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Abstract

Friction and wear are common in manufacturing and transportation applications
that lead to considerable losses in economics, of which the impact can be mitigated
through the practice of lubrication. That is where tribology as a subject that concen-
trates on the study of friction, wear and lubrication comes in. A number of tribotest
rigs have been introduced to the researches on tribological properties of materials
in order to contribute to a good understanding of friction and wear that helps us to
make the right choices for materials, contact geometry, motion and chemistry. In this
thesis, we focus on the control of high frequency reciprocating rig (HFRR) in the
application of pin-on-flat reciprocating tribotest. HFRR as a widely used tribotest
rig utilises direct drive linear voice coil motor (VCM) to emulate the reciprocating
motion of components in a tribosystem. The main aim of the control of HFRR is to
realise some predefined relative reciprocating motions between specimens with lu-
bricant under the impact of frictional force. Due to the complexity of the dynamics
of frictional force that exerts directly on VCM, the problem of the control of VCM
on HFRR has been challenging and not solved satisfactorily using traditional control
methods. The relative error of amplitude obtained by commercial HFRR according
to HFRR standard can be more than 30%.

In our study, we investigate the dynamics of HFRR and develop the model of
HFRR considering the impact of frictional load on system output. A digital signal
processor (DSP) based experimental platform for HFRR is built up for the purpose
of verification of control methods. The existing controllers for VCM based HFRR
are aimed to track the reference signal with tolerable position error. However, the
industrial standard on the operation of HFRR in tribotests states that it is the am-

plitude and frequency of the reciprocating motion driven by VCM that be regulated



when conducting experiments. To fulfil such requirement, we propose direct am-
plitude control method to maintain the amplitude of high frequency reciprocating
motion of VCM on HFRR subjects to frictional load in tribotest. It takes the error of
amplitude rather than the error of position as performance index in the design of the
controller. It outperforms PI control in terms of amplitude keeping and harmonics
suppression in high frequency reciprocating motion. The relative error of amplitude
given by the proposed controller is less than 0.5%.

Furthermore, we consider the frictional load as an external disturbance to HFRR
as a plant under control in the view of control system design. To mitigate its effect
to the output of the plant, disturbance observer based control techniques are applied
to the control system design, which can estimate the lumped input disturbance and
compensate it at the input of the plant. To apply disturbance observer techniques to
HFRR, acceleration based control is studied and employed to the control of VCM
based HFRR. It takes the plant under control as a double integrator by introducing
compensation given by a reduced order disturbance observer. It involves the design
of a task controller that synthesises the desired system acceleration and the construc-
tion of a disturbance compensation module that estimates and compensates for the
input disturbance. The acceleration based control outperforms PI control in terms
of minimising tracking error.

In addition, it is found that the frictional load that dominates the external distur-
bances to the VCM on HFRR follows a periodic manner in reciprocating motions.
Therefore, internal model disturbance observer that takes the generating model of
the input disturbance into account is studied and applied to the control of VCM
on HFRR. Compared with classical disturbance observer based control, the inter-
nal model disturbance observer based control shows a significant improvement in
harmonics suppression of tracking error.

In this thesis, the model of HFRR is presented and aforementioned control meth-
ods are discussed and verified through both simulations and experiments using the
developed DSP based experimental platform. Suggestions on future study are given

in the conclusion chapter.
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Chapter 1

Introduction

1.1 Background

1.1.1 Tribology and Tribotest

Achieving the relative movement of one solid surface with respect to another is
fundamentally important for the functioning of a variety of mechanisms [1]. The
arising of friction in such process is unavoidable, which is defined as the tangential
reaction force between two surfaces in contact. It has been widely accepted that the
interactions between asperities on the two surfaces coming into contact contribute
to the generation of friction. The above concept of asperities provides a physical ex-
planation for various friction-related observations. On the one hand, high friction is
desirable in some cases such as brakes and clutches, where adequate and controlled
friction is necessary to dissipate kinetic energy and transfer torque. On the other
hand, low friction is desirable in some cases such as bearings and gears, where work
that is done in overcoming friction in machines is dissipated as heat. By reducing
the unwanted friction we can achieve an increase in overall efficiency. Furthermore,
the unwanted friction can lead to not only the waste of energy but also the damage
of contacting surfaces due to the progressive removal of material from a surface in
sliding or rolling contact against a counter-surface [2]. In fact, friction and wear
in manufacturing and transportation lead to considerable losses. It is estimated that

25% of the energy input in industry is spent on overcoming friction forces. On a



1.1 Background 2

large scale, the losses connected with friction and wear in machines are estimated
in 3% to 5% of the gross national product [3]. These costs are not inevitable as they
can be addressed and reduced by appropriate engineering actions. Lubrication is
regarded as an effective measure to mitigate the impact of friction and wear, which
is related to the process or technique of using a lubricant to reduce friction and
wear in contact between two surfaces. It reduces friction by introducing between
the sliding surfaces a layer of material with a lower shear strength than either of the
surfaces. Thus, the industrial significance of the study on phenomena of friction,
wear and lubrication has long been recognised by researchers. In order to cover
the aforementioned issues that encompass interdisciplinary science and technology,
the concept of tribology was proposed in 1966 in a report of the UK Department
of Education and Science. The subject tribology is defined as the study of science
and engineering of interacting surfaces in relative motion, which includes the study
and application of the principles of friction, wear and lubrication [4]. The word
tribology comes from the Greek word “tribos” , which means “to rub”.

As a relatively new interdisciplinary subject, the science of tribology is still far
from having a complete picture of how friction works in all extent. The theories in
tribology are mostly based on empirical experiences, rather than the deep scientific
background. The obstacles for the study of tribology include but not limited to the
fact that friction and wear are not static numbers one can look up in a reference man-
ual. They are system properties rather than material properties, which means that
the interactions between surfaces are influenced by not only the materials couple but
also the characteristics of the whole tribosystem, such as contact geometry, loading,
temperature, etc. Therefore, tribological properties that follow the system aspects
of friction and wear call for tribotest in the process of tribological study [2].

As the nature of tribological tests is complicated, there are numerous ways to
perform tribotests and the process of selecting the most appropriate test for a specific
purpose is fundamentally important to make meaningful interpretations. Tribotests
can be classified according to the degree of realism, trajectory, conformation, and
test geometries, etc. According to the degree of realism, the tribotests can be classi-

fied into the following types: field test, bench test, sub-system test, component test,
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simplified component test and model test. Fig.1.1 shows an example of studying the
wear mechanism of the cylinder-piston system in a car engine with different levels
of the degree of realism [2]. In a field test, the whole vehicle should be driven un-
der realistic service conditions; in a bench test, the whole vehicle can be ‘driven’
in a laboratory; in a sub-system test, only the engine will be included in the test;
in a component test, only the important machine components of the engine should
be evaluated; in a simplified component test, we can further reduce the number of
components included; in a model test, there is even no necessity to include any real
components. In general, we want a tribotest to imitate the conditions of a real appli-
cation closely. However, considering the cost, test time and accurate control of test
conditions, tribotest with a lower degree of realism can be preferable in some cases.

In addition, the model tests can be further classified according to the contact
geometries applied in the tests. The examples on contact geometries are shown
in Fig.1.2 [1]. In this thesis, we focus on the application of pin-on-flat tribotest,
where a plate is driven to achieve reciprocating motion with respect to a pin or ball

component being pushed against it as depicted by Fig.1.2.(c).

