linear smart device (MR damper) into a variable semi-active force generator. This chapter
has demonstrated the basics of the proposed theory by giving a brief theoretical descrip-
tions of each aspects, a unified model of an MR damper; non-linear Luenberger observer;
and linearised feedback control. Detailed designs for each part will be developed in

Chapter 3]

First, however, it is useful to describe the comprehensive experimental test facility that
will be used as a basis for designing, testing, and validating the proposed control system.

This will be the focus of Chapter (4]
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4 Experimental test Facility

4.1 Introduction

The present chapter is organised as follows. First, a description of the experimental test
facility is illustrated, and this is followed by the set-up of the real model for the proposed
single-degree-of-freedom system. Some experimental test results will be used to validate
the numerical model of the MR damper and the proposed linearised control method under
the broadband random excitation. Preliminary test results are used to compare the open
loop responses of the numerical and experimental SDOF model under sinusoidal base

excitation. The chapter is concluded with a discussion of the results.

4.2 Test facility

The experimental damper test facility is shown in Figure and a corresponding schem-
atic diagram is also illustrated in Figure 4.2 and Figure 4.3] Figure {4.2]illustrates exper-
imental testing of an MR damper alone whilst Figure illustrates experimental testing
of a complete SDOF system. These two Figures #.2}{4.3] explain the interaction between

the various hardware and software components.
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4.2 Test facility Experimental test Facility

An Instron PLL25K servo-hydraulic actuator [[144] was used to excite the system, which
is able to deliver 425 kN force, 450 mm displacement and velocities of up to +1 ms~!.
This was controlled by two high response Moog servo-valves [145] and an Instron 8400
digital controller [[144]]. The desired control current and displacement to the MR damper
can be controlled externally using real-time control software. Where a Kepco BOP amp-
lifier [[146] is used to provide this high-bandwidth dynamic desired control current for
the MR damper. The excitation signals and test scripts are produced by a host PC run-
ning xPC target [[147]. Simulink software was used to code the excitation signals and test
scripts. These were then compiled as a C-programme, and afterwards downloaded onto
a target PC. The real time control of the actuator was performed by the target PC, which

comprised a 1.3GHz AMD Athlon processor with 128Mb of RAM. This was booted from

a floppy disk containing the xPC operating kernel.

National Instruments PCI-MIO-16XE-10 data acquisition card [148] was used to achieve
data logging, with sample rates up to 100kHz and supported an interface board with eight
16-bit analogue differential input channels (A/D conversion) and two 16-bit analogue
output channels (D/A conversion). Data stored on the target PC’s RAM was uploaded to

the host PC after a test had completed, the measurement ready for post-processing.

In order to achieve accurate actuator position (sinusoidal excitation or random excitation),
the measured data from inductive displacement transducer (LVDT) was compared with
the desired actuator positions. The error between these two signals are minimised by the

Instron 8400 digital controller which uses the PID feedback control algorithm.
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Figure 4.3: Schematic diagram of the experiment facility for SDOF testing.
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Referring to Figure 4.2] the measurement data from an inductive displacement transducer
(LVDT) also was used to investigate the dynamics of the MR damper with measured data
from an Instron £25kN load cell (IST Dynacell [144]). However, for SDOF experimental
testing, the measurement data were acquired from two PCB piezotronics 3741 acceler-
ometers [149] which were used to measure the base excitation and mass response with

sensitivity 200 mv/g as seen in Figure {.3]

Finally, to permit continuous testing without overheating of the MR damper, approxim-
ately 10 minutes breaks are given between each test and simultaneously the temperature

of the damper is measured by the commercially available K type RS thermocouples [150].

4.3 SDOF study

A single degree of freedom system is created by an isolated mass (m=112 kg), a linear
spring (k=63 kN/m), and a MR damper as shown in Figure[3.1}(b). The natural frequency
of the system is equal to 3.75 Hz. The desired spring was manufactured and tested by
Valley Spring Co Ltd [151]. The MR damper is a type of seat suspension damper (RD-
8040-1), which is produced by Lord Corporation [75]. Damping ratio of the MR damper
(§ =0.2) is evaluated by testing the MR damper in an "off" state to characterize the linear

behaviour of the damper. The linear spring and damper are shown in Figure {.4]
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Figure 4.4: Photo of linear spring and MR damper.

The design of the experimental SDOF test rig is shown in Figure .5| which enables the
damper’s nominal compression to be set separately from the spring compression where
the damper has the full stroke of 55 mm. The assembly drawing of the designed system is
in Figure 4.5} (a), where the damper is connected to a screw thread to be able to move the
damper down separately by winding. 112 kg mass will compress the the spring about 15
mm and the maximum nominal stroke of the damper is set to 27.5 mm. The actual system
build is shown in Figure [4.5}(b), and excited with different types of base excitation input
which are initially, sine waves (to first confirm the system frequency response function

(FRF) by comparison) and random broadband displacement excitation.
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Figure 4.5: (a) The rig assembly drawing. (b) Real model of the proposed SDOF system.

4.4 Model validations

The proposed linearisation technique was shown to be effective for an ER damper under
sinusoidal mechanical excitation and for a commercially available MR damper (RD-
1005-3) under non-sinusoidal mechanical excitation [127]. However, the present study
was based upon a model of a commercially available brand new MR damper (RD-8040-
I). Consequently it was necessary to validate this model under closed-loop conditions
with a broadband mechanical excitation and in addition, before this, it is necessary to
validate the predicted open loop response of an MR damper with experimental open loop

response of this brand new device under sinusoidal excitation.
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Figure 4.6: Force/displacement characteristic of MR damper. (a) Experimental test, (b)
numerical test. 6mm, 2Hz sinusoidal excitation.

To validate the numerical model, the MR damper was mounted in the servo-hydraulic test
machine as shown in Figure A sinusoidal signal is used to excite MR damper with a
chosen constant current to validate the model. For this study, the actual data from test rig
has been used, such as actual MR damper force (Instron Load Cell) and actual piston dis-
placement (LVDT sensor). Energy dissipation of the MR damper under constant current
are displayed in Figure {4.6] for 6mm 2Hz sinusoidal excitation. Figure @.6}(a) illustrates
experimental data whilst Figure [4.6}(b) shows numerical results under identical condi-
tions. This clearly identifies the increase in energy dissipation with increased current. In
order to get a better understanding of the dynamics of the MR damper, the force/velocity
characteristic of the MR damper was investigated at constant velocity amplitude, where
the frequency and amplitude combination of the sinusoidal signal were chosen to be 2 Hz,
6 mm, 3 Hz, 4 mm, 6 Hz, 2 mm, and 12 Hz, 1 mm. These excitations conditions give a
velocity amplitude of approximately 0.08 ms~! which is measured by evaluating by the
differential of the displacement signal (LVDT). In addition, the MR damper has driven
with varying constant current: 0, 0.2, 0.4, 0.6, 0.8, 1.0 A. Experimental force/velocity
characteristics of MR damper have compared with the typical model prediction in Fig-

ure over a range of excitation conditions. First of all the results displayed in here,
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illustrate extremely good agreement between the identified model predictions and the ex-
perimental data. However, at lower excitation frequencies the model’s pre-yield damping
is slightly lower than that observed experimentally. The second observation from these
results is the relationship between the piston excitation frequency and the size of the hys-

teresis loop.
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Figure 4.7: Simulated and experimental force/velocity plots of an MR damper;
0,0.2,...1.0A; (a) 2 Hz, 6 mm; (b) 3 Hz, 4 mm; (c) 6 Hz, 2 mm; (d) 12 Hz, 1
mm.

Proposed open loop model validation of MR damper is followed by exciting the MR
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damper with a broadband command signal to validate the linearised feedback control of
an MR damper. This command signal was generated by filtering a white noise signal
to reduce its high frequency content (i.e. above 15Hz) to within the duty of the MR
damper as shown in Figure d.8] At the same time, the feedback linearisation strategy was
implemented by using the xPC real-time digital signal processing system (see Figures
4.2). With reference to Figure [3.6] the desired set-point force Fyegirq Was chosen to be

proportional to the piston velocity such as:

Fdesired =DV (41)

Here, V represents the relative velocity of damper and D represents a controller set-point
gain. The feedback strategy should result MR damper to emulate the viscous damping
behaviour with an effective damping rate equal in value to the controller gain D. Choos-
ing a larger control gain D will cause saturation to the damper force in order to catch
the desired set-point force. The values of B and G were previously determined through
extensive simulation testing on the MR damper (RD-1005-3), which led to the feedback
controller gain B=0.6 N/N, and feedforward controller gain G=0.0015 A/N for the MR
damper model [127]. Due to the perfect matching between the numerical (RD-1005-3)
and experimental (RD-8040-1) results (see Figures 4.6] and[4.7), these gains are used for

the testing of RD-8040-1 MR damper as well.

Figure [4.8| shows a sample of the input displacement signal and Figure #.9}(a) shows the
resulting experimental force/velocity responses for a range of set-point gains, D=1kNs/m,
3kNs/m, and 6 kNs/m. Shown superimposed are straight lines of slope D, which represent
the idealised responses. Very good linearisation is demonstrated for values of D between

1kNs/m and 3kNs/m thus validating the controller’s behaviour under broadband excita-
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tion. For the set-point controller gain D=6kNs/m, the control limits of the MR damper
can be observed. For example, the force beyond + 0.3m/s is less than the ideal viscous
force, resulting in a non-linear response (owing to saturation). To validate the model un-
der closed-loop conditions, Figure 4.9}(b) shows the simulated linearised responses under
identical excitation and controller conditions as for the experiment. Again, highly linear
characteristics can be observed with the actual responses closely matching the ideal re-
sponses. In addition, the simulated results match very well with the experiment and the

saturation in the response (D=6kNs/m) is predicted accurately.

Amplitude (m)

-10 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 4.8: Broadband excitation used for experimental validation of feedback linearisa-
tion.

This has demonstrated the validation of the predicted model of the brand new MR damper
and the proposed linearisation theory, however, still the whole model of the proposed mass

isolator system was not validated yet. In order to do so, referring to Figure [4.3] the real
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model of the SDOF mass isolator system (see Figure @.5}(b)) was mounted in the servo-
hydraulic, and some preliminarily test were carried out under broadband excitation (Fig-
ure [4.8) without any control, ie the MR damper driven with OA current. The ‘Tfestimate’
method of the Matlab software was used to evaluate the open loop frequency response of
the experimental and the numerical models. These frequency responses were compared
in Figure .10 with perfect matching. However, at the resonance frequency the experi-
mental system showed slightly higher damping level, which might be due to accumulator

stiffness of MR damper is neglected in the numerical model.
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Figure 4.9: Linearised force/velocity responses. (a) experimental and (b) simulated.
G=0.0015 and B=0.6.
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4.5 Summary of chapter 4

This chapter has described the design and operation of the MR damper experimental test
facility in detail. Preliminary tests were used to validate open loop and closed loop re-
sponses of the MR damper device under sinusoidal and broadband random excitations
with both constant and linearised control currents. The experimental results show con-
siderable agreement with the predicted model which indicates that the numerical model
is feasible. In the next chapter, the proposed observer based linearised control of an MR

damper study will be considered by numerical investigation.
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5 Numerical investigation

5.1 Introduction

In Chapter [3] the basics of the observer-based control of an MR damper theory (Figure
[3.2) was explained by giving a brief theoretical descriptions of each aspects: a unified
model of an MR damper; non-linear Luenberger observer; and linearised feedback con-
trol. This was followed by the description of the comprehensive experimental test facility

and validation of the proposed numerical model in Chapter 4]

Referring to Figure the lumped parameter model of the proposed system is illus-
trated. A schematic block diagram is shown in Figure 5.1} Here, the observer is designed
to estimate the system states and damping force (MR damper) by using as base displace-
ment (x;) and the desired control current (/) system inputs, and mass acceleration (X, (¢))
as available output measurements. In practice the base displacement is provided by the
measurement of base acceleration (Chapter [0)), but it is assumed that for the numerical
testing the required base displacement is available as measured data (Figure [5.1). For
the experimental testing in the Chapter [6] it will be discussed how to evaluate this base
displacement from the measured acceleration. In addition, linearised feedback control of
SDOF system is designed as seen in Figure [5.2] which was used to validate the results of

the observer based linearised force feedback control of the SDOF system. Here, perfect
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knowledge of the damper force and states are assumed.

ooono
00 P |Excitation

Base excitation Acceleration {

J|Control current |

PLANT

Acceleration
Estimated states [@———|Estimated states

—{Control current | Excitation (¢——

Estimated damper force @———|Estimated damper force
Control current |

CONTROLLER OBSERVER

Figure 5.1: Observer-based linearised control of the SDOF system.

ooono
00 —J»| Excitation Actual damper force

Base excitation

—p|Control current | Actual states

PLANT

Actual states ——

Control current |

Actual damper force j————

CONTROLLER

Figure 5.2: Linearised control of the SDOF system.