1.1.2 Tribotester and Voice Coil Motor (VCM)

A number of friction and wear test apparatuses have been developed for different
tribological applications. In this study, we focus on a test apparatus applied in pin-
on-flat tribotest called high frequency reciprocating rig (HFRR), which is primarily
designed for the assessment of the lubricity of diesel oil [5]. It was proposed by
Imperial College London in 1990s as a solution for highly reproducible and accurate
measurement of lubricity in diesel fuels. The diesel oil used by combustion engine
acts as a lubricant in all diesel fuel injection equipment. In fact, a fuel with poor
lubricity will lead to catastrophic wear to critical pump components, which is one
of the causes of fuel pump failure [6]. The standard ISO-12156-1:2016 on HFRR
gives the guidelines for the conduction of reciprocating tribotests for diesel fuels and
presents a suggested appearance of HFRR as shown in Fig.1.3 [7]. On HFRR, a plate
component moves relative to a stationary pin or ball component in reciprocating

motion or vice versa [4]. Both the frequency of the reciprocating motion and the
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Classification

Field test

Bench test
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Tribocouple test

Sub-system
test

Component test
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J component test test
v
Model test Model test

Figure 1.1: Classification of tribotests according to the degree of realism
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(a) (b)

Figure 1.2: Examples on contact geometries employed in tribotest ; (a) pin-on-disc;
(b) block-on-ring; (c) pin-on-reciprocating plate (pin-on-flat); (d) twin disc; (e) ring-

on-ring
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stroke of it should be constant regardless of the varying friction during experiment
as a result of wear. Both the plate and ball components are made of steel with
surfaces being polished as requested in the standard. The steel ball is pushed against
the steel plate with a controlled force during the reciprocating motion. The steel
plate fully immerses in the diesel fuel under test that contained by a reservoir. A
heating bath outside of the fluid reservoir is used to keep the temperature of the
diesel fuel at a predefined value. In summary, metallurgies of the ball and plate, test
fluid temperature, load, frequency, stroke length, and the ambient air conditions of
temperature and humidity during the test are specified in the standard and controlled
during experiment. At the end of the experiment, wear scar generated on the steel
ball under specified conditions due to friction can be found, of which the diameter
is converted to a value at a standard water vapour pressure and taken as a measure
of lubricity. Fig.1.4 gives an example of the wear scar produced on the steel ball
[6]. The measured mean wear scar diameter (MWSD) is obtained by averaging the
longitudinal and transverse diameters of the ellipse-shaped scar on the steel ball.
The microscope camera is used in the measurement of MWSD, which allows the
user to capture calibrated images of a wear scar and measure the wear scar on the
PC screen. In this way, the lubricity of diesel fuel can be assessed [7]. In addition,
commercial available HFRR is capable of measuring and logging the data of friction
and thickness of lubricant film when the experiment is being conducted [8]. It has
been gradually applied in other fields of tribological research due to its versatility
and availability.

HFRR is usually driven by linear voice coil motor (VCM) at high frequency
with a small amplitude. VCM is a direct drive DC motor with its structure similar
to that of a loudspeaker. There are two types of VCMs classified by the form of mo-
tion, namely, linear VCM and rotary VCM. In this thesis, we focus on linear type
VCM. Fig.1.5 shows the structure of linear VCM. It mainly consists of voice coil,
permanent magnet and magnet housing. It is Lorentz force law that governs the
operation of VCM. Lorentz force is generated when a current-carrying conductor
is placed in a magnetic field. In the case of VCM, the magnetic field is generated

by the permanent magnet in VCM and the conductor is a coil of wire called ’voice
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Key

1 fluid reservoir 4  testplate

2 testball 5 heating bath

3 testmass 6  oscillating motion

Figure 1.3: A suggested schematics of HFRR by ISO 12156-1:2016

MWSD=(X+Y) / 2

Figure 1.4: Measured mean wear scar diameter (MWSD)
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coil’. When current is applied to the coil, the magnitude of the force exerts on the
coil is proportional to the current flows into the coil. Given the value of the current,
the generated force is relatively constant throughout the stroke of the VCM, with
minor decreases at the beginning and end of it. The name ‘voice coil’ comes from
its mechanical structure, in which a coil is deployed in the air gap of a magnetic
circuit. The voice coil will vibrate, once alternating voltage applied between its
two terminals, which is similar to vibrating the paper cone of a loudspeaker. Lin-
ear VCM can offer unlimited high resolution due to the absence of commutation
and transmission device, which is attractive to the applications that require accurate
positioning and fast response [9]. It has been widely used in precision positioning
and vibration isolation applications [10] [11]. Different from other types of motor, a
gearbox or corresponding transmission device is usually eliminated from the VCM
driven system as it can realise direct drive. There are mainly two packages of linear
VCMs available as shown in Fig.1.6 [12]. The VCM on top of Fig.1.6 is the moving
coil type VCM, of which the coil assembly is moving with the permanent magnet
being stationary. The VCM on the bottom is moving magnet type VCM, of which
the coil assembly is fixed with the permanent magnet moving. The VCM applied to
HFRR in this thesis is moving coil type linear VCM.

1.1.3 Challenges

According to HFRR standard, the average relative error of the amplitudes of os-
cillation at 50 H z given by commercial HFRR can be more than 30%, where the de-
sired amplitude varies from 200pm to 700m [7]. One of the reasons that account
for such large error is that during the time of operation, the coefficient of friction
keeps on changing, which contributes to the non-linearity and time-dependent char-
acteristics of the system. In addition, the sinusoidal position trajectory required by
standard ISO-12156-1:2016 will lead to periodic zero-crossings of velocity. There-
fore, the friction exerts on motor shaft can change abruptly at those points due to
the transitions between kinetic friction and static friction (slip-stick effect), which
makes the position control problem challenging. As a result, friction as a typical

hard nonlinear disturbance to the plant leads to the difficulty in VCM position con-
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magnet
housing

Figure 1.5: Structure of linear VCM

trol [13] [14]. Moreover, fretting wear experiments in the future require even higher
accuracy of HFRR, where the relative error of amplitude should be less than 5% at
the desired frequency. Consequently, there is a need to improve the performance of
HFRR in the application of pin-on-flat reciprocating tribotest. The key should be
the design of the controller for the VCM on HFRR.

1.2 Literature Review on VCM Related Control Meth-

ods

Fig.1.7 shows the block diagram of a generalised control scheme for VCM in
case of reference position tracking task, which has been widely applied in literature.
Signal r from the reference generator represents the reference signal that the shaft of
the VCM is expected to follow. Signal x is the position of the shaft of VCM; signal
1 1s the current flows into the coil of VCM. Both x and ¢ are usually regarded as

the output of VCM in the view of control design. The controller of VCM takes the
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Permanent Magnet

Permanent Magnet

Figure 1.6: Different packages of linear VCMs: moving coil VCM (top) and moving
magnet VCM (bottom)
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Figure 1.7: Block diagram of a generalised control scheme for VCM in reference

position tracking task

reference signal r, feedback position signal x and feedback current signal 7 as inputs.
It outputs the control signal u. based on the built-in control algorithms, which is then
fed to the input of the driver stage. The driver stage can be implemented in either
the form of analog amplifier or full bridge driver circuit. The output of the driver
stage is the voltage u, applied to the terminals of VCM to excite the motion of it.
Ideally, the voltage u,, should be proportional to the control signal u.. The controller
is usually implemented using embedded processor such as digital signal processor
(DSP). The position of the shaft is measured by an encoder; the current is measured
by either Hall sensor or shunt resistors.

The following sections present the control methods applied to VCM in litera-
ture, which can be classified according to their treatments of disturbances, namely,
the control methods without disturbance compensation and the control methods with
disturbance compensation. In the section of control methods with disturbance com-

pensation, the disturbance observer based control techniques are shown in detail.

1.2.1 Control Methods Without Disturbance Compensation

PID based control: As a widely used model-free approach, PID control has
been adapted to VCM position control. [15] suggests that the gains of PID controller
applied to VCM position control can be tuned online by fuzzy logic technique. [16]
modifies conventional PID to state feedback style position velocity controller with
disturbance compensator. Both [17] and [18] investigate the application of nonlinear

PID technique on VCM.
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Anti-windup techniques: A common application for VCM is the actuator in a
hard disk driver (HDD). To improve the tracking accuracy of the head in an HDD,
a high-bandwidth secondary actuator is mounted on the VCM-actuator to construct
a dual-statge actuator. Due to the limitation on the displacement of the dual-stage
actuator, anti-windup techniques have been introduced. [19] proposes a modified de-
coupled master-slave dual-stage control scheme for HDD. It considers the enhance-
ment of system stability when the secondary-stage piezoelectric (PZT) actuator is
saturated. [20] improves the performance of actuator at the neighbour of saturation
region by introducing L- approach within the framework of robust control design in
combination with linear matrix inequality (LMI) optimisation method.

PQ Method: The VCM in combination with PZT actuator on dual-stage actua-
tor is regarded as a dual-input/single-output (DISO) system. PQ method transforms
the problem of designing controllers for DISO systems to two single-input/single-
output (SISO) design problems. [21] and [22] apply PQ method together with loop-
shaping techniques to the control of dual-stage actuator in HDD.

Optimal Control: Optimal control techniques have been introduced to regulate
the positioning of VCM-actuator. [23] improves the disturbance rejection proper-
ties in the loop-gain crossover frequency region of some previously designed LQG
controllers for HDD by appropriately shaping the sensitivity function. Apart from
optimisation concerning positioning accuracy, proximate time-optimal servomech-
anism (PTOS) has also been introduced to the control of VCM. [24] modifies the
original PTOS by introducing a predetermined damping coefficient to improve the
transient performance of the VCM-driven stage. [25] improves the performance of
PTOS in long-span seeking through compensator-based techniques. [26] sets a small
damping ratio when applying PTOS. This is done to achieve a fast rise time. The
resultant overshoot that within the PZT stroke limit is then reduced by the PZT actu-
ator. [27] improves the system transient response through reset control. The solution
of the controller is obtained by solving Riccati equations as a generalised method in
optimal control design.

Robust control: [28] presents an experiment based method to characterise the

uncertainty of VCM in HDD and utilise the obtained model of disturbance for H»
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robust controller design. [29] applies robust and perfect tracking control method to
VCM, where perfect tracking can be achieved with low order control law. [30] pro-
poses a new mixed Hs/H ., control design for VCM through introducing additional
slack variable to LMI based approach.

Vibration rejection techniques: The resonance modes of the components on
VCM can significantly degrade the performance of positioning accuracy. To tackle
the issue, vibration rejection techniques have been introduced to VCM controller de-
sign. [31] applies active vibration rejection to VCM using the feedback signal from
PZT sensor mounted at the end point. [32] applies LQG to suppress the vibration
of optical disk VCM drive. [33] uses H, techniques to design the controller for the
purpose of vibration suppression. [34] applies notch filter to suppress the resonant
modes obtained from experiment. [35] applies decentralised control scheme for the
dual-VCM stage with a phase-lead interaction filter to suppress the vibration.

Additional control methods: There are additional control methods for VCM.
[36] designs feedforward loops from the reference signal for both VCM and PZT
actuator on a dual-stage servo system. In addition, the decoupling between VCM
and PZT actuator is achieved by applying additional feedforward loop from VCM
to PZT actuator. [37] proposes the tracking control method for a dual-stage actuator
that utilising the model of VCM to predict the error, which improves the transient
performance of the system. [38] discusses the method for reference signal gener-
ation for VCM in HDD. The idea of structural vibration minimised acceleration
trajectory is utilised to adjust the errors at the end of the trajectories. [39] applies
Self-tuning control and online identification to the electrostatic micro-actuator for

computer disk.

1.2.2 Control Methods With Disturbance Compensation

Model-based friction compensation techniques: Friction acts as a disturbance
being injected into the system, which occurs at the pivot of the head in HDD. Re-
searches have been done to compensate for the friction to mitigate its impact on the
system. [40] identifies the parameters for the model of friction through experiment

results and implements model based friction compensation for the rotary VCM in
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HDD. [41] obtains the hysteresis of friction versus head position through experi-
ment. Then an operator-based modelling approach is utilised to construct the model
of hysteresis in order to compensate friction exerts on VCM in HDD operation.

Neural Network (NN): As multi-layer perceptron can be used to approximate
complex nonlinear systems, NN has been applied to implement nonlinear controllers
for VCM. [42] applies an adaptive NN demand tracking controller to the VCM-
actuator with high-frequency resonance cancellation capability, which is achieved
by extending the linear control term of the NN-controller by notch-filters. [43] ap-
plies adaptive NN to approximate the unknown bounding function of hysteresis fric-
tion on VCM for the purpose of compensation. [44] applies two NNs to the con-
trol of VCM, with one detecting external vibrations and compensates for its effect
through feedforward action, another compensating for friction. [45] utilises wavelet
fuzzy cerebellar model articulation controller (WFCMAC) with fuzzy compensator
in the application of VCM-driven stage positioning. [46] applies an adaptive dy-
namic sliding-mode fuzzy CMAC (ADSFC) in combination with a fuzzy compen-
sator to the control of VCM-driven stage positioning. [47] uses a B-spline neural
network to online approximate an unknown nonlinear term in the system dynamics
of a VCM. Based on that, a B-spline neural position control (BNPC) system in com-
bination with a fuzzy compensator is proposed. [48] applies a compensatory fuzzy
NN observer in combination with a switching compensator. The controller, in this
case, is selected as fractional order sliding mode controller (FOSMC).

Table.1.1 and 1.2 are given to summarise the advantages and limitations of the
existing control methods applied to VCM in the literature mentioned above. The
corresponding quantitative indicators are given to reflect the performances of con-
trol systems. For those references without explicit quantitative indicators, the ab-
breviation N/A that represents not applicable is used.

Disturbance observer based control techniques: The frictional load as an ex-
ternal disturbance leads to the difficulty in achieving high accuracy position control
of VCM on HFRR using traditional control methods. In fact, the uncertainties of
plants and external disturbances widely exist in industrial systems, which lead to

degradation in performance and even instability of the systems under control. On
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Figure 1.8: A generalised framework of disturbance observer based control for SISO

system

the one hand, feedback as a basic concept in automatic control aims to attenuate un-
certainties and disturbances [49] [50]. However, classical feedback control methods
such as Bode and root-locus, synthesise controller with limited disturbances attenu-
ation capability [51]. Therefore, when severe uncertainties and disturbances present,
classical feedback control methods will lead to unsatisfactory performance. On the
other hand, different from feedback control methods, feedforward control schemes
are regarded as effective disturbance compensation methods that can attenuate un-
certainties and disturbances explicitly. To implement feedforward control, not only
the uncertainties and disturbances but also the models of process and disturbance
channels should be known [52]. As uncertainties and disturbances cannot be di-
rectly measured by sensors in most cases, the estimation of them based on measured
variables becomes necessary in the employment of feedforward control schemes.
It should be noted that the influence of uncertainties of plants can be considered
as being equal to the influence of a component of external disturbances from the
view of measured variables [53]. Therefore, it is natural to take uncertainties and
disturbances as a lumped disturbance term. Based on that, disturbance observer
techniques have been introduced to deal with the estimation of the lumped distur-
bance. In the following discussion in this thesis, the term ’disturbance’ refers to
the lumped disturbance that takes both uncertainties and external disturbances into

account.
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The generalised framework of disturbance observer based control for single-
input/single-output (SISO) system is shown in Fig.1.8 [52]. The composite con-
troller in Fig.1.8 consists of a feedback controller and a disturbance observer based
feedforward controller. The signal d added to the control input w represents the
lumped input disturbance that takes the influence of both uncertainties and distur-
bances into account, which can be obtained by applying coordinate transforms to
uncertainties and disturbances that injecting the plant at different channels. The
uncertainties and disturbances, in this case, is said to fulfil the matching condition,
where the disturbances should act on the system via the same channels as the control
inputs or can be transferred to the same channels as the control inputs [52] [54]. The
disturbance observer estimates the lumped input disturbance by taking the measure-
ment of the plant and the control input. The estimated lumped input disturbance d as
the output of the disturbance observer is then used by the feedforward controller to
achieve disturbance compensation. It should be noted that the basic idea presented
in Fig.1.8 for a SISO system can be applied to MIMO systems as well. As the
feedforward compensation term is applied to disturbance observer based control, a
faster response in counteracting the disturbance is realised compared with that of the
classical feedback control schemes. In addition, the conservativeness of disturbance
observer based control is less than most robust control methods based on worst-case
design [52].

There are various disturbance estimation approaches developed, which can be
divided into linear disturbance estimation techniques and nonlinear disturbance esti-
mation techniques [53]. The linear disturbance estimation techniques can be further
classified according to the domain of problem formulation, namely, frequency do-
main linear disturbance observer that based on classical control theories and time
domain linear disturbance observer that based on modern control theories. [55]
and [56] propose the primary block diagram of frequency domain disturbance ob-
server, where the design of the low-pass filter in disturbance observer is the key that
determines the performance of the disturbance observer in terms of bandwidth. On
the other hand, most of the linear disturbance estimation techniques formulate the

estimation problem in time domain. [57] applies coordinate transform to the plant
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under control and adds a new state to represent the lumped disturbance. Then a state
observer can be used to estimate both the states of the system and the lumped dis-
turbance simultaneously. [58] constructs the augmented state space representation
of the system, which takes the disturbance as the output of an exogenous system.
The disturbance can then be estimated within the framework of modern control the-
ories. [59] and [60] apply low-pass filters to the implementations of disturbance
observers in time domain, which are closely related to the design guideline pro-
posed in [61]. The application of linear disturbance estimation techniques can be
extended to nonlinear systems as the dynamics of the nonlinear part can be regarded
as disturbance and the whole systems can then be treated as linear systems with
appropriate compensation based on estimated disturbance [53]. However, it is desir-
able to consider the known nonlinear dynamics of the system in the design of distur-
bance observers in order to further improve the performance in terms of estimation
accuracy. [62] estimates the disturbance torques on a nonlinear robotic manipulator
with the known nonlinear dynamics of the system embedded into the disturbance
observer. [63] and [64] apply extended high gain observer to estimate the lumped
disturbance term of a partially feedback-linearizable nonlinear system with stable
zero dynamics. The method can be applied to MIMO system by decomposing the
system into multiple SISO subsystems.