During the development stage of this research, nine different types of model were pro-
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posed to investigate the performance of the observer-based control of SDOF system,
which are summarized in Table These different types of the SDOF system basic-
ally depend on the models of the MR damper used in plant and the observer which will
be discussed in detail in the next section. All the models use the same linearised force
feedback controller, but the last three models of these were using the actual values (no

observer).

However, for conciseness, four of these system (last column of Table @ are presented in
this thesis. For these scenarios, the unified model of the MR damper is used to design the
plant due to the excellent validation of the numerical unified model with the experimental

model (Chapter @)

The present chapter begins by performing numerical investigation of the observer-based
control of SDOF system subject to sinusoidal and broadband random excitation. The same
system parameters are used for this study as in section Sky-hook based controllers
will be used to illustrate the effectiveness of observer based feedback linearisation. These
are compared against observer based on-off and linearised optimal control schemes as

well idealised passive, semi-active and fully active dampers.

The present chapter is organised as follows. First the basics of observer based SDOF
system are discussed by describing three possible models of an MR damper. Regarding
these MR damper models, proper linearised control schemes and observers models are
designed. Next, passive control, observer-based semi-active sky-hook, observer-based
on/off, observer-based optimal control, and observer-based fully active control are ex-
plained before presenting the corresponding results. Finally, discussion and conclusion

are drawn. Some parts of the research described in this chapter were presented at the Eur-
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oMech Colloquium 530: Structural Control and Energy Harvesting conference in Bristol,
United Kingdom [152], and at the 10th World Congress On Computational Mechanics
(WCCM 2012) conference in Sdo Paulo, Brazil [[153]].

MR MODELS IN PLANT
BASIC COMPLEX UNIFIED

o
u BASIC X X X -
& &
:
o ~ B
D m
2 | COMPLEX X X z 3
o z O
a o3
o = m
e 3 m
S | UNIFED X o
W
2
[}
-~

NO OBSERVER X X X

Table 5.1: Observer base linearised force feedback control of SDOF system models.

5.2 Numerical modelling

In this numerical modelling section, to get a better understanding of proposed system the
detailed description of each parts (MR damper, non-linear observer, controller) will be

given which were briefly discussed in the theory chapter.

5.2.1 MR damper Modelling

In reality the MR damper has highly non linear characteristics, and so a non-linear model
of the MR damper is necessary. In this section three different non-linear models of the

MR damper will be investigated. These will be referred to as the *basic’, ’complex’, and
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“unified” MR damper models.
Referring to Figure [2.6}(a), the simplest model of a smart damper is a parallel summation

of viscous and the Coulomb friction elements. This is known as the Bingham plastic

model [77]. The resulting equation of motion is

Fy=Fpsgn(V)+c,V (5.1

where FY, is friction force, ¢, is the viscous coefficient and V' is the piston velocity.

The simulated model designed according to Equation[5.1]is displayed in Figure[5.3|below.

du/dt +
Excitation

Viscos damping

—>

Damper force

p| F_fr +

Friction value

Figure 5.3: Non-linear basic MR damper model (coulomb and viscous element).

The basic model of an MR damper enables good progress for developing the observer
while simplifying the parameters. But as discussed by Gamota and Filisko [78]], this basic
two-parameter model is not able to observe the viscoelastic response which is clearly
observed in the pre-yield region without an elastic element. In order to model this non-

linear behaviour of the MR damper, a complex model of MR damper is developed based
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partly on the unified model [85] (Figure [3.3). However, the damping function (quasi-

steady valve flow) for the complex MR model was obtained by solving equation
X(X],Ffr) :Ffrsgn(xl)+cxl (5.2)
where the equation of motion becomes

k(xz—xl)—)(()'cl,Ffr) = m1X] (5.3)

The force produced by the damper Fy is;

F; :k(xz—xl) (5.4)

Where k represents the fluid compressibility, m; is fluid inertia, X; is the quasi-steady
velocity, x, is displacement motion of the piston, and ) is the quasi-steady valve flow
(non-linear equation).

The complex MR damper model becomes;

k(xy —x1) — Fprsgn(X1) — cx1 = myi; (5.5

where the acceleration is:

X = —(X2—xl)—m—rsgn()€1)—m—)€1 (5.6)
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The simulated model of Equation [5.6]is shown in Figure[5.4]

> Damper force
k

. P+

+
®_> Fluid compressibility

Excitation
1 1
S >|- »@—» Ll 2 L
Viscos damping Fluid inertia
>__ P F_fr »|-

Friction value

Figure 5.4: Non-linear complex MR damper model (coulomb friction, viscous, fluid iner-
tia and fluid compressibility).

This complex model has got a little difference from the unified model, where the quasi-
steady valve flow is formulated. The complex model defines it as a function of quasi-
steady velocity (x1) and the control friction force (Fy,), (Equation @) while the unified
model defines its as a function of quasi-steady velocity (xX) and control current (/) ap-
plied to the damper as seen in Equation It is worthwhile to investigate the dynamic
performance comparison of these two approaches. The unified model uses a bi-viscous

model to define the quasi steady valve flow.
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Cprexl ‘X1| < F;’/Cpre
21, 1) = (5.7)
Cpowit + Fysgn(is) |i1] > Fy/Core

Where,

F, = —0.0115 + 1.3063tanh(1.1946])
Cpost = 0.6167 +3.7383tanh(1.36291) (5.8)
Cpre = 4.1357 +99.4736tanh(1.06971)

These values are separately calculated by curve fitting techniques [85)]. The simulation of

the unified model is displayed in Figure 5.5 which is designed based on Equation[5.9]

k(xy —x1) — x (X1,1) = m% (5.9)
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QS Damper Fen
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Figure 5.5: Non-linear unified MR damper model [85].

Until now the non-linear modelling of the MR damper is discussed. Although, in this sec-
tion numerical models of basic, complex, and unified models are evaluated, as indicated
before the unified model will be used for analytical and experimental investigation of the
proposed theory. The next section will model non-linear observers considering these three
MR damper models. Proper design of the linearised force feedback control strategies will

also be developed to make MR the damper, behave as a semi-active force generator.

5.2.2 Modelling of Force Feedback Linearisation

In Chapter 3| the proposed feedback linearisation control was explained (see Figure [3.6),
which was developed for the unified model of an MR damper. However, replacing the
unified MR damper with basic or complex MR damper, the control algorithm has to be
modified. Referring to Figure [5.6}(b), the input of MR damper is the control current (I),

but for the basic and complex MR model the input is the friction force (Fy,). This new
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modified linearised control scheme is illustrated in Figure[5.6}(a).

Here, feedback control is being used to implement a semi-active force generator. The
proposed control system uses measurement of the damper force to linearise the non-linear
damping behaviour. Essentially, the controller gains B and G can be tuned so that the
actual force closely matches the set point force. In Figure[5.6] this desired set-point force
is chosen to be proportional to piston velocity, so that the MR damper behaves as a linear

viscous device.

Piston
Desired set- velocity, ¥ Actual
point force MR damper N
— > . o damping
desired Friction F MR :f( I/, F ﬁ”) >force, Fy
force, Fy
> -
B
(a)
Piston
locit
Desired set- velocity, ” Actual
point force, MR damper ctua
N damping
F desired FMR If(l/,l) P force, F,
_ Current, /

(b)

Figure 5.6: Models of force-feedback linearisation control; (a) Friction control model; (b)
Current control model.

The values of B and G (B=0.6 N/N and G=0.0015 A/N) for the current control model
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were presented in Chapter ] These values are required to be modified for the friction
control model, These are determined through extensive simulation testing on the MR
damper, which led to the feedback controller gain B=0.6 N/N and the feedforward gain
G=0.925 N/N. It is clear that, the both of the control model linearise the non-linearity of
the damper with same feedback gain while the feedforward gain alters. This alteration
implies the direct relationship between the desired control current and the desired friction
force. This identity will be used to create the observer-based control model where the

plant and observer uses the different MR damper model in the next section.

5.2.3 Observer Design For SDOF System

Referring to Equation [3.12] a linear observer model was designed (Figure [3.4) and this
was extended to the non-linear observer model (Figure[3.5). By substituting the non-linear
MR damper with the "basic’, ’complex’ and ’unified’ models of MR damper in Figure
3.4 three types of non-linear observer is created. Having validated the unified model as
a true representation of the system’s response (Chapter [)), afterwards this model will be
used to design the plant of the system. The proposed three observer are shown in Figure
[5.7] (basic MR model for observer), Figure [5.§] (complex MR model for observer), and
Figure [5.9] (unified MR model for observer). The linearised feedback controller (current
control model) is used to generate the desired control current (see [5.6}(b)), but which
is converted to the friction force by the Current-Friction gain (I_FR) in case of basic
observer or complex observer (Figures and [5.8) is used. This gain is evaluated by
using the direct relationship between the desired control current and the desired friction
force as described previously. The I_FR gain is determined through extensive simulation
testing of observer-based control system, which led to the Current-Friction, I_FR=1200

N/A.
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Figure 5.7: Simulated model of observer for SDOF mass isolation system (plant is de-
signed with unified model of the MR damper while the observer is designed
with the basic model of the MR damper).

Actual system |

| Spring Stiffness

> |
>
I > I
. = 1m > :
> »
g »
I q P |Velocity I
e Force —pp|+
= | Current .
I Unified MR model I
1] .
1 s
UOrfg4—/—mF—1t— — = — - — — —
Desired Control Actual output Ly | Observer gain
-+
current I Error dynamics I
- .
ogooof - e
00 ) stimated output
M Spring stiffness I
| N —
Base excitation g >
. »|kp N
q +
I . I
= 1/m >
+ i .
. 4 »|Velocity
i Force —Jp|+
I = Control friction
. Curtent-Friction COMPIex MR Model .
| Tle I
L™ Ob del *

Figure 5.8: Simulated model of observer for SDOF mass isolation system (plant is de-
signed with unified model of the MR damper while the observer is designed
with the complex model of the MR damper).
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Figure 5.9: Simulated model of observer for SDOF mass isolation system (plant and ob-
server are designed with unified model of the MR damper).

The key point of the observer design step is the decision of the observer gain matrix.
In Chapter 3] it has been discussed that regarding to [154], for acceptable estimation of
the states, the dynamic of the observer model has to be faster than the dynamics of the
controller. The control force is generated by the MR damper, and because of the un-
modelled friction inside the MR damper, the dynamics of the MR controller is already
slower than the dynamics of a linear system. In other words, choosing the dynamics of
the observer faster than the linear model will forward the poles of the observer far away
from the poles of the controller (on the left side of the imaginary axis), which will cause
an unwanted saturation of the estimated values [154]. In order to avoid this problem
(referring to text book [154]), the observer gain matrix is chosen to be a little bit slower
than the dynamics of the linear system so, it is going to be enough faster than the dynamics
of the controller. By using the pole placement method the dynamics of the observer was
chosen to be 25 percent slower than the actual passive system. In addition, different gains

could be chosen based on system requirements, so this is not the best one.
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—0.0060
0.4375

5.2.4 Numerical modelling results

The performance analysis of the proposed non-linear observer system is started by com-
paring the estimated states of the non-linear observer (£, £,) with the actual system
states (X, X,,). Linear observer models for the SDOF system have excellent performance
for estimating the unmeasured states of the system. However, for the non-linear observer,
when the friction value inside the damper is unknown or unmeasurable, the estimated

values for the velocity and displacement seem to have small errors.

To get a better understanding of the non-linear performance of the observer the test system
was designed such that the actual system (unified MR model) and observer (complex MR
model) were modelled with a different model to allow investigation of model mismatching
between the actual and observer system. Sinusoidal displacement excitation was used to
excite the system. The unified model was driven with constant current levels of 0A, 0.4A
and 1A, referring to paper [83]] these reflect the coulomb friction levels of 65N, S00N, and
1000N which were used to drive the complex model as well. The results are displayed
in Figure and where the excitation frequencies were chosen around the system

natural frequency.

Comparison of the estimated and actual displacement of the mass (x,,, and X,,) are dis-
played in Figure|[5.10} while the estimated and actual velocities (X,,, and %,,) are shown in
Figure [5.11] These two figures clearly illustrates that if the friction value inside the MR

damper is known and applied to the observer model as well then the estimated values are
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matching almost perfectly to the actual values.
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Figure 5.10: Comparison of estimated and actual mass displacement for 5 Hz, 20 mm
sinusoidal base displacement. (a) OA current, and 65N coulomb friction, (b)
0.4A current, and 500N coulomb friction, and (c¢) 1A current, and 1000N
coulomb friction.
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Figure 5.11: Comparison of estimated and actual velocity of mass for 4 Hz, 20 mm sinus-

oidal base displacement. (a) OA current, and 65N coulomb friction, (b) 0.4A
current, and SO0N coulomb friction, and (¢) 1A current, and 1000N coulomb
friction.
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Having made sure that the non-linear observer is able to estimate the velocity and dis-
placement of the actual system as expected, the closed loop dynamical response of the
three MR damper models (basic, complex, and unified ) is now investigated under si-
nusoidal excitation. This step was carried out by applying the linearised force feedback
algorithm to the each of the MR damper models so that the force produced by the MR

dampers will be linearised.

Figure [5.12]illustrates simulated performance of the SDOF system with feedback linear-
isation based upon the actual damping forceﬂ As expected, the damper’s force-velocity

behaviour emulates that of a linear viscous device with tunable damping rate (D).
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Figure 5.12: Force-velocity graphs of the different MR damper models for force feed-
back linearised control of SDOF system; (a) basic MR model; (b) complex
MR model; (c) unified MR model. System was excited with 10 mm, 4 Hz
sinusoidal.

These results are repeated in Figure [5.13] where the feedback force signal is obtained
using the observer based control approach. Here, the linearised force feedback control

(current control mode) is implemented for each test to generate the desired control current.

I'Systems have no observer, i.e. perfect knowledge of the damper force is assumed.
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The desired control current is converted to the desired friction force for basic and complex
model as explained previously in subsection As seen from Figure [5.13] around
the origin the linearisation of the force velocity plots seems to have slightly unexpected
behaviour, except [5.13}(c). This happens at the pre-yield region where the velocity of
the piston due to change from positive to negative. After several investigation it is found
that this problem is related to the fluid inertia. When the sign of the piston velocity
changes from positive to negative the velocity of the fluid inertia causes oscillation. One
of the solutions to this problem could be the decreasing the fluid inertia to lower the
effective mass. Also it is seen from Figure [5.13}(c) this unexpected behaviour seems to
have disappeared. This is because the MR models are the same for the observer and actual

system.
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Figure 5.13: Force-velocity graphs of the different MR damper models for observer base
linearised control of SDOF system; (a) basic MR observer; (b) complex MR
observer; (c) Unified MR observer. System was excited with 10 mm, 4 Hz
sinusoidal.

In Figure the observed frequency responses of the three different observer-based

control system are compared with the frequency response of the actual system (unified
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MR model) under the sinusoidal base excitation with frequency range of 0 Hz to 15 Hz.
The Figure [5.14}(a) and Figure [5.14}(b) illustrate slightly higher response around the
resonance and slightly lower response at the high frequency level. This is due to mismatch
between the models of the plant and observer, which cause the observer to underestimate
or overestimate the damping level. It is clear that, this problem disappeared in Figure
[5.14}(c). This result explains that, if there are discrepancies in system matrices (A, B, and
C) in the observer and actual system, the observer is no longer able to estimate the states

properly [154].
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Figure 5.14: Comparison of the displacement transmissibilities of actual system (Figure
[5.1) and observer-based systems (Figure [5.2); (a) unified MR model for ac-
tual and basic MR model for observer; (b) unified MR model for actual and
complex MR model for observer; (c) unified MR model for actual and uni-
fied MR model for observer.

5.3 Control Theories

In this section, referring to Figure [3.2] control concepts for proposed observer based con-
trol of an MR damper are discussed. Mainly, seven different damper configurations were

investigated and these are summarised in Table[5.2] This will now be explained in detail.
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Control law

Control strategy

Actual Model

Passive

o

m
kp %CP
Estimated force
m
MR linearised T—
fee dbaCk k, Controller
Desired*passive
set-point force
Estimated force
. . m
MR linearised e
Sky-h 0 Ok k, Controller
Desired gky-hook
set-point force
Estimated force
MR linearised Linearised
'[. 1 Controller
optuma
p Desired optimal
set-point force
On-Off " “owor
ontroller
sky-hook

Fully active
sky-hook

ff
Desiredfsky—hook
set-point force
m

Ideal semi-
active sky-hook

%
Fraty active
m
i

F ideal semi-active

Table 5.2: Implementation of control theories for SDOF system.
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5.3.1 Passive system

As shown in Table [5.2}(second row), instead of using the MR damper in its “on” or
“off” state to create a passive system, a more realistic viscous damper is used to generate

damping force in the present study;

Fy=cpks (5.10)

where the relative velocity is X, = (&, —Xp), and ¢, is viscous damping coefficient. The

simulated model of passive system is shown in Figure[5.13]

_ ] 3 xm
EE— Mass
oooo —k_p + .
oo | + displacement
— Spring stiffness 1 1
Base excitatio — s > s

du/dt [pf+
4>_

— Viscous damping

Figure 5.15: Simulated model of single degree of freedom system (viscous damping).

5.3.2 Observer based MR linearised feedback control

This technique linearises the non-linear dynamics of the MR damper and makes it to be-
have as a linear viscous damper with a linear damping rates. To achieve this, feedback
linearisation uses the desired set point force to the semi active force generator that is
proportional to the relative velocity between mass and base of the SDOF system. Imple-
mentation of MR linearised control algorithm requires the relative velocity of the SDOF
system and MR damper force which were estimated by the observer. With reference to

Table [5.2}(third row); estimated desired set-point force is given by;

81



5.3 Control Theories Numerical investigation

Fiesired = Djér (5.11)

where the estimated relative velocity is £, = (£, — xp).

The simulated model of the observer based linearised MR control is shown in Figure[5.16]

P P |EXCITATION
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p|DESIRED CONTROL CURRENT
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—|D_ccC BASE DISPLACEMENT je—
ESTIMATED MR DAMPER FORCE |@—E_FMR
D_CC {g—
LINEARISED CONTROLLER OBSERVER

Figure 5.16: Simulation of observer based linearised MR damper control model.

5.3.3 Observer based MR linearised sky-hook control

Sky-hook control is the optimal for an SDOF isolation system and enables resonant vi-
brations to be suppressed without any performance reduction of the higher frequency
response. The sky-hook control concepts are where the damping force is proportional

to the absolute velocity of the isolated mass. This absolute velocity of the isolated mass
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will be estimated by the observer while also estimating the damper force for feedback lin-
earisation. Although sky-hook control requires an energy input under certain conditions,
feedback linearisation can be utilised to accurately achieve the sky-hook force within the
semi-active limits of the MR damper as seen in Figure Referring to Table [5.2}(fourth

row), the desired set-point force is given by;

Fdesired = DMR)ém (5-12)
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Figure 5.17: Simulated model of observer based MR linearised sky-hook control of SDOF
system.

Implementation of the MR linearised sky-hook needs the absolute velocity of mass and

MR damper force which were estimated by the observer as seen in Figure
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5.3.4 Observer based MR linearised optimal control

In this study, to improve the performance of the system, the desired set point force is
chosen to be the optimal control force. The implementation of the optimal control theory
requires the measurement of the system states which are the absolute displacement and
velocity of the mass as shown in Figure [5.18] These states are provided by the observer

as well.

Observer based MR linearised optimal control approach uses a force-feedback loop to
induce the MR damper to produce approximately a desired control force Fyegireq - In
order to achieve F g 04, @ linear optimal control gain K is then designed based on the
measured states. This optimal control force is not possible to be achieved by the MR
damper in active region where the energy is injected to the system by the force generator.
Due to this passivity limitation of the MR damper, the set point force is set to zero at the
active region, by checking the product of the estimated damper force and the estimated
piston velocity. This has to be positive to satisfy the passivity theory of Karnopp [16].

The desired optimal control force is designed referring to Table [5.2}(fifth row);

Xm .
Fiesired = Xm (5.13)
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Figure 5.18: Simulated model of observer based linearised optimal control of SDOF sys-
tem.

The optimal gain K is obtained by the LQR strategies because of their successful ap-
plication in other engineering structural control applications [155) 90, [156]. The matrix

K is the full state feedback gain for deterministic regulator problem given by [[157];

K=BP/R (5.14)

Here P is the solution of the algebraic Ricatti equation given by

0=PA+AP—PBBP/R+C'QC (5.15)
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Here Q and R weighting matrices minimize the performance index;

J= / (xQx' + F,RF,)dt (5.16)
0

After several numerical investigations the best values of the weighting matrices are

1
found as, O = | ], and R = 10773, A block diagram of this semi-active control
01

system is shown in Figure[5.18§]

* Results of passive and MR linearised control theories

The performance of the passive control and MR linearised control theories (MR linearised
feedback, MR linearised sky-hook, and MR linearised optimal) was investigated under
the broadband random base excitation. The random displacement signal was produced
by passing the white noise signal to the low pass butter-worth filter with 15 Hz cut off
frequency. In the case of MR linearised control scenarios, the actual and the observer
systems were designed with the unified MR damper model, and the linearised feedback
controller (current control mode, see Figure [5.61(b)) was used to generate the desired
control force. The frequency responses of the system for different controller gains are

compared. In order to obtain the frequency response the tfestimate method is used.

First, the passive control system is compared with the observer-based MR linearised con-
trol where the MR damper replaces the linear viscous damper, which is shown in Figure
[5.19] Both of the system is able to reduce the resonance frequency response with a little
degradation in the high frequency response with increased control gain. Also, observer-
based MR linearised system exhibits quite good matching with the passive system, which

indicates that the proposed observer is able to estimate the state properly, and that by im-
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plementing linearised feedback control the MR damper can emulate the passive damper.
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Figure 5.19: Transmissibility comparison between passive and MR linearised feedback
systems.