Comment: Aforementioned control methods deal with the position control of
the VCM-driven system from different perspectives. However, as far as the author
knows, the control of VCM on HFRR has not been addressed in the open literature,
where the frictional load is the dominant disturbance that leads to unsatisfactory

performance.

1.3 Motivation and Objectives

Tribotest is essential to the study of tribology as tribological properties of ma-
terials highly rely on a number of factors, such as temperature, humidity, contact
geometry, etc. A meaningful interpretation can only be obtained after specifying

and controlling these factors in a tribotest. There are various types of tribotester

Ruotong Wang
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developed based on different specifications on degree of realism, contact geometry,
etc. VCM based HFRR is a widely used tribotester in the application of lubricity as-
sessment of oil and other lubricants, where reciprocating motions of the components
under test are achieved by the direct drive VCM on it. VCM is applied in recipro-
cating tribotest for its theoretically unlimited high resolution due to the absence of
commutation and transmission device. However, the tracking accuracy of commer-
cial VCM based HFRR adapting conventional control methods is not satisfactory
due to the impact of frictional force that shows hard nonlinearity and time-varying
attributes. On the other hand, VCM based HFRR is gradually applied in other fields
of tribological research due to its versatility and availability. For example, fretting
wear experiments in the future require even higher accuracy of VCM based HFRR.
Therefore, there is a need to improve the tracking accuracy of HFRR and the focus
should be the control of VCM on HFRR.

The objectives of the study presented in this thesis include:

e Develop the model of VCM based HFRR considering the impact of the fric-
tional load. The model should take both the dynamics of VCM and that of the

frictional load into account.

e Investigate and propose candidate control methods for VCM based HFRR.
It is desirable to explicitly consider the characteristics of frictional load in
the design of controller in order to mitigate its impact on the accuracy of the

output of the system.

e Investigate hardware implementation scheme for the candidate control meth-
ods. Build up a prototype of VCM based HFRR for verification of the candi-

date control methods.

o Assess the performances of the candidate controllers through experiments us-
ing the prototype of VCM based HFRR. Comparisons among the proposed

control methods and conventional control methods should be done.
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1.4 Contributions and Thesis OQutline

1.4.1 Main Contributions
Main contributions of this thesis are summarised as follows:

e The model of HFRR considering the dynamics of the frictional load is devel-
oped by combining the model of VCM and LuGre dynamic friction model.
The result shows a fourth order nonlinear system with indifferentiable points
in system trajectory. It is the dynamic equations of friction that contributes to

the complexity of the system.

e Direct amplitude control is proposed to deal with the amplitude keeping prob-
lem of HFRR subjects to frictional load, which takes the error of the amplitude
of the position signal as the performance index rather than tracking error. To
be specific, only the amplitude and frequency of the reciprocating motion are
required to be regulated according to the standard on HFRR. The phase of the
position signal is of no concern in the application. Therefore, the proposed
control based on short time Fourier transform (STFT) is designed to decrease
the error of amplitude rather than the error of position signal that implicitly
takes the phase information into account. Both simulation and experiment re-
sults show that the proposed control method outperforms PI control in terms
of amplitude keeping and harmonics suppression. The control method has
been published as a regular paper ’Direct Amplitude Control for Voice Coil
Motor on High Frequency Reciprocating Rig’ in IEEE/ASME Transactions

on Mechatronics (No.1 in the publication list below).

e Acceleration based control with time domain disturbance observer to actively
suppress the undesirable effect of frictional load is applied to HFRR. The
nominal controller applies finite-time convergence law in order to track si-
nusoidal reference with a minimised phase delay. There are two phases in
the implementation of the control algorithm, namely, the design of a task con-
troller that synthesise the desired system acceleration and the construction of a

disturbance compensation module. The frictional force that distorts the output
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signal is compensated through the reduced order disturbance observer at the
input of the plant. The controller outperforms conventional control in terms
of reference position tracking, which is verified through both simulations and

experiments.

e Internal model disturbance observer based control is applied to HFRR, of
which a modified frequency domain disturbance observer is implemented by
embedding the generating model of the frictional load. As the frictional load
that dominates the external disturbances to the VCM on HFRR are periodic in
reciprocating motions, by exploiting such periodicity attribute, better perfor-
mance of the system in terms of tracking accuracy can be achieved compared
with either conventional feedback control or classical frequency domain dis-
turbance observer based control. It is noted that the internal model disturbance
observer based control method can better suppress the harmonics in the error
signal compared with the classical frequency domain disturbance observer
based control method. The controller is verified through both simulations and

experiments.

1.4.2 Publication List

1. R. Wang, X. Yin, Q. Wang, and L. Jiang, Direct Amplitude Control for Voice
Coil Motor on High Frequency Reciprocating Rig, IEEE/ASME Transactions on
Mechatronics, vol. 25, no. 3, pp. 1299-1309, June 2020.

2. R. Wang, X. Yin, Q. Wang, and L. Jiang, Accleration based Robust Control for
Voice Coil Motor on High Frequency Reciprocating Rig, IEEE/ASME Transactions

on Mechatronics, [due to submit].

3. R. Wang, X. Yin, Q. Wang, and L. Jiang, Internal Model Disturbance Observer
based Control for Voice Coil Motor to Reject Periodic Disturbances, IEEE Transac-

tions on Industrial Electronics, [due to submit].
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1.4.3 Thesis Outline

The thesis is organised as follows:

Chapter 2 Modelling and Prototype of High Frequency Reciprocating Rig:
This chapter develops the model of HFRR that takes dynamics of both VCM and
frictional load into account. To achieve this, the operation principle of HFRR will
be discussed first. Then the model of HFRR will be developed by combining VCM
model and frictional load model. In addition, The configuration of a DSP based
hardware prototype of HFRR, which is used to verify the proposed control methods
in the following chapters of this thesis is shown.

Chapter 3 Direct Amplitude Control with Amplitude as Performance In-
dex: This chapter proposes direct amplitude control of the position of VCM based
HFRR. It takes the amplitude rather than the position as the performance index to
achieve amplitude regulation of VCM. The controller based on STFT realises spec-
tra analysis of the output signal in consecutive time step with the length determined
by the windowing function. In addition, the comparisons among the proposed con-
trol method, PR control and conventional PI control are presented in both simulation
and experiment results sections.

Chapter 4 Acceleration Based Control with Time Domain Disturbance Ob-
server: In this chapter, we apply acceleration based control method to VCM based
HFRR. By assuming the relatively slow variation of frictional force and matching
condition, the frictional force that distorts the output signal of VCM can be com-
pensated through a reduced order disturbance observer at the input of the plant. The
chapter starts by formulating the tracking problem of VCM within the framework
of motion control for a single degree of freedom system. Both the design of conver-
gence law for the nominal feedback controller and the coordinate transform for the
reduced order time domain disturbance observer are shown. In addition, simulations
and experiments to verify the control method are presented.

Chapter S Internal Model Disturbance Observer Based Control: This chap-
ter applies internal model principle to modify the classical frequency domain dis-
turbance observer based control method. The frictional load that dominates the

external disturbances to the VCM on HFRR are periodic in reciprocating motions.
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By exploiting such periodicity attribute, internal model disturbance observer can be
constructed by embedding the generating model of disturbance in the frequency do-
main. The discussion on the selection of low-pass filter for classical disturbance
observer and the construction of generating model for disturbance are shown. Both
simulations and experiments are presented to compare the internal model distur-
bance observer based control with classical frequency domain disturbance observer
based control for HFRR.

Chapter 6 Conclusions and Future Work: This chapter concludes the find-
ings of this thesis and suggests future research work that can be extended based on

results.