In Figure[5.20] the response of the MR linearised sky-hook system is compared with the
response of the MR linearised optimal control. No control response is also shown, where
the MR damper is driven at OFF position. Since no current was applied to damper, this
represents the passive response equivalent to a damping ratio of 0.2. Control gains for
optimal system are identical to the linearised MR sky-hook gains so the performances of
both systems are quite similar to each other. Both of the control theories show significant

improvement over the passive system.
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Figure 5.20: Transmissibility comparison between linearised MR sky-hook and optimal
systems.

5.3.5 Observer based On-Off sky-hook control

On-off sky-hook control algorithms are mostly investigated in semi-active vibration con-
trol [19, [158]]. In this control theory, the input current is switched to a predetermined
and constant level if the force required by the sky-hook control law is dissipative one,
otherwise it is switched to the zero. The representation of this system is shown in Table

[5.2}(sixth row). In the content of the unified MR damper model, the control law:

I=1,0 $(fy—p) >0
“ '(_ b) (5.17)
I=0  $mm—x) <0

If the current driven to the MR damper is 7,,,,, then energy dissipation is required and the

damper is in the on condition, otherwise I = 0 for the energy input requirement and the
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damper is in the off condition. It is obvious that there is no need for a force feedback loop,

which simplifies the implementation of on-off control. The controller only requires the

absolute velocity of the isolated mass and the velocity of the base, which are estimated by

the observer as

oooo

seen in Figure[5.21]
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Figure 5.21: Simulated model of observer based on-off sky-hook control of SDOF system.

5.3.6 Observer based fully active sky-hook control

Referring to Table [5.2}(seventh row), the desired damping force is chosen to be the fully

active sky-hook force. It is assumed that, this force could be generated by the ideal actu-

ator, which is capable of dissipating and supplying energy in to system. Simulated model

of the observer based fully active system is shown in Figure [5.22] where the fully active
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force is chosen by,

Fpunr = Drstin (5.13)

As seen in equation[5.1§], fully active sky-hook system requires only the absolute velocity
of isolated mass which will provided by the observer. The fully active sky-hook control

is the benchmark performance for the MR damper system.
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Figure 5.22: Simulated model of fully active sky-hook control of SDOF system.

5.3.7 Observer based ideal semi-active sky-hook control

This system is a modified version of the observer-based fully active sky-hook control. The
desired sky-hook force is generated when the damping force is dissipative. Otherwise zero

desired damping force is applied to the system;
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DSAS)ém )ém (fcm _xb) >0
Fesirea = o (5.19)
0 Xm ()Acm - xb) <0
The ideal semi-active control system requires the knowledge of the damper force, absolute

velocity of isolated mass, and the relative velocity of the damper. All of these required

states and MR force are estimated by the observer as seen in Figure [5.23]
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Figure 5.23: Simulated model of observer based ideal semi-active sky-hook control of
SDOF system.

* Results of on-off, fully active, and ideal semi-active sky-hook theories

In order to analyse the performance of the observer-based linearised feedback control,
the response of the observer-based MR linearised sky-hook system is compared with re-
sponses of observer-based on-off sky-hook, observer-based fully active sky-hook, and
ideal semi-active sky-hook, under the same random displacement input. Again, the ob-

server is designed with unified MR damper model.
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Figure [5.24] compares the transmissibility curves between the linearised MR sky-hook
and the on/off MR sky-hook systems. The performance of observer-based on-off sky-
hook control slightly reduces with increased control gain I at the high frequency level like
a passive system. For example, for large gains the low frequency response of observer-
based on-off is superior to the observer-based MR linearised system, but at the same time,
at high frequency response the performance of on-off reduces compared to both MR and

passive systems.
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Figure 5.24: Transmissibility comparison between linearised MR sky-hook and on-off
sky-hook systems.

The next transmissibility curves comparison is made between the observer-based linear-
ised MR sky-hook system and observer-based fully active sky-hook system, which is
shown in Figure[5.25] As expected, the observer-based fully active system improves both
the low and high frequency response with increasing controller gain Dgg. This is super-
1or to the observer-based MR system where the linearised MR sky-hook achieve a good

performance.
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Figure 5.25: Transmissibility comparison between linearised MR sky-hook and fully act-
ive sky-hook systems.

Lastly, Figure [5.26| illustrates the comparison of the transmissibility curves between the
observer-based linearised MR sky-hook system and the observer-based idealised semi-
active sky-hook system, which represents a more realistic performance benchmark. It
is clear that, the observer-based ideal sky-hook system improves the both low and high
frequency response same as observer-based fully active sky-hook control. In addition,
at high frequency performance of observer-based MR linearised sky-hook is close to the

ideal case.
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Figure 5.26: Transmissibility comparison between linearised MR sky-hook and ideal
semi-active sky-hook systems.

5.4 Summary of Chapter 5

In this chapter, the author numerically investigated the observer-based feedback control
of vibration isolation systems using MR dampers. The SDOF mass isolator system were
investigated using broadband random excitations, and the results have been benchmarked
against ideal passive, observer-based semi-active, and observer-based fully active sys-

tems.

Three types of MR damper model are investigated, basic, complex and unified model.
In order to validate the performance of the proposed non-linear observer, each of these
MR models are used to implement the SDOF system with a proper feedback linearised
controller. The numerical results have showed that the non-linear observer is able to
estimate states with small error even when the modelling of friction inside damper has

been mismatched with real value. Also, using sky-hook based control laws, observer
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based feedback linearisation was shown to outperform the equivalent passive systems,
whilst approaching that of more simplistic observer-based on/off, observer-based ideal

semi-active, and observer-based fully active schemes.
It can be concluded that the proposed numerical observer consisting of a unified MR
damper model, is a valid design to estimate the system states and the damping force wide

variety of controllers (sky-hook, optimal, and fully active).

In the next chapter of this thesis the performance of the observer based feedback lin-

earisation of MR damper based on SDOF study will be investigated experimentally.
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6.1 Introduction

The performance of the observer-based feedback linearisation theory has been investig-

ated by numerical simulations and proposed observer appears to be effective.

The present section aims to build upon this work by performing experiments of the
observer-based single-degree-of-freedom (SDOF) structure subject to broadband excit-
ations. In this study, sky-hook, optimal and on-off based controllers will be used to il-
lustrate the performance of the observer based feedback linearisation. The experiments
are performed by using a real SDOF system (see Figure {.5}(b)) on the test rig (see Fig-
ure [4.3). Using D/A conversion, the desired digital control current from observer-based
feedback linearisation simulation is then used to modify the damping level of the MR
damper by the current amplifier. Simultaneously, an A/D converter provides the simula-
tion with base and mass accelerations data. Although they are not needed in this study,
the force transmitted to the basement and the base displacement were measured by an
Instron +25kN dynamic load cell (IST Dynacell [[144]) and linear variable differential
transformer (LVDT) for verification purposes. The continuous testing of the experiment
without overheating of the MR damper is achieved by giving approximately 10 minutes

breaks between each test.

96



6.2 Experimental configurations Experimental investigation

This chapter is organised by explanation of the experimental configuration, followed by

the associated control theories and concluded with the general discussion of the results.

6.2 Experimental configurations

The real time testing appraoch is shown in Figure [6.1] where the PCI-6030E National
Instron Analog Output and Input blocks are used to convert analogue data (base and mass
accelerations) to digital data for real time control and digital data (base excitation and de-
sired control current) to analogue data to run the test rig. The real time observer, and the
control systems are solved in MATLAB/Simulink using the ode4 (Runge Kutta) solver
with the sampling rate of 5k Hz. The observer is designed by using the numerical uni-
fied model of MR damper (Chapter [5.2.1), where the inputs of the observer were base

displacement (x;), the mass acceleration (i,,), and desired control current (/).

Referring to Figure the base excitation signal is scaled from £50mm (maximum
range of the test rig) to £10V, respectively the measured displacement (LVDT) signal
is calibrated from £10V to £50mm for data processing. The desired control current
generated by the controller is scaled according to output/input relationship of the current
amplifier [[146], which is 1A/2V. At the same time, the measured signal from the force
transducer is converted from Volts to Newtons according to set-up of the Instron [144]
controller which is specified to be 1V/800N by the user. Lastly, the measurement of
acceleration signals (analogue voltage) are first amplified, and then are converted to the
acceleration (1V/0.251 x 9.81ms~2). Also these signals receive an offset problem which

is solved by added constant acceleration (—9.83ms2).
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Figure 6.1: Experimental system for observer-based SDOF control testing.

As explained previously, implementation of the proposed theory requires the base dis-
placement (x;) for the proposed observer model which was provided by double integra-
tion of the measured base acceleration. This acceleration signal was integrated two times
to produce the base displacement. However, this displacement signal drifts due to integra-
tion process. One of the possible solution to this drifting problem proposed was to employ
high-pass filtering of drifted base displacement by properly choosing a cut-off frequency
[159]. So, the drifting problem of the displacement signal was overcome by passing dis-
placement signal through the high pass Butterworth filter. All of these integrations and

filtering process were represented by the Filter block in Figure [6.1]

The accuracy of this filtered base displacement signal depended on the passband edge

frequency of the filter. In order to optimise the pass band edge frequency several exper-
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imental tests of observer-based control were carried out with different frequency of the
filter (0.5 Hz to 7 Hz). For these tests, the desired set-point force was chosen to be propor-
tional to the relative velocity of the piston, and the system was excited with the random
broad band excitation which was used in Chapter[S] The frequency response function was
used to compare the performance of each filter frequency by comparison to the frequency
response of the system where the actual base displacement is used by the observer instead

of the integrated acceleration as seen in Figure
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Figure 6.2: Experimental system for observer-based SDOF control testing where the ac-
tual base displacement signal is used.

The frequency response comparisons are shown in Figure[6.3] This figure indicates that,
perfect matching appears between two systems when the frequency of high pass filter is
chosen 1 Hz. Also, it shows that, when the passband edge frequency chosen is closer

to the natural frequency of the system (3.75 Hz) or even higher than that, it is possible
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to avoid the drifting problem but, in this case the filtered displacement signal receives
phase/shifting and attenuation [159], which results in inaccurate estimation of the base
displacement. In a similar manner, if the cut-off frequency was chosen lower than 1 Hz,

the filtered displacement signal still drifts and so the observer could not estimate the state

properly.
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Figure 6.3: Comparison of the displacement transmissibility plots observer based feed-
back linearisation of SDOF system (D=3000 Ns/m).

In conclusion, 1 Hz passband edge frequency is chosen for the high pass Butterworth filter

in this study.

6.3 Control Theories

Four different types of SDOF control strategies were performed for experimental invest-

igation;
1. Observer-based MR linearised feedback control

2. Observer-based MR linearised sky-hook control
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3. Observer-based MR linearised optimal control
4. Observer-based MR linearised on-off control

These control theories were already described in the Section[5.3]

6.4 Results and Discussion

The four observer-based control systems were all tested under broad band conditions. The
base displacement excitation signal is produced by passing the white noise signal through
a low pass Butterworth filter with 15 Hz cut off frequency, in the Simulink environment.
The frequency response of the system for different controller gains are compared. In
order to obtain the frequency response the Tfestimate method of the Matlab program is
used. This frequency response method is useful for the input/output relationships of the
linear system. However, the semi-active theory involves highly non-linear characteristics.
Due to this, it is more proper to compare the power spectral density (PSD) of the mass

acceleration for each control theory.

The first two results, compare the performance of the observer-based MR linearised feed-
back control with the observer-based MR linearised sky-hook control as seen in Figures
06.4H6.5] Figure[6.4]shows the comparison of the transmissibility curves and Figure[6.5}(a)
illustrates spectral density of base displacement, whilst the Figure [6.5}(b) compares the
PSD of the mass acceleration for the uncontrolled case and controlled case with chosen
control gains D = Dyr = 2,3,6kNs/ m~'. The uncontrolled case is where no current is

applied to the MR damper, to illustrate the passive characteristic of the system.
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Figure 6.4: Transmissible comparison between linearised and MR linearised sky-hook
system for different control gains.

Figure[6.4]indicates that observer-based MR linearised feedback control of an MR damper
achieved a significant improvement over the uncontrolled case, where some degradation in
the higher frequency response is observed with increased control gain D. Also, comparing
the observer-based MR linearised feedback with observer-based MR linearised sky-hook,
MR linearised feedback control shows good performance for low control gains but after a
certain level of the gain the MR linearised feedback reaches its maximum damping level.
MR linearised feedback system has the crossover frequency around 5 Hz while crossover

occurs for linearised sky-hook system at approximately 8.5 Hz.

The power spectral density of the random excitation is shown in Figure [6.5}(a), which
illustrates that, the displacement signal used to excite the system has an almost constant
power spectrum over the frequency range of 0-15 Hz. After the cut-off frequency of
the filter (15 Hz), the power decays to the zero. At the same time, the Figure [6.5}(b)
compares the mass acceleration spectral densities for the observer-based MR linearised

feedback, and observer-based MR linearised sky-hook. This figure expresses almost same
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characteristic with Figure[6.4] but it is much clearer to see the dynamics of control systems
at the high frequency region. In general, the MR linearised sky-hook is much better,

except for lower control gain, MR linearised feedback control shows better performance

than the MR linearised sky-hook.
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Figure 6.5: Power spectral density plots. (a) Spectral density of the base excitation, (b)
mass acceleration spectral density comparison between MR linearised sky-

hook and linearised system for different control gains.
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Figure [6.6] compares the frequency response of observer-based MR linearised sky-hook,
and the frequency response of observer-based MR linearised on-off sky-hook approaches.
The plot indicates that observer-based MR linearised sky-hook system can be tuned to
outperform the commonly used on-off sky-hook system throughout the frequency range
(except the frequency range 2-3 Hz). Also, the observer-based on-off system has slightly
lower crossover frequency around 7.8 Hz. The corresponding spectra of the mass acceler-
ations are seen in Figure There is a slight performance reduction for observer-based

on-off sky-hook control after cross over frequency (7.8 Hz).
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Figure 6.6: Transmissible comparison between MR linearised sky-hook and on-off sky-
hook system for different control gains.
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Figure 6.7: Mass acceleration spectral density comparison between MR linearised sky-
hook and on-off sky-hook system for different control gains.

Figure [6.8] compares the relative performance of observer-based MR linearised sky-hook
and observer-based MR linearised optimal systems. Almost the same transmissibility
behaviour were observed for approximately equivalent control gains. The power spectral
densities in Figure[6.9]indicate the same characteristic as well. Clearly these figures shows
that the performance of linearised sky-hook was able to reach the performance of optimal

systems.
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Figure 6.8: Transmissible comparison between MR linearised sky-hook and optimal sys-
tem for different control gains.
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Figure 6.9: Mass acceleration spectral density comparison between MR linearised sky-
hook and optimal system for different control gains.

It can be concluded that the proposed observer, consist of the unified MR damper model,
the mass model, and spring model, is able to estimate the states, and the damping force
of the experimental SDOF system by using the simple measurements of the base and the

mass acceleration. This proposed observer model will overcome the complexity of the
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linearised feedback implementation of semi-active control scenarios. Also extensive con-
trol testing showed good performance of the observer-based linearised feedback control

strategies (sky-hook, and optimal).

6.5 Summary of Chapter 6

This chapter has presented the experimental investigation of semi-active SDOF mass isol-
ation system. Here, SDOF mass isolation system consist of MR damper excited by a high
response servo hydraulic actuator, while the observer and controller were implemented in
a real time digital controller. For each study, the performance of observer based feedback
linearisation was investigated by implementing sky-hook controllers, where comparisons
were made with more simplistic on/off controllers, optimal controller, and the passive

case. The results have validated the numerical performance of proposed system.
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7 Case study: Tuned Mass

Damping

7.1 Introduction

Having demonstrated the simulated and experimental performance of the observer based
feedback linearisation strategy under the broadband excitation, now the approach will be
used as part of a tuned mass damper (TMD) vibration absorber problem. The observer-
based semi-active tuned mass damper system is analytically modelled and investigated
in Simulink software and it is experimentally tested. The performance of the proposed

semi-active control algorithms are compared with the equivalent optimal passive system.

The aim of this chapter is to investigate the performance of the proposed theory with the
vibration absorber problem as a case study. It should be mentioned that the MR damper
under investigation was not specifically designed for use in a tuned mass damper system.
However, the intention here is not to fine-tune the actual device for a specific applica-
tion but rather to demonstrate the performance potential of linearising an MR damper to
implement observer based semi-active tuned mass control strategies. For this purpose,
a simplified tuned mass damper scenario serves as a useful case study. The tuned mass

damper (TMD) scenario is first described before presenting the simulated results. At this
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7.1 Introduction Case study: Tuned Mass Damping

point, a little attention is paid to the brief literature review of the vibration absorber prob-

lems.

Excessive vibration has been a common problem throughout engineering history which
can result from a variety of sources; human body motions, rotating, oscillating and im-
pacting machines, wind flows, earthquake induced vibration, road traffic, railway traffic,
construction works etc. [160]. A massive example of excessive vibration on structures
was observed recently at the opening ceremony of The London Millennium Footbridge on
June 10, 2000 [161]]. The bridge experienced pedestrian-induced lateral vibration up to 50
mm of lateral movement of the south span and 70 mm of the centre span and on June 12,
2000, the bridge was closed. Often the most effective and economic way to reduce vibra-
tion is to apply an additional dynamic system at a discrete point on the existing structure,
to change the system dynamics in a desired way [6]. Simple mass-spring-damper sys-
tems attached to a selected point of the vibrating structure (as seen in Figure [7.1}(a)),
are one example. They are called tuned mass dampers (TMD), tuned vibration absorbers
[162], or vibration neutralisers [6]. In the history, the first time tuned mass dampers were
used was to reduce the rolling motion of ships by Frahm in 1911 [163]. Later, TMDs
were implemented to reduce the amplitude of the single degree of freedom systems by
Ormondroyd and Den Hartog [164]], and Brock [[165]. Den Hartog developed closed form
expressions of optimum damper parameters which are frequency ratio and damping ra-
tio of the TMD [3]. These expressions are for only un-damped main systems with a
single degree of freedom. Later, damping in the main system was included by several re-
searchers [166, 16, 167,168, 169]. To summarise, simple optimum solutions to excessive
vibration problems using passive tuned mass damper have been widely investigated and

implemented on real structures [170].
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MR Damper emulating the
controllable spring stiffness and
controllable viscous damping

(a) (b)

Figure 7.1: Lumped parameter model of tuned mass damper system. (a) Classical passive
TMD, (b) adaptive TMD with an MR damper, modified from [[130].

However, all these proposed tuning methods for optimal passive TMD system assumed
that the natural frequency and structural mass are known and do not change. If the modal
properties of the main structure are changed (e.g due to environmental effects) after the
TMD has been installed, the performance can be significantly reduced [171, [172]. These
environmental effects could be the time-varying pay loads, estimation errors or temperat-
ure changes. All these problems will result in the de-tuning of the pre-tuned mass damper.
As a solution to this generic de-tuning problem, many adaptive TMD control concepts
have been proposed to develop new designs and concepts by controlling the properties of
the TMD in real time to match the changing properties of structure. Such concepts and
their control were summarised by Fisco and Adeli [109,|173]]. Due to high power require-
ments, expense and fail-safety problems of the active system, adaptive tuned mass damper
systems are designed mostly based on semi-active approaches [[174]. After seven decades

of first passive TMD damper implementation, Hrovat et al. introduced the concept of a
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semi-active TMD for wind-induced vibrations in a high rise building [18]].

Semi-active dampers require simpler hardware and have lower power requirements thus
reducing operational costs. These devices can provide variable damping and/or stiffness
and have been used for vibration reduction of mechanical and civil engineering structures.
Semi-active tune mass damper concept were designed with a tuned mass, a tuned pass-
ive spring and controlled semi-active damper. Variety of choices of semi-active damper
were proposed, such as piezo stack [175]], active smart materials (shape memory alloy)
[176, 177], piezoelectric materials [178], controllable friction devices [179], and mag-
netorheological (MR) damper [[180, 181, [182]. Weber et. al. presented a semi-active
approach where a rotational MR damper was used to emulate both controllable damping
and stiffness force under harmonic excitation [[174]. In addition to this, the same authors
extended this numerical work by experimental implementation of proposed theory on a
laboratory footbridge, using accelerometers and a force transducer to implement force
tracking control [130]. They were able to reduce the vibration amplitude between 38%
to 63% relative to a passive TMD system, but they did not investigate the performance of
proposed system under random or broadband excitation which is more-likely to be real-
istic case. In addition the use of a force transducer also increases the complexity of the
system. In this study, these two drawbacks have been overcome by the proposed observer
based linearised semi-active tuned mass damper system. The lumped parameters model

of this system is shown in Figure
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Acceleromete%

Xa
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Estimated
MR force
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Figure 7.2: Observer base semi active tuned mass damper control scheme.

This chapter offers a description of the proposed observer base linearised control of semi-
active tuned mass damper, along with a dynamic analysis of the optimal passive TMD that
is based upon numerical simulations (optimal tuning). Before introducing the observer-
based adaptive TMD, this chapter describes a classical passive tuned mass damper to
help distinguish the two systems. Following the comparisons, this chapter discusses the
controllers development for the proposed system, followed by the design of the non-linear
two degree of freedom observer. The parameters of the structure system (mass, stiffness,
and damping ratio) are optimally tuned using analytical optimization techniques described

by Mead [6].

In this study, the inverse of this optimisation theory was first implemented so that the
existing experimental system can be used as the vibration absorber. Finally, this chapter
summarizes the dynamic performance of the observer base tuned systems and suggests
the best control method for the proposed observer based semi-active system, based upon

the numerical and experimental results.
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7.2 Numerical modeling and optimal tuning

Figure[7.1}(a) shows a classical model of force-excited (F.y) passive TMD configuration.
The main structure is coupled with a classical passive vibration absorber, and the mass of
the structure and absorber are defined by m, and m,, with their corresponding displace-
ments as xg and x,, respectively. The absorber’s spring (k,) and damper (c,) are mounted
on the structure. The stiffness and damping of the structure are represented by k; and cg,

respectively.