Ruotong Wang



Chapter 2

Modelling and Prototype of High

Frequency Reciprocating Rig

2.1 Introduction

HFRR has been widely applied to conduct pin-on-flat reciprocating tribotest,
where a flat component is driven by the testing rig to achieve high frequency recip-
rocating motion with respect to a pin or ball component. The motion is driven by
VCM on HFRR, of which the working principle is similar to that of a loudspeaker.
This chapter will develop the model of HFRR that takes dynamics of both VCM
and frictional load into account. To achieve this, the operation principle of HFRR
will be discussed first. Then the model of HFRR will be developed by combining
VCM model and frictional load model, as the friction exerts on the coil of VCM
through motor shaft. In addition, we will show the detailed configuration of a DSP
based hardware prototype of HFRR, which is used to verify the proposed control
methods in the following chapters of this thesis. As the controllers in this thesis are
developed in the form of continuous time controllers and implemented using DSP
in the form of discrete time controllers, the difference between them is discussed at

the end of this chapter.
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2.2 Operation of HFRR 26

2.2 Operation of HFRR

Fig. 2.1 shows the schematic and operation principle of HFRR. When conduct-
ing the experiment, the test plate oscillates at a fixed frequency with a fixed stroke.
In the meantime, the normal force is exerted to push the test ball against the test
plate. Usually, the test ball is loaded against the test plate with a fixed force during
the experiment. The contact interface is immersed in a fluid. The friction between
the test ball and test plate directly exerts on the coil of VCM through motor shaft.
After the operation of the test, the test ball together with the ball holder should be
removed from the rig. The diameter of the wear scar on the contacting surface of
the test ball can be measured through microscope.

A typical application is the assessment of the lubricity of diesel fuel. Diesel
fuel acts as a lubricant in all diesel fuel injection equipment. [7] presents a standard
method to assess the lubricity of diesel fuel. The idea is to realise the relative motion
between a steel ball and a steel plate that contact with each other. The steel plate
immerses in the diesel fuel. By examining the diameter of wear scar on the steel
ball after the experiment, the lubricities of different diesel fuels can be assessed.

Fig. 2.2 shows the structure of the voice coil motor on HFRR, which mainly
consists of permanent magnet and voice coil. The load is connected to the voice
coil through motor shaft. As the friction exerts on the coil of VCM through motor
shaft, the model of HFRR is obtained by combining VCM model and frictional load

model.

2.3 Model of HFRR

2.3.1 Model of VCM

As VCM is a DC motor, the attributes of a VCM are similar to that of a gen-
eralised DC motor with permanent magnet. Fig. 2.3 depicts the equivalent circuit
for VCM. The impedance of voice coil is represented in the form of a resistor and
inductor in series. In addition, the back electromotive force due to electromagnetic

induction on moving coil is demonstrated as a voltage source. According to the
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Figure 2.1: Schematic and operation principle of HFRR: 1) VCM, 2) Normal Force
Adjustment, 3) Normal Force Sensor, 4) Friction Sensor, 5) Test Ball, 6) Test Plate,
7) Incremental Encoder, 8) Motor Shaft
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Figure 2.2: Schematic of VCM on HFRR: the test plate is directly connected to the
voice coil of VCM through shaft.
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O

Figure 2.3: Electric circuit model of VCM

Kirchhoff’s Circuit Law, (2.3.1) holds. u, is the voltage between the terminals of
VCM. ¢ is the current flows into the coil. R and L are resistance and inductance of

the equivalent circuit. e is counter-Electro-Motive Force (counter EMF).
u, =e+iR+ Li (2.3.1)

When operating VCM, the desired amplitude of oscillation of the voice coil is usu-
ally less than 1mm, which is small compared with the length of the air gap. The
length of that applied in our research is 110mm. Therefore, the magnetic field flux
density is treated as a constant lumped parameter, as the distributed attribute of it
can be ignored in the case of such small amplitude of oscillation. In addition, the ef-
fective length of the coil that generating Lorentz force is the same as the total length
of the voice coil, since the full length of voice coil subjects to the magnetic field in

air gap during its oscillation. The counter EMF can be derived as:
e = Blv (2.3.2)

B is the magnetic field flux density in the air gap. [ is the total length of the coil. v
is the velocity of the moving coil. It can be found that considering all the variables

in the equation of counter EMF, only the velocity of the coil can be changed in
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Figure 2.4: Analytic mechanical model of VCM
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the operation of the motor. Therefore, we define the product of B and [ as motor

constant.
K, =Bl (2.3.3)

Fig. 2.4 presents the mechanical characteristics of VCM [65]. Previous study [66]
indicates that there are two types of VCM, namely MFK type and MF type. MFK
type VCM deploys a spring to support the moving coil. In this thesis, we only con-
sider MFK type linear VCM. In Fig. 2.4, k represents spring factor. C' is damping
factor. M is the total mass of the moving part of VCM. In addition, z is the dis-
placement of VCM shaft. According to Newtons Laws of Motion, we can obtain

the following equation:
Mz +Ct+ kx =F, (2.34)

where F, is the Ampere’s force given by:
Fo = Kyi (2.3.5)

Rearrange (2.3.1) to (2.3.5) above, we can derive the mathematical model of VCM:

o K (2.3.6)

2.3.2 Model of Frictional Load

Friction is a common phenomenon which can be defined as the resistance to
motion when two surfaces slide against each other [67]. Fig. 2.5 shows the lumped
forces that exist in a tribological system [68]. v is the velocity of relative motion
of the upper body with respect to the lower body. FY is the friction force in the
reverse direction of motion. The enlarged contacting surfaces in Fig. 2.5 show their
geometries at the microscopic level. There is a large number of asperity junctions
that exist on two contacting surfaces, which contribute to the origin of friction [68].

Previous research reveals that two friction regimes can be defined in the sliding
process of a tribological system, namely, the pre-sliding regime and the gross sliding

regime [69] [70]. By taking both pre-sliding regime and gross sliding regime into
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Figure 2.5: Basic friction configuration with enlarged contacting surfaces
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Figure 2.6: LuGre model
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account, LuGre model is raised, which is depicted in Fig. 2.6 [67]. LuGre model
takes the average behaviour of the bristles that represent the deformations of asperity
junctions as a state variable [71]. It is capable of capturing several effects such as
stick-slip oscillations and zero-slip displacement [72]. In Fig. 2.6, z denotes the

average deflection of bristles, which is modelled as:

Py aO‘le (2.3.7)

S (v)
where v is velocity, oy is asperity stiffness, S(v) is a function of sliding velocity that

accounts for the Stribeck effect [73]:

v |)7'u5

S (v) = F,+ (F, — F.)e (s (2.3.8)

where F, and F} stand for the Coulomb friction force and Static friction force re-
spectively, v, is Stribeck velocity, and o, is the shape factor that determines the
shape of Stribeck curve. According to the configuration of LuGre Model, the com-

ponent of friction force due to bristle effect is given by:
Fbristle =002 + 0‘12 (239)

where 0 and o4 represent the asperity stiffness and damping coefficient of frictional
interface respectively. To consider the effect of viscous friction, a term proportional

to the sliding velocity is added [74] and the lumped friction force is obtained as:
Ff = Fbristle + o2V (2310)
Finally, the detailed LuGre model is summarised as:

Fy =00z + 012+ 020

|v]

ZIU—UOWZ (2311)
S (U> =F.+ (Fs - Fc)eiqi')am
The friction acts as a typical external disturbance to the HFRR system from the point

of view of control systems, which is a nonlinear function of velocity according to

the expression given above. To illustrate the nonlinear characteristics of the friction
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Velocity Given as Rectangular Wave
T T T T T

2 T T

T T

Velocity (m/s)
o

_2 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure 2.7: Velocity used in friction simulation: rectangular wave

20 Simulated Friction (rectangular velocity)

T
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

T T

N
o
T

|

Friction (N)

Figure 2.8: Simulated friction corresponding to the velocity given in Fig.2.7

model, simulation results based on the detailed LuGre model are given below. The
values of the parameters applied in friction model can be found in Table.2.1.
Fig.2.7 shows the given velocity in the form of rectangular wave. The corre-
sponding simulated friction is presented in Fig.2.8. Pulses on the curve of friction
can be found at the timings of rising edges and falling edges of the velocity curve.
In addition, Fig.2.9 and Fig.2.10 are the given velocity in the form of sinusoidal
wave and corresponding simulated friction respectively. The friction in this case is
a clipped sine wave. In both cases, one can identify the nonlinearity of friction with

respect to velocity.
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Figure 2.9: Velocity used in friction simulation: sinusoidal wave
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Figure 2.10: Simulated friction corresponding to the velocity given in Fig.2.9
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2.3.3 Model of HFRR

As it can be seen from figure 2.1, there is no gearbox installed between the load
and the motor shaft. The VCM in operation subjects to the frictions that arise from
two tribosystems, which are the contacting surfaces between the test ball and the
test plate and the linear guide that supports the test plate. It is noted that the friction
arises from the linear guide is in the same direction as that between the test ball and
the test plate. Therefore, they are treated as a lumped friction exerts on VCM in
modelling. The model of HFRR can be obtained by combining model of VCM and
that of frictional load together. Finally, the model of HFRR is:

=

-k C Ks 1
U__Mx_MU+V.Z_MFf (23.12)
_ K R 1

L=—F" V=T 1+ 7 U

where the expression of frictional load F'y can be found in (2.3.11). In general, the
developed model of HFRR suggests a 4" order nonlinear system with indifferen-
tiable points in system trajectory. x is the output of the system, which is the position
signal of motor shaft. u, is the input of the system, which is the voltage applied
to VCM. It is noted that the model of HFRR here can be regarded as a 3"¢ order
linear system by considering the friction as an unknown load. In fact, for the control
design discussed in the following chapters, we use the linear model of (2.3.12), as
neither the values of the parameters of friction model nor the accurate sensing of

friction is available.