The equations of motion of the force-excited passive TMD in matrix form is;

ms; 0 Xs cst+cq Ca Xs ks+ky —kq Xs Fex
O ma Xa _Ca Ca .).Ca _ka ka xd 0
(7.1)

For the case of harmonic excitation, time domain solutions of the equation|[/.1|are;

x5 (1) = Xse™ (7.2)
x4 (1) = Xye™ (7.3)
Fou(t) = F,e” (7.4)

113



7.2 Numerical modeling and optimal tuning Case study: Tuned Mass Damping

where s = jo and o is the excitation frequency. Substituting equations into equa-

tion [7.1] yields

mss2+(cs—|—ca)s—|—ks+ka —caS — kg X F,
(7.5)

—cgs — kg Mas® + cas + kg X,

By using the Cramer‘s Rule, the amplitude of X and X, can be solved such that,

F, —cys — kg,
2
v 0 mgs +CaS+ka B Fo(maSZ +CaS—|—ka) (7 6)
b detG B detG '
mssz + (Cs + Ca)S +ks+ka F,
_Cas - ka 0 F k
X, = _ Folcas +ha) (7.7)
detG detG
where,
detG = (mys® + (¢ + ca)s + ks + ko) (ma5° 4 cas + ko) — (cas + ka)*
the steady state solution of equation|/.1|can be obtained,;
X _ (mys® +cas +k,) (7.8)

Fo  (ms?+ (cs+ca)s+ks+ka)(mas? +cas +kq) — (cas +kq)?
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Xa (cas +ka) (7.9)
Fo  (mss?+ (cs+ca)s+ks+kg)(mas? +cas +kq) — (cas+kq)? '

By defining the following parameters

W = mg/m, = Mass ratio (Absorber mass/main mas)

Oy = F,/ks = Static deflection of the system

s = (kg /my)?> = Natural frequency of the main structure
@, = (ks /mq)%> = Natural frequency of the absorber (TM)
{s = cs/(2ms0;) = Damping ratio of main structure

&y = cqa/(2m,@,) = Damping ratio of absorber (TM)

g = @,/ oy = Ratio of natural frequencies

r = @/, = Forced frequency ratio

Na = ¢a/(Ma@,) = Loss factor of absorber

Ns = ¢s/(my@s) = Loss factor of main structure

the final transmissibility equations for the forced-excited system become;

X (8% — r* +2Lagr)

O (—r2 28+ 28 ugrj 41+ ug?) + (—r* +28,grj+ &%) — u(28.grj +¢2)?
(7.10)

& _ <82+2Cagrj)

Op  (—r?+28rj+28ugrj+ 1+ ug?) + (—12+28grj+g%) — u(28,grj + g%)?
(7.11)

The transmissibility equation provide the means of tuning TMDs using Mead’s [6]

description. The target of the techniques is to minimize the maximum transmissibility.
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7.2 Numerical modeling and optimal tuning Case study: Tuned Mass Damping

As described in introduction of this chapter, the inverse optimisation of Mead theory was
used to find out the optimal parameters of the main structure instead of tuning the absorber
system. First step was to determining the mass ratio by using the optimal loss factor of

the absorber. The optimal loss factor of absorber was defined as;
3 1/2
a >] (7.12)

Na,opt = {2(1—"‘#

Assuming the loss factor of the exist absorber was the optimal (14,0pr = ¢4 /(my@y)) , and

than the mass of the main structure could be calculated from,

nz3
— ai
Uopt = (1—7']3%) (7.13)
Mg opt = ma/yvopt (7.14)

The main structure stiffness was calculated by using the optimal frequency ratio, which is

1
8opt = (7.15)
T+ Hopt
where, g, = W,/ @ and structural stiffness is;
ks = @W3mg /g0y (7.16)
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7.3 Semi-active TMD design Case study: Tuned Mass Damping

Mead had not considered any optimisation for the main structural damping value but it is
found that the level of the structural damping compared to the absorber damping ratio was
quite low (7g,0pr = 0.267, and 1y = 0.0072). This identification is used to approximate

the structural damping of the system. Where the structural damping is;

cs = Ns(myos) (7.17)

All the parameters of vibration absorber and structural system are given in table

7.3 Semi-active TMD design

The proposed observer base semi-active tuned mass damper (TMD) model replaces a
passive damping element with a controllable semi-active damper to emulate controllable
stiffness and controllable damping, which distinguishes it from the classical passive sys-
tem. Figure [7.1}(a) shows a conventional passive TMD model, and the proposed semi-
active tuned mass damper model is shown in Figure [7.1}(b). A controllable damper, such
as an MR damper, is the key element for the proposed system. It can provide a wide
dynamic force range, can offer a real-time control environment at low power, and can
be quite cost-effective. Incorporating this versatile damper into the proposed model will
significantly enhance its performance, combining the benefits of both passive and active
systems. The new system is anticipated to surpass the performance of classical passive
TMD in reducing the maximum vibration levels of the primary structure and robustly

adapt to the primary system’s parameter changes.

Figure|/.3|was used to derive the dynamic equations of motion for the semi-active model.

The equations of motion that describe this system were:
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mg O X cs O X ki+k, —k, X 1
+ + + Fuyr =
O ma .‘X‘:a 0 O fCa _ka ka .Xa _1

(7.18)

where Fr is the force produced by the semi active magnetorheological damper. Equation

[7.18| will be used in the development of the numerical model of the semi-active TMD.

Xa

Fex

Figure 7.3: Lumped-parameter models of proposed semi-active tuned mass damper
model, where semi-active element is the magnetorheological damper.

7.4 Observer design

The linear and non-linear observer designs are discussed in Chapter [3]and the same design
theory will be used to develop a non-linear observer for semi-active tuned mass damper
system. In this study the main focus was to evaluate the performance of the observer

base feedback linearisation of the MR damper as a case study. Therefore, the purpose of
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7.4 Observer design Case study: Tuned Mass Damping

the observer was to be able to estimate the absolute velocities of the absorber mass and
structural mass for the proposed control algorithms, and estimation of the MR damper
force for feedback linearisation. Referring to Figure[7.3]the equation of motion was

used to design the basic state matrices such that;

ms O XS Cs O st ks+ka _ka XS _1
+ + + Fmr =
O ma ..X‘:a 0 0 xd _ka ka )Ca 1

where the state space model of the system is:

x(t) = Ax(t) +Bu+Gw(r) (7.19)
y(t) = Cx(t) + Du+ Hw(t)

the state vector is chosen x =[ x; x, x3 x4 J» wWhere x; =x; — X5, X2 = X5, X3 = Xq,
and x4 = X;. Respectively y is the matrix of measured accelerations of absorber mass and
structural mass, y = ¥, i |', w(-) = Fx(+) is the system disturbance and system control

input is u = Fyg. Thus the system state space representation is;

i 0 0 1 —I X1 0 0
b %) 0 0O O 1 X 0 0

= + u+ w(t) (7.20)
%3 w0 0 0 X3 -+ 0
I e e M I B > o
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X3 e
A N
X4 m—“s
0 0
0 0
where, A =
kg
s 0
ka ks
L M mg
Ay 0
C= Ma
ka ks
mg mg 0

o o O

The following dynamical system is considered as an observer.

£ =A%+Bu+Lz+ GE,,

§=Ct+Du+HF,

Fex = mgks — FMR + kg (ﬁv) + kg (ﬁs - an) + ¢y (xAs)

X1
0 X2 S
+1 ™ lut w(t) (7.21)
Cs 1
mg *3 mg my
X4
0 0
0 0
b B == b G = b
1
— 0
1 1
i L ms mg |
_1
= Ma | and H =
1 1
mg mg
(7.22)
(7.23)

where, z =y — 79, )_2 is the observer state, y is the observer output, Fex is the estimated

disturbance force signal (Equation and L is the observer gain matrix. The error

between the actual state x and the observed state x is defined as
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e=x—2X (7.24)
where the dynamics of the state estimation error is then given by ;
¢=(A—LC)e+ (G—LH)(F,—F,) (7.25)

here L is the 4x2 observer gain matrix. Several numerical and experimental test results
showed that with a proper observer matrix the estimated disturbance force and the actual
disturbance force matched each other. The pole placement method was used to evaluate

the observer gain matrix [154]].

Is I
l; I3

As explained for the non-linear SDOF observer (Section [5.2.3)), the dynamics of the ob-
server for adaptive TMD system were chosen to be 5 times slower than the actual system
due to un-modelled friction inside the MR damper. The simulated model of the observer

based adaptive TMD with an MR damper system is shown in Figure
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Force +—Jp|Excitation signal Acceleration of structure
Excitation
——p{Control Current Acceleration of absorber

Adaptive TMD with an MR damper system

Linearised feedback controller TMD non-linear observer

Acceleration of absorber (-
Estimated MR damper force {@—|Estimated MR damper force

Control current Acceleration of structure —

Estimated states {@—|STATES
Control Current

Figure 7.4: Simulated model of observer based linearised control of TMD with a control-
lable MR damper.

7.5 Main principle and control concepts

The proposed approach uses the same feedback linearisation control of an MR damper
which has been investigated in the previous chapters. But the goal of this case study, is to
emulate controllable viscous damping and/or controllable spring stiffness of the equival-
ent optimal passive system. As seen in Figure this desired damper force is produced
by control concept part, which uses the estimated states of the system. Two types of

control concept are proposed, which are explained as;
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Control concept 1

The first control concept is intended to simply linearise the non-linear dynamics of the
MR damper, so it behaves as a linear viscous damper with varying linear damping. With

reference to Figure the estimated desired set-point force is;

ﬁdesired =Ca (ﬁs _Jéa) (7.26)

where F}j,i04 is the estimated desired damper force, ¢, is the optimal absorber damping,

and (£; — X,) is the relative piston velocity.

MR Damper emulating the
controllable viscous damping.

(a) (b)

Figure 7.5: Lumped parameter models of tuned mass damper configurations. (a) passive
tuned vibration absorber, (b) Semi-active MR based tuned vibration absorber
(concept 1).

In this concept, the MR damper just emulates the optimal viscous damping of the passive

tuned mass damper system.
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Control concept 2

In the second control concept, the MR damper tries to emulate the optimal viscous damp-
ing and optimal spring stiffness of the passive tuned mass damper system. In this concept,
optimal controllable spring stiffness is going to be the sum of the emulated controllable
stiffness and passive spring stiffness of the proposed system (as seen in figure[7.1}(b)) due
to parallel installation of the passive spring and controllable MR damper. This will enable
frequency tuning of the TMD system by attempting to emulate the controllable positive
or negative spring stiffness, and controllable damping force. Referring to Figure -(b),

the estimated desired set-point force is given by;

Fdesired = Ca,opt (ﬁs - )éa) +kadded (ﬁs - ﬁa) (7.27)

where (£; — £,) is the relative piston displacement, and k4.4 is the controllable stiffness

which was assumed to be zero for control concept 1. But, for the control concept 2,

kaddea = ka,opt —kg.

These two control concepts are investigated by numerical and experimental testing. Tests
are carried out in four steps with assumption that the absorber mass (m,), absorber stiff-
ness (k,), structural spring stiffness (k) and structural damping (cy) do not change at any
step of testing. Then, k, o), and ¢, oy can be adjusted to the actual frequency of the main

structure according to Mead’s formulae without any constraints [6]. The testing step are:

» Step one: tuning of main structure. Optimal structural parameters are evaluated by
using the inversed optimisation to the define lumped parameter system shown in
Figure By replacing the passive oil damper with an MR damper the proposed

adaptive TMD is created, and the desired force is driven by the control concept 1,
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7.5 Main principle and control concepts Case study: Tuned Mass Damping

Equation[7.28]

Fdesired =Ca (ﬁs _Jéa) (7.28)

» Step two is the de-tuning of the main structure. In this step, the service load of
main structure is changed by adding or removing masses to/from main structure.
The new structural mass becomes, mg = ms+my, where my; represents change of
the service load (which could be positive or negative). Assuming the structural
stiffness does not change, the system frequency ratio changes, and this leads to the

detuned system as shown in Figure[7.6]

ka% $ c, ) |,

mg+my mg+my

kS% ! ! Cs lFe} ks% ! ! Cs
(a) (b)

Figure 7.6: Detuned lumped parameter models of detuned mass damper configurations.
(a) passive detuned vibration absorber, (b) Semi-active MR based detuned
vibration absorber (step 2).

MR Damper emulating the
controllable viscous damping.

In this de-tuned case, the adaptive TMD with controllable MR damper is linearised to
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7.5 Main principle and control concepts Case study: Tuned Mass Damping

emulate the pre-tuned viscous damping of the optimal passive pre-tuned damper system

as in concept 1, Equation[7.28]

 Step three: retuning of damping. The analytical frequency retuning of the detuned
absorber is done according to Mead’s optimisation theory [6] by using the de-tuned

structural mass (772;) and unchanged structural stiffness (ks) as seen in Figure

MR Damper emulating the
controllable viscous damping.

mg+my mgtmy

ks% f Cq lF l ks% f Cq
(a) (b)

Figure 7.7: Detuned lumped parameter models of retuned mass damper configurations.
(a) passive retuned vibration absorber, (b) Semi-active MR based retuned vi-
bration absorber (step 3).

In this study, it is assumed that, structural mass of this new detuned could be estimated
by empirical mode decomposition and Hilbert transform (EMD/HT) [183], or modified
cross-correlation (MCC) method [172] in the real-time control process. So that, the fre-
quency of the absorber system could be tuned to the actual frequency of the main structure
by adjusting k, to k4 opr and ¢, t0 Cqopr. This retuned passive TMD system is called as
ideal adaptive TMD and expected to equalize the response peaks according to theory. In

this step, just viscous damping was retuned so that MR damper only emulates the viscous
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damping of the passive TMD and estimated desired force was chosen by control concept

1 as in Equation

Fdesired = Ca,opt (x’\s - x;\a) (7.29)

controllable stiffness and
controllable viscous damping.

o
S
on
g
=
=
g
o
=
L
o
=]
5]
[a}
e~
=

mg+my mstmy

(a) (b)

Figure 7.8: Detuned lumped parameter models of retuned mass damper configurations.
(a) passive retuned vibration absorber, (b) Semi-active MR based retuned vi-
bration absorber (step 4).

 Step four: retuning of damping and stiffness. In this step retuning of the stiffness
element of the passive TMD was done according to theory. The estimated desired
force was chosen by the control concept 2 so that the MR damper is forced to
emulate the retuned viscous damping and retuned spring stiffness of the new retuned

ideal adaptive TMD as seen in Figure[7.§], as in equation[7.27]
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7.6 Numerical testing

In this case study, the aim is to implement the proposed observer based linearised control
of an MR damper system to the tuned mass damper problem, so that MR damper could
emulate the controllable viscous and spring stiffness of the passive TMD. This section
intends to numerically investigate this scenario with pre-chosen SDOF system parameters.
Referring to the equations the structural parameters are evaluated and listed in
Table 711

| Parameter | Symbol | Unit | Value |
Mass of absorber my kg 112
Mass of structure ny kg 182.89

Absorber stiffness kg Nm~T | 62690
Structural stiffness |  &; Nm~! | 266140
Absorber damping Ca Nsm~! [ 2000
Structural damping Cs Nsm ™! 50
Table 7.1: Optimal parameters of passive tuned mass damper.

These values implied that the optimal designable structure with pre-arbitrary chosen SDOF
system has the mass ratio of 0.6124. However, according to [160], the optimal mass ratio
(mg/myg) design approach for tuned mass damper may be chosen in the range of 1/15 to
1/50 for required vibration reduction. In other words, the coil spring stiffness and mass
of the experimental absorber were too small to represent a realistic scenario. In order to
catch this criteria, in the simulations the original SDOF parameters are modified such that
natural frequency remains unchanged by four time increasing absorber mass and absorber
spring stiffness. New modified optimal parameters are given in Table with a mass
ratio is equal to 0.0243 which lies in the realistic range [160]. The observer gain matrix

is than evaluated by using pole placement method such as;
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—0.0009  0.0002

[—10-3 0.0003  —0.0001
951.3691 —25.3155

5.5240  969.9747

’ Parameter \ Symbol \ Unit \ Value ‘
Mass of absorber my kg 448
Mass of structure My kg 18425
Absorber stiffness k, Nm ! 250760
Structural stiffness | & Nm~! | 10821000
Absorber damping Ca Nsm ™! 2000

Structural damping Cs Nsm ™! 50

Table 7.2: Modified parameters of passive tuned mass damper for numerical case study.

The main structure with optimal passive TMD and a observer based adaptive TMD with

controllable MR damper is simulated for varied de-tuned structural masses mg; = 0.5my ,

0.6my, ..., 1.5mg and for each mass the structure is excited with high-pass filtered random

white noise force signal with bandwidth of 0-15 Hz during 300 seconds, for each of

the four steps. The first ten seconds of this excitation force signal is shown in Figure

The test results will indicate the damping potential of the proposed theory. The

entire system is solved in MATLAB/Simulink using the ode4 (Runge Kutta) solver with

fixed sampling frequency of 0.0002 Hz. The absorber viscous damper is replaced by the

numerical unified model of MR damper (Chapter [5.2.1)) where depending on the control

concept, the MR damper will track the estimated desired force.
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Figure 7.9: First ten seconds of the excitation force signal.

7.6.1 Numerical test results

Frequency response curves are used to analyse the performance of the each control con-
cepts for numerical and experimental testing, which is evaluated by using tfestimate

method of Simulink software.

A random force excitation signal, filtered with 15 Hz high pass filter, was used to excite

set-up as seen in Figure[7.9]

The first frequency response plot indicates that the passive TMD is able to equalise the
peaks at resonance amplitude, according the Mead’s theory as seen in Figure (solid
line, step 1 tuning). But, the damping performance dramatically decreases with detuning
of the system (dotted, dashed and dash-dotted lines, step 2). Also it is clear that from
the Figure if the detuning is done with increased structural mass, the host struc-
ture is over-damped with an almost un-damped absorber resonance frequency; whereas

if the detuning process is done with decreased structural mass, the resonance frequency
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7.6 Numerical testing Case study: Tuned Mass Damping

amplitude of the absorber is over-damped and the structural resonance is un-damped. As
expected, Figure illustrates that the amplitude reduction of the ideal adaptive TMD

(with retuned damping and stiffness), depends on the frequency of the main structure.
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The frequency response of the observer based adaptive TMD with linearised MR damper
controlled according to concept 1 is shown in Figure [7.12] It is already been shown,
that the observer based feedback linearisation is able to emulate a linear viscous damper
(Chapter[6)). So if the desired force gain is chosen as the viscous damping ¢, of the passive
tuned mass system, then it is expected to achieve the same amplitude reduction for tuned

and detuned cases of passive TMD. Comparing Figure[7.10|and Figure clearly proves
that for the step 1, the observer based adaptive TMD with linearised MR damper is able
to equalize the peak for tuned values (solid line). In addition, also for the step 2 (detuned

case), it is also able to follow the performance of the passive TMD (dotted and dashed

lines).
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If the detuned system is retuned as in step 3 with control concept 1, then the observer
based adaptive TMD with linearised MR damper improves the amplitude reduction com-
pared to the passive TMD as seen in Figure [7.13] But, if the system is detuned with in-
creased structural mass the frequency of the detuned structure get closer to the frequency
of the absorber, which has greater effect on the system response. On the other hand, if the
system is detuned with decreased mass, frequencies of host structure and the absorbers

move away from each other.

However, the aim of this case study to investigate that whether the observer based linear-
ised MR damper can emulate the controllable stiffness and viscous damping or not. To
find this out, the last numerical tests step 4 and control concept 2 are implemented, where
the linearised MR damper will emulate both damping and stiffness forces. The results are
shown in Figure where up to several 100% amplitude reduction is achieved for the

observer based adaptive TMD with linearised MR damper.
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To summarise, these numerical test results with a realistic mass ratio (L, = 0.0243) show
that the observer based linearisation of an adaptive TMD is able to emulate the positive

or negative stiffness in addition to providing energy dissipation in the TMD.

7.7 Experimental testing

In the previous section, numerical simulations were performed to show the effectiveness
of using observer base feedback linearisation of an MR damper as a semi-active force gen-
erator, so that the MR damper can emulate the controllable spring stiffness and control-
lable viscous damping. The present section is aimed to build upon this work by perform-
ing experiments of an adaptive TMD system subject to the broadband force excitation.
The Hardware-in-the-loop-simulation (HILS) method is used to perform the experiments,

which is shown in Figure [7.15] Here, tuned mass damper system is physically tested,

134



7.7 Experimental testing Case study: Tuned Mass Damping

whilst the real-time control software is used to simulate the non-physical elements of the

system, which are the damping, stiffness and the mass of the host structure.

With reference to Figures {.1 and [4.3] the damper test facility was configured for HILS
testing as follows. Real time control software was used to develop the controllers, the
non-linear observer, and the non-physical system of the host structure (mass, m, damp-
ing cy, and stiffness k) on the host PC. These were downloaded onto the target PC, which
performed the real-time simulation by transferring data to and from the hardware via the
data acquisition card. Using D/A conversion, outputs from this simulation (structural dis-
placement, x; and control current, I;g) are then used to excite MR damper based absorber
using a servo-hydraulic actuator and current amplifier. Simultaneously, an A/D converter
provides the simulation with structural and absorber accelerations data in order to estim-
ate the states and damping force. These estimated states and damping force are used by
controller to generate the desired control current and also they are used to generate the
force transmitted to host structure from absorber, which is used for simulation of host
structure. Here the experimental SDOF system (see Figure [4.5}(b)) with a controllable
MR damper (Lord Corporation’s RD-8040-1 [[75]) is used to perform the HILS tests and
described in Chapter The experimental test model is shown in Figure As seen
in Figure same scaling values were used to calibrate the load-cell, LVDT, current

amplifier, and actuator as in Chapter [0

In reality, the HILS system is proposed to use the physical force to excite simulated model
of the structure, but instead the estimated force is used in this study. So, the unwanted
noise captured by the force transducers was avoided, and the comparison of the actual and

estimated force showed that the difference is negligible.
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7.7 Experimental testing Case study: Tuned Mass Damping

System parameters for experimental testing are shown in Table [7.1] It is accepted that
there is no need to validate the numerical model with the experimental test rig, as this
was already validated in Chapter ] The experimental observer gain matrix is evaluated

by using pole placement method such as;

—0.0419 —0.0168
—0.0305 —0.0173
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Figure 7.15: Schematic diagram of the HILS system.
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Figure 7.16: Experimental system for observer-based control of tuned mass damper sys-
tem.

However, the implementation of the HILS system introduces the additional dynamics to
the system, which affects the stability and the performance of the experimental testing.
Batterbee investigated the accuracy of the servo-hydraulic system model, with the fre-
quency response anlysis [184]]. Where, the range of the excitation frequency (0-50 Hz)
was chosen to be relatively higher than the bandwidth of the test facility (40 Hz), and good
magnitude and phase response were predicted by the servo-hydraulic system. In addition,
the author, described the dynamics characteristics of the two-stage electronic servo valves
(381/min Moog D765) and the Kepco BOB current amplifier (which is able to generate DC
output in the range of £36V and +6A with bandwidth of 13kHz) [[146]. In conclusion, the

servo-hydraulic system have proper dynamic characteristic to minimise the phase delay
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and improve the control performance [184)]. For this study, under these specification, it
is assumed that the servo-hydraulic test facility with the MR damper current amplifier is

suitable for HILS testing.

7.8 Results and Discussion

The testing steps were now re-implemented with the HILS system. First the transfer
function was estimated according to step 1 and control concept 1 which was followed by
step 2, detuning and applying control concept 1. Retuning process of detuned system was
evaluated (step 3) and control concept 1 was applied. Last tests were carried out with
step 4 and control concept 2. The difference from the numerical testing was the different
optimal parameters of the system were used, shown in Table with an optimal mass
ratio of U, = 0.6124. Four detuned cases were investigated, which were established by

20%, and 50% increased and decreased structural mass.