2.4 Prototype of HFRR

2.4.1 Hardware Setup

The setup of the experimental platform applied in research is shown in Fig. 2.11.
A DSP is used to implement the controller, which reads in the position, normal force
and friction signals from the sensors on HFRR. A full bridge inverter is used to alter-

nate the voltage applied to the terminals of VCM. The inverter is controlled by DSP
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through pulse width modulation (PWM) technique. A PC is used to achieve signals
monitoring in real time. In Fig. 2.11, an incremental encoder in position sensing
module is used to measure the position of the shaft of VCM, of which the resolution
is 0.5pm. In addition, A load cell connected with an isolated voltage transducer
form the normal force sensing module, which is used to measure the normal force
exerted on the specimen during experiments. The conditioned normal force signal
passing through isolated voltage transducer is fed into DSP. Similarly, a piezoelec-
tric sensor together with a charge amplifier composes the friction sensing module,
of which the output is fed into DSP through AD. The details of the components

applied to the experimental platform are given as:

e The DSP with part number TMS320F28379D is equipped with two 32-bit
floating-point CPUs, with each core provides 200 MHz of signal processing
performance. Its processing capability is further enhanced by trigonometric
math unit (TMU) accelerator and complex math and CRC unit (VCU) accel-
erator. There are several analog and control peripherals that integrated to DSP
for the purpose of real-time control applications. In our study, the periph-
erals and subsystems of interest include Enhanced Pulse Width Modulation
(ePWM) module, Enhanced Quadrature Encoder Pulse (eQEP) module, Serial
Communications Interface (SCI), Serial Peripheral Interface (SPI), General-
Purpose Input/Output (GPIO) and Analog-to-Digital Converter (ADC). ePWM
module is used to generate PWM signals to drive power electronics compo-
nents. eQEP is used to decode the position signal acquired from quadrature
encoder. SCI is used to realise duplex communication between PC and DSP.
SPI and GPIO are used to achieve communication between DSP and other IC

chips [75] [76].

e The 3-phase driver stage applied in the experimental platform is built based
on the DRV8305 motor gate driver and CSD18540Q5B NexFET power MOS-
FET. It supports 4.4 to 45V voltage supply and up to 15A RMS (20A peak)
drive current. For each phase, it has been designed with voltage sense and cur-

rent shunt sense circuits. In our study, as VCM is a two-terminal motor, only
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two phases are used to form a full H-bridge driver circuit. The outputs of volt-
age sense and current sense are fed to DSP through ADC. The On-Off states
of the power MOSFETS on the driver stage are controlled by ePWM periph-
eral on DSP. The gains of the internal current shunt amplifiers are set by DSP
through SPI. The driver stage is enabled by DSP through the corresponding
GPIO [77] [78].

e The quadrature encoder with part number MII1600 is a reflective optical in-
cremental encoder. The linear tape scale is equipped with a stick-on bi-
directional optical index marker for indexing function in repetitive motion
application. The grating pitch of the linear tape scale is 20um. The resolution
is improved to 0.5um through interpolation method. The differential out-
put signals of the incremental encoder are converted to single-ended form by
AM?26C32 quadruple differential line receiver and fed to DSP through eQEP
module [79] [80] [81].

e The VCM applied to the study is an MKF type linear VCM with the shaft be-
ing connected to the test plate that supports by a linear guide. The parameters

of the VCM can be found in Table. 2.1 [82] [83].

e In the experiment, the DC power supply connected to the driver stage is a
1kW 42V switch power supply. In addition, the normal force, friction and
position sensing modules are powered by a 3-channel regulated DC power
supply, which is shown in Fig. 2.11. The parameters of digital controller,
full bridge inverter and incremental encoder on the experimental platform are

presented in Table. 2.2.

Fig.2.12 shows the completed DSP based experimental platform of HFRR. A PC
is used for the purpose of programming of DSP. In addition, the feedback signals
such as current, position and friction can be transmitted from DSP to PC through
a USB cable in real time during the experiment. The received signals can then be
logged for the later signal processing.

Remark I1.1: The position counter register of the digital signal processor on the
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DC Power Supply

Position Sensing

T,

Figure 2.11: Configurations of experimental platform
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Figure 2.12: DSP based experimental platform of HFRR on the workbench: 1)
HFRR with friction force sensor and normal force sensor (the detailed structure of
HFRR can be referred to Fig.2.1), 2) friction signal conditioning module (top) and
normal force signal conditioning modules (bottom), 3) DSP with driver stage PCB
docking on top of it, 4) DC Power Supplies (42V, 24V, 10V, 5V), 5) Host PC with

serial communication cable connected to DSP.
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Parameter Symbol(unit) Value
Coil resistance R(©2) 5.4
Coil inductance L(H) 3.86 x 1073
Mass of moving components M(Kg) 0.512
Motor constant K (N/A) 24
Spring stiffness k(N/m) 1960
Damping coefficient C(n.s.m™1) 2
Asperity stiffness oo (N/m) 10°
Damping coefficient o1 (Ns/m) 102
Viscous coefficient o9 (Ns/m) 04
Coulomb friction F.(N) 46.49
Stiction force F, (N) 55.3
Stribeck velocity v (m/s) 0.001
Shape factor Ops (<) 2

Table 2.1: HFRR model parameters: the parameter values of VCM are taken from

[82][83]; the parameter values of friction model are taken from [67].

Parameter Value

DC Bus Voltage 42V
DSP Clock Frequency 2 x 108Hz
PWM frequency 4 x10*°Hz

Encoder Resolution 5 x 10~"m

Table 2.2: Parameters of prototype
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experimental platform will always be set to a predefined initial value on index events

during each cyclic period of oscillation to mitigate potential drift problem

2.4.2 Program Configuration

The program development environment for controller implementation purpose
applied in the study is constructed by integrating Code Composer Studio (CCS),
ControlSUITE, C2000WARE, MATLAB/SIMULINK and TI C2000 Embedded Coder
Support Package. CCS is an integrated development environment (IDE) that sup-
ports embedded processors of Texas Instruments [84]. It is based on the Eclipse
open source software framework that is free of license. ControlSUITE and C2000WARE
are both a set of softwares and driver packages that developed to ease the burden on
the coding of embedded processor [85] [86]. TI C2000 Embedded Coder Support
Package is an add-on package for MATLAB/SIMULINK that is designed to gen-
erate C code for C2000 embedded processor. The algorithms implemented using
MATLAB code and SIMULINK models can then be translated into source code and
executables. By setting the systems target file corresponding to the DSP applied
in the study, the generated code can be directly deployed to TMS320F28379D DSP
using the customised MATLAB/SIMULINK that configured specifically for embed-
ded processor coding purpose [87] [88]. In addition, the communication between
PC and DSP for the purpose of signals monitoring and parameters tuning in real
time can be achieved by calling the built-in instrument driver in instrument control
toolbox in MATLAB/SIMULINK [89]. In order to log the signals of interest in
experiments, both the program running in DSP and that running on PC need to be
developed. To be specific, the main tasks for the two programs are given as follows:

For the program running in DSP, it mainly deals with the following tasks:

Data acquisition from AD and eQEP

Digital filtering and signal conditioning

Realisation of control algorithms

PWM signals generation
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e Data exchange between DSP and PC
For the program running on PC, it mainly deals with the following tasks:

e Data exchange between PC and DSP
e Signals logging and display in real time
e Support for graphical user interface (GUI)

When conducting experiments, the program running in DSP should be loaded
and executed at first. Then on PC, the GUI program should be triggered to realise
signal monitoring and logging in real time.