Estimated transfer function of the all these experimental tests are shown in Figures|/.17

Solid lines represent the observer based optimal adaptive TMD with linearised
MR damper for step 1 and control concept 1, these solid lines also follows the optimal
passive TMD behaviour, dashed lines illustrate the step 2, detuned cases with control
concept 1, these dashed lines also follows the detuned passive TMD behaviour, dotted
lines exhibit step 3 with control concept 1 where the detuned system was retuned again
and last frequency response plotted with dash-dotted lines for step 4 of control concept
2 in these figures. These estimated frequency responses show that the proposed observer
based adaptive TMD with linearised MR damper outperforms the the passive TMD in all

tested cases relatively also they exhibit same characteristic as the numerical results.
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Figure 7.17: Experimental test results for adaptive TMD with linearised MR damper when
de-tuned by 20 percent reduced structural mass.
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Figure 7.18: Experimental frequency response of adaptive TMD with linearised MR
damper with 20 percent detuned by increased structural mass.
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Figure 7.19: Experimental frequency response of adaptive TMD with linearised MR
damper with 50 percent detuned by reduced structural mass.

In conclusion, both the numerical and experimental results clearly indicate that, it is pos-
sible to emulate the controllable viscous damping and negative or positive controllable

spring stiffness, so as to match classical vibration absorber theory [6].
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Figure 7.20: Experimental frequency response of adaptive TMD with linearised MR
damper with 50 percent detuned by increased structural mass.
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7.9 Summary of Chapter 7

This chapter has described numerical and HILS experimental investigations of an ob-
server based adaptive tuned mass magnetorheological damper that attempts to mitig-
ate random vibrations of the main structure. Here, the hardware-in-the-loop simulation
(HILS) method was adopted, which enabled the complex behaviour of the TMD (with
a controllable MR damper) to be physically tested, whilst the remainder of the system

dynamics were simulated in real-time. Numerical models were also evaluated.

Two control concepts have been presented representing different approaches to retuning
or adopting the system. Control concept 1, simply converted the non-linear MR to the
linear viscous device with varying damping rates. Control concept 2 was the goal of the
chapter; this was used to control the MR damper to emulate positive or negative stiffness
in addition to providing the energy dissipation in the TMD. The positive or negative stiff-
ness decreases or increases the stiffness of the passive TMD spring and thereby adjusts
the TMD to the actual frequency of the main structure according to classical theory. The
performance of these control concepts has been tested by varying the structural mass g,
over a wide range. The numerical model of system uses the modified parameters (Table
of the passive TMD to exhibit more realistic dynamics of the problem while the op-
timal parameters (Table were used for experimental testing due to the pre-determined

test rig parameters.

The frequency response results have been compared to the damping performances of the
passive TMD and an ideal adaptive TMD where ideal adaptive TMD has been determined
as a benchmark for this study. Simulated and experimental results have demonstrated
that the damping performance of the observer based adaptive TMD with a linearised

MR damper exceeds that of a passive TMD significantly, depending on the parameters
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changed in the main structural mass.
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8 Conclusions and further work

This research has focused on the observer-based feedback linearised control of an MR
damper under the harmonic and broadband mechanical excitations. To conclude the
thesis, a summary of each chapter is provided, which is followed by conclusions and

the discussion of the key contributions to knowledge.

8.1 Summary

The introduction of this thesis gave the description of the relative merits of passive, active,
and semi-active vibration control methods, and suggested that semi-active schemes can
offer an attractive compromise between the low cost and simplicity of passive systems,
and the high performance of active systems, which are heavier, more complex, and have
significant power requirements. This was followed by history of the smart fluids and
semi-active vibration control, as a literature review for this research. In particular, MR
dampers were identified as one of the most promising means to implement semi-active

vibration control.

The proposed theory of observer based feedback linearisation of an MR damper was ex-
plained in Chapter 3. A single-degree-of freedom structure was chosen as the basis for
this study. One way to convert the highly non-linear smart device (MR damper) into a

variable semi-active force generator was discussed by using estimated states and estim-
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ated damping force, instead of measured values which increase the complexity of the
system. In particular, the proposed linearisation method uses force feedback to linearise
the force/velocity response of the MR damper, but this relies on knowledge of the actual

damper force.

In Chapter 4, the experimental test facility used for this research was described in detail,
and some preliminary test results were used to validate the open loop and closed loop
responses of the MR damper device under sinusoidal and random excitations. The ex-
perimental results show considerable agreement with the predicted model, which makes

further numerical modelling feasible.

The aim of Chapters 5 and 6 was to investigate observer based control strategies for broad-
band excited MR vibration systems. Numerical studies of observer based single-degree-
of-freedom (SDOF) MR vibration systems was performed in Chapter 5. Three types of
MR damper model were investigated; basic, complex and unified model. In order to val-
idate the performance of the proposed non-linear observer, each of these MR models are
used to implement the SDOF system with a feedback linearised controller. The numer-
ical results have showed that the non-linear observer is able to estimate states with small
error even, the modelling of friction inside the observer has been mismatched with the
real value. Also, using observer-based sky-hook based control laws, feedback linearisa-
tion was been shown to outperform more simplistic observer-based on/off controllers and
equivalent passive systems, whilst approaching that of observer-based ideal semi-active

and fully active schemes.

In Chapter 6, the results from this numerical study were further validated by the ex-

perimental investigations of observer based SDOF MR vibration system. Here, a high
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response servo hydraulic actuator was used to excite the observer based SDOF mass isol-
ation system. The non-linear observer and controller were implemented in a real time
digital system. The performance of observer based feedback linearisation was investig-
ated by implementing sky-hook based controllers, where comparisons were made with
more simplistic on/off controllers, optimal controllers, and the passive case. The results

have validated the numerical performance of the proposed system.

The last chapter aimed to investigate the performance of the proposed theory for the real
structural vibration problem, where a tuned mass damper system was chosen as case
study for this research. Numerical and hardware-in-the-loop simulation (HILS) experi-
mental testing was carried out. The HILS method enabled the complex behaviour of the
adaptive semi-active TMD with a controlled MR damper to be physically tested, whilst
the remainder of the system dynamics were simulated in real-time. The simulated and ex-
perimental results have demonstrated that the damping performance of the observer based
adaptive TMD with a linearised MR damper exceeds that of a passive TMD significantly,

depending on the change in the main structural mass.

8.2 Key conclusions and contributions

The key contribution of this thesis is that by proposing an observer-based controller, the
complexity of the feedback linearisation theory is solved. The force transducers (damping
force) and LVDT (system state) sensors are replaced with simple, commercially available,

low-cost accelerometers.
The design of the Luenberger gain plays key role in the performance of the proposed non-

linear observer. The Luenberger gain is designed by using the pole placement method

based on the linear state matrix of the system, where the passive damping level of the MR
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damper is used. Referring to [154], for acceptable estimation of the states, the dynamics

of the observer is chosen to be relatively faster than the dynamics of the controller.

To the author’s knowledge, the approach has not been previously applied within the con-

text of MR dampers.

The advantages and effectiveness of passive tuned mass dampers (a simple, inexpensive
and reliable means to suppress the undesired vibrations of systems) have been studied
by many researchers. However, the performance of TMD is very sensitive to tuning fre-
quency ratio because of its fixed parameters, even when optimally designed. The TMD
loses its optimal performance if the host structures frequency changes due to environ-
mental effects, i.e varying pay load. As an promising alternative solution to this problem
is a adaptive tuned mass damper system with linearised MR damper. Using the semi-
active variable damping device. It has been shown that, this system is able to continuously
retune its frequency in real time which makes it robust to changes in building stiffness and

damping.

To conclude, it has been shown that, the observer-based theory is a useful approach to
implement the feedback linearisation technique by using a simple accelerometer instead
of a complex force transducer. However, the usefulness of the observer-based system is

only validated with a single degree of freedom sliding mass configuration.

In addition, it can concluded that, the observer-based approach is able to estimate the
damping force and the system states by using accelerometers, for tuned mass damper
control. To the author’s knowledge, the approach has not been previously applied within

the context of tuned mass damper system.
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8.3 Further work

In this section, the potential areas for further research are discussed. The present thesis
has made a significant contribution towards to development of effective observer based
controller for MR vibration systems. In particular, using numerical and experimental
methods, observer based feedback linearisation was shown to provide superior perform-
ance over more simplistic observer based on/off strategies. As a further extension to this
thesis, it would be interesting to investigate the performance comparison of the non-linear
Kalman or reduced order Luenberger observers to the present non-linear state observer

model under the practical conditions.

Another research topic would be to formally investigate the sensor-less (no sensor) im-
plementation of semi-active control algorithms, by using the conductivity property of
the smart fluid. If the relationship between the damper displacement and voltage/current
across the smart fluid can be discovered, then this phenomenon could be used to develop

senseless semi-active force generators.

As an extension to this thesis, an additional study could be the investigation of the temper-
ature effects on the performance of observer based control system. The viscosity of the
MR fluid will vary with the change in temperature, which will obviously effect the sys-
tem performance. In practice, it is difficult the control the temperature of fluid. However,
the analytical method could be used to investigate this phenomena, for example, using

uncertainty propagation techniques [[1835]].
Lastly, the smart fluid actuators could be the another extension of this research. It would

be interesting to find out whether similar observer base feedback control strategies could

be applied to actuators for position or force control.
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Observer based linearisation of MR dampers

Mehmet Eroglu * and Neil Sims

Department of Mechanical Engineering, The University of Sheffield, UK
* email: M.Eroglu@sheffield.ac.uk

Extended abstract

Magnetorheological, or MR, dampers are one of the most promising semi-active con-
trol devices for protecting civil engineering structures, vehicles, ships, or aircraft from
the damaging effects of dynamic loading. They have many advantages over alternative
technologies, such as low power requirement, reliability, and low cost. A wide range of
control schemes have been considered for MR dampers, with no general consensus on the
most appropriate approach. Research at the University of Sheffield has focussed on feed-
back linearisation, but this requires measurement of the damping force which increases

the complexity of the system.

The present study aims to overcome this problem by investigating the application of ob-
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server based control to the feedback linearisation of an MR damper. A single-degree-of
freedom structure is chosen as the basis for study. The aim is to perform force-feedback
linearisation of the MR damper (so that it can perform as an arbitrary semi-active force
generator) using an observation of the feedback force, rather than a measured value. The
present abstract considers a simplified modelling approach to this problem, although cor-

responding experiments are planned for the near future.
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OBSERVER BASED OPTIMAL CONTROL OF MR DAMPERS
Mehmet A. Eroglu*, Neil D. Sims
Department of Mechanical Engineering, The University of Sheffield, U.K.
*(M.eroglu@sheffield.ac.uk)
Abstract. Magneto-rheological, or MR, dampers are one of the most promising semi-
active control devices for protecting civil engineering structures, vehicles, ships, or air-
craft from the damaging effects of dynamic loading. They have many advantages over
alternative technologies, such as low power requirement, reliability, and low cost. A wide
range of control schemes have been considered for MR dampers, with no general con-
sensus on the most appropriate approach. Research at the University of Sheffield has
focused on feedback linearisation, but this requires measurement of the damping force
which increases the complexity of the system. This study aims to overcome this prob-
lem and improve the vibration absorbability of the system by investigating the application
of observer based optimal control to the force-feedback linearisation of an MR damper.
The proposed force-feedback linearisation chose the set point force as proportional to the
piston velocity. But in this study, in order improve the performance of the system, the
desired set point force is chosen to be the optimal control force. The implementation of
the optimal control theory requires the measurement of the system states (displacement
and velocity of the mass), are provided by the observer as well. Due to passivity limit-
ation of the MR damper the set point force is diverted to the zero at the active region to
satisfy the passivity theory of Karnopp. The results of this study is compared to observer
based force-feedback linearisation algorithm and it is concluded that the proposed control
system is able to reduce the displacement transmissibility of the damped system better

then the compared one.

Keywords: Smart Fluids, Optimal Control, Observer, Force-feedback linearisation
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