In DSP, the signal conditioning function is configured to convert the unsigned
raw signals from AD to the meaningful signals with physical units. To eliminate
the noise generated by the charge amplifier, digital filtering is introduced in the
program. It is noted that the data exchange between DSP and PC is unbalanced. To
ease the computation burden of DSP, different working modes for data uploading
and downloading in DSP are proposed. The data uploading is executed periodically
at the frequency of SK Hz. However, the data downloading from PC to DSP is
executed by triggering an interrupt service routine, by which the tunable parameters
such as the amplitude of the reference signal in DSP program can be changed during
the time of program execution.

For the program runs in PC, the configurations of data exchange routine are sim-
ilar to that of DSP, as client and server share the same communication protocol. The
data uploaded to PC is logged and displayed in real time through built-in data log-
ging and display functions of the Scope block in SIMULINK. The data is stored in
structure type format, which can be accessed for post-processing purpose in MAT-
LAB Workspace at the end of program execution. The interactive user interface is

implemented through blocks in Dashboard library.

2.4.3 Discussion on Discretisation

To implement the controller using DSP, it is required that the continuous time

controller should be discretised. The output from a discrete time controller is piece-
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wise constant over the sampling interval in this case:
u=u(nT), nT<t<(n+1)T (24.1)

Where 7' is sampling period.

For a continuous system with frequency function G/(iw), when the input of the
continuous system is constant over the sampling interval, the corresponding fre-
quency function for the sampled system is given by Gr(e™T). The relationship

between them can be described by:
|G(iw) — Gr (¢“T)| < wT - / lg(T)|dT (24.2)
0

where ¢(7) is the impulse response of G(s). As a rule of thumb, the difference
between two frequency functions can be regarded as small when the frequency is

less than one tenth of the sampling frequency: [90]
W< —— (2.4.3)

In experiments, the frequency of PWM by digital signal processor has been set as
40k H z. In addition, the control algorithm has been set to be executed 1 x 10* times
per second. Therefore, the dominated sampling time is 7' = 1 x 10~*s for the
discrete time controller. The desired frequency of the output position of HFRR in
our research is less than 70 H z. Hence:

2T

2
w < 7T><70<1OXT

(2.4.4)

The frequency of interest for HFRR is less than one tenth of the sampling frequency
of the discrete time controller. As a result, the difference between the continuous

system in analysis and sampled system in experiments can be considered as small.

2.5 Conclusion

HFRR is widely used in pin-on-flat reciprocating tribotest application, where a
flat is driven by VCM to achieve reciprocating motion with respect to a pin or ball

component. In this chapter, the model of HFRR is constructed by combining the
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model of VCM and that of friction. The result shows a fourth order nonlinear sys-
tem with indifferentiable points in system trajectory. It is the dynamic equations
of friction that contributes to the complexity of the system. In order to verify the
proposed control methods for HFRR in the following chapters, a DSP-based ex-
perimental platform has been built and shown in detail. The key components of
the experimental platform include VCM, DSP, full-bridge inverter and incremental
encoder. The programs for both PC and DSP are developed through automatic C
code generation for embedded processors function in MATLAB/SIMULINK envi-
ronment, which is achieved by integrating customised MATLAB/SIMULINK, CCS
and relevant softwares and driver packages provided by TI. In addition, the main
tasks for both programs are shown and discussed. As the controllers in this thesis
are designed in the form of continuous time controller and implemented using DSP,
the differences between the discretised controllers and the original controllers are
discussed in the last section of this chapter. It concludes that the differences be-
tween the continuous systems in analysis and sampled systems in experiments can

be considered as small.
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Chapter 3

Direct Amplitude Control with

Amplitude as Performance Index

3.1 Introduction

The controllers for VCM in open literature target to control the real-time position
to track a given sinusoidal reference. However, the control objective of a VCM based
HFRR is to maintain a constant magnitude of the position signal at high frequency
oscillation, rather than to drive the position signal to track the reference in real
time. This is required in the assessment standard ISO-12156-1:2016 [7]. Based on
author’s best knowledge, there is no controller design published to directly regulate
the magnitude of the position signal of VCM. This chapter proposes direct amplitude
control of the position of VCM based HFRR. It takes the amplitude rather than the
position as the performance index to achieve amplitude regulation of VCM. The
proposed controller includes a short time Fourier transform (STFT) based amplitude
regulation module and an offset compensator. Simulations and experiments to verify
the proposed control method are shown. The comparisons among the proposed

control method, PR control and conventional PI control are presented as well.
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3.2 Direct Amplitude Control Design

3.2.1 Direct Amplitude Control

The position control of motor is usually regarded as a reference tracking prob-
lem, of which the aim is to minimise the error between the measured position signal
and reference signal. The most popular controller is PI controller, which is shown

in (3.2.1):
ki

where £, and k; are proportional gain and integral gain. A conventional PI controller
in stationary reference frame can lead to steady state amplitude and phase error
when tracking a sinusoidal reference [91]. According to internal model principle,
a compensator with a sinusoidal transfer function can be applied to the system in
this situation [92]. It has been proved that the steady state error can be zero once
the closed system is asymptotically stable. The transfer function of the controller is

shown in (3.2.2). It consists of a proportional term and a resonant term.

Gon(s) = by 4 75 (3.2.2)

P82 4w
wo 1s the angular frequency of the sinusoidal reference. k, and k; are proportional
gain and resonant gain.
Recall the operation of HFRR, which requests maintain a constant amplitude
of vibration at the desired frequency and small midpoint offset during experiments.
The phase of the position signal is of no concern in application. Therefore, the

proposed control method is designed to achieve the following aims:
1. Maintain constant amplitude of vibration
2. Maintain constant frequency of vibration
3. Suppress DC component (offset of midpoint)

The basic idea is to adjust the amplitude of the position signal by varying the ampli-
tude of sinusoidal voltage signal applied between the terminals of VCM. In addition,

a varying DC voltage is applied to fight against the drift of midpoint of the position
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Amplitude Regulator

Figure 3.1: Direct amplitude controller

signal. According to the results of the open loop response test of HFRR, the funda-
mental frequency of output signal is the same as that of the input signal. As a result,
the controller can adjust the frequency, amplitude and offset of the output signal
separately.

Fig. 3.1 shows the structure of such controller. The controller takes the desired
amplitude, desired frequency and feedback position signal as inputs, it outputs the
voltage signal applied to the motor. There are two modules in the controller, namely,
amplitude regulator module, and offset compensator module. Different from tradi-
tional PI control that directly takes the error of position in real time as input, the
amplitude regulator module of the proposed controller applies short time Fourier
transform (STFT) to the feedback position signal to obtain the amplitude of it at
first. Then, it is the error of amplitude rather than error of position being sent to a
built-in PI controller. In addition, different from traditional PI control that directly
applies its output to the plant under control, the built-in PI controller in amplitude
regulator module uses its output to modulate the amplitude of a sinusoidal signal
applies to the plant under control. The controller output . in time domain can be

expressed as:

t t
Ue = <l€p “eq T kl / €aq * dt) * Sref — kpb * Lde — kib : / Tde dt (323)
0 0
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where
Spef = sin(2m - f, - t)
€o = 0y — Q

a=| (fjoo w(t—7)x (1) e*j'Q“f”dr) |

(e 9]

| T = <fj;ow(t—7')x(7')d7'>

fr is the desired frequency of output position signal. e, is the error of amplitude. a,

(3.24)

is the desired amplitude of position signal = based on STFT. z,. is the windowed
DC component in output position signal. k, and k; are proportional gain and integral
gain of amplitude regulator module. k,;, and k,; are proportional gain and integral
gain of offset regulator module. In implementation, @ is obtained by taking the

modulus of the short time Fourier transform of the output signal.
t
o) =1 [ =)o) arl (325
t—-L
Fr

where, the time-shifted Hamming window w?™® (¢) is:

1
w?® (t) = 0.54 — 0.46c0s (27 f,t) ,0 <t < T (3.2.6)

3.2.2 Convergence Analysis

The transfer function of HFRR without friction can be obtained from equation
(2.3.6) as:

X(s) K
Uds) LM-s3+(LC+RM)-s2+ (K24 RC + Lk) - s+ Rk

(3.2.7)

where X () is the position of VCM in s domain and U,(s) is the voltage applied to
VCM in s domain.
The denominator of the transfer function of HFRR without friction is:
P(s)=LM-s*+ (LC + RM)- s*+
(Kf%—RC—I—Lk:) - s+ Rk

(3.2.8)

Therefore, the characteristic equation of HFRR transfer function without friction is:

P(s)=0 (3.2.9)
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Substitute the values listed in the Table. 2.1 into (3.2.9), we can obtain:
0.00215% + 2.8893s? + 594.36565 + 10584 = 0 (3.2.10)
The poles of the HFRR transfer function are:

p1 A~ —19.65964 < 0
Py A~ —225.87700 < 0
Py~ —1157.17522 < 0

Remark I11.1: HFRR as a system without friction is open loop stable.

The proposed controller in s domain can be expressed as:

LA

s’ 82+ w?

Kiv

S

Wy

C(s) = {(k‘p + } cEu(s) = (kpp + —) - Xac(s) (3.2.11)

- [kp _wr Ry “—} CBy(s) — (kpy + %) Xals) (3.2.12)

k
s2+w?2 s s24w?
where * indicate convolution and w, = 27 f,.. According to the definition of

convolution, expression (3.2.12) in frequency domain can be written as:

> w * k. w
Clijw) = k. - " d - " du| - E,
() Uoo P Gw — ju)? + w? “+/ooju*<jw—ju>2+wz uf - Eals)
= (ko + =) Xuclj)

(3.2.13)
rearrange the above equation and express it in s domain as:
kiwr kib
Cls) =27 Z Ea(s) = (koo + =7) - Xae(s) (3.2.14)

Assumption III.1: the friction as a disturbance is differentiable and bounded.
Then it satisfies matching condition, where the disturbance can be transferred to act
on the system via the same channel as control input [52].

Fig. 3.2 shows the block diagram of HFRR considering friction. Once the match-
ing condition is fulfilled, the friction as disturbance can be transferred to an equiva-

lent input disturbance D(s) as shown in Fig. 3.3. Therefore, the output of the closed
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Friction
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Figure 3.2: Block diagram of HFRR including friction
D(s)
+
+ 1
u » X
Ls +R
back
EMF

Figure 3.3: Modification on the model of HFRR including friction: the friction can
be transferred to act on HFRR via the same channel as control input (shown as D(s)
in (b)).
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loop system in frequency domain can be expressed as:

kiw, ki
X (s)=G(5) |55 Bals) = (b + —) - Xaels)| + G (s) - D (s)
5% 4wy s
(3.2.15)
where the plant model G (s) and equivalent input disturbance D (s) are given
as:
G(s) = B
() o (3.2.16)
D(s) =-S5 Fr(s)

The output of the closed loop system can be decomposed into sinusoidal component

X.c(s) and generalised output disturbance X y;5(s) as:
X(S) = XaC(S) + Xdis(s) (3217)

where

KNae (3> = G(S) ) s];fo:,% ' Ea(8> (3.2.18)

Xais (5) = G(s) - [D(s) = (kpp + ") - Xae(s)]
Assumption II1.2: perfect knowledge of a(t) and x4 (t) can be obtained. Then,
e, (t) can be approximated as error of amplitude in real time. In addition, x4 (t) is
nonzero for only DC component in output signal.
As the disturbance is assumed to be bounded and z4.(t) = 0 for sinusoidal
component of the output signal, output of the system in s domain ignoring DC offset

can be expressed as:

X(s) = G(s) - 7 B,(s) + C(s) - [D(s) — (ko + ) - 0]
° ;‘:} ° (3.2.19)
=G(s)- <82 ;_ ;2 - Eq(s) + D(s))

The magnitude of the component at the desired frequency considering disturbance

can be expressed as:

. kz r . .
X G| = 1Glwn) - | 25 - Eutin) + D)
k‘-wr (3.2.20)
< 6 || 25 Bulon) + D)

Ruotong Wang



3.2 Direct Amplitude Control Design 54

Therefore, we have:
(X (Gwr)| < |G(wn)] - ki - (ar — [ X (jwr)]) + D(jwr)] (3.2.21)

Here we define the equivalent uncertainty of the control input of HFRR as A, such
that:
| X (jwr)| = |Gw,)| - [ks - (ar — | X (jw,)]) + A] (3.2.22)

Rearrange the last line of (3.2.22), we have:

G Gw) ki %) (3.2.23)

X(jwr)| = ;

Remark I11.2: At steady state, arbitrarily small error of amplitude at the desired
frequency can be achieved by choosing k; > 1 (The order of magnitude in practice
is set to be 10%). And we have:

lim | X (jw,)| = a, (3.2.24)

k,L'*)OO

Considering the DC component of the output signal at steady state, we have:

X(]()) = Xac(jo) + Xdzs(jo)

=0+ X4s(50) (3.2.25)
= G(j0) - | D(j0) — (kyp + j—(’)’) - X(j0)

Hence,
X (40 G50
o) _ _Glio) (3.2.26)

Remark I11.3: At steady state, the DC component of the output signal X (50) — 0.

As aresult, the system is open loop stable. By assuming the fulfilment of match-
ing condition and perfect knowledge of amplitude and DC offset, it can be proved
that arbitrarily small error of amplitude of the closed loop system at the desired fre-
quency can be achieved at steady state. In addition, the DC offset of the position

signal of the closed loop system approaches zero at steady state.
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Simulated Amplitude of Position(50Hz)
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Figure 3.4: Simulated amplitudes of position signals using different controllers

3.3 Simulations

In simulation, the desired amplitude of vibration at 50Hz is set as 200um. Ta-
ble. 2.1 gives the values of the parameters applied in simulation.

The parameter values of VCM in Table.2.1 are taken from references [82] [83],
which are the manuals of products equipped with the same VCM applied in the
research. The parameter values of friction model are taken from reference [67],
which is a highly cited journal paper on friction model.

On the one hand, the order of magnitude of the simulated friction based on
[67] is comparable with what we observed from our experiments. On the other
hand, the actual parameter values of the model corresponding to the specimen with
lubricant applied in our research are not available from open literature as far as
we known. In addition, the measurements of parameter values in experiments can
be difficult as there is no reasonable confidence in the accuracy of friction sensor.
Therefore, we refer to [67] for the parameter values of friction model for the purpose
of simulations.

Fig. 3.4 shows the simulated amplitudes of position signals using different con-
trollers. It is assumed that the shaft of VCM is at standstill initially. It can be found
that the amplitude of position signal using the proposed controller converges to the
desired value. There is steady state error of amplitude exists for PI controller, which
is in agreement with [91]. In addition, when applying PR controller to HFRR, the

closed loop system become unstable.
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By ignoring the effect of frictional load, the transfer function of the closed loop
system under no load condition using PR control can be obtained. Fig. 3.5 shows
the root locus plot of the closed loop system using proportional control. The gain
varies from 0 to 5 x 10%. The corresponding loop transfer function is given by:

K,K;

Ly(s) = P+ KK, (3.3.1)

By applying Routh’s stability criterion, the closed loop system is stable when K, <
33639.48796. Let K, = 10, the loop transfer function of the closed loop system
using proportional resonant control can be expressed as:

K, Kp-52+Ki-s+Kp-w(2)

L.(s) =
pr(s) P(s) $2 4+ wd

(3.3.2)

Fig. 3.6 shows the root locus plot of the closed loop system using proportional res-
onant control with K, = 10, wy = 1007. The gain varies from 0 to 5 x 10*.
By applying Routh’s stability criterion, it is found that there is no positive resonant
gain that lead to stable system. Fig. 3.7 shows the magnified view of Fig. 3.6, which

clearly shows the conjugate pole pairs on the right hand side of imaginary axis [93].

3.4 Experiment Results

To simplify the experiments, we keep the types of specimen and values of nor-
mal force constant in each test. The settings of remaining experimental conditions
applied in experiments are shown in Table. 3.1.

In Table 3.1, there are 16 sets of experimental conditions. The frequency varies
from 30Hz to 60Hz. The amplitude varies from 100um to 250um. The specimens
in all experiments are chosen as aluminium plate with petroleum ether (Al&PE) cov-
ered on top of them. To make sure the initial conditions such as surface roughness
are same in each experiment, both aluminium plate and petroleum ether between
contacting surfaces should be replaced at the end of each test. To assess the perfor-
mance of the proposed control method, comparisons among conventional PI control,

PR control and the proposed control method have been done. The parameters for
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Figure 3.5: Root locus plot of the closed loop system using proportional control
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Root Locus of System using PR Control
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Figure 3.6: Root locus plot of the closed loop system using proportional resonant

control with K, = 10 (K is varying)
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Root Locus of System using PR Control (Zoom In)
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Figure 3.7: Root locus plot of the closed loop system using proportional resonant

control with K, = 10 (K is varying) (Zoom In)
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Frequency(Hz) Amplitude(um,)

30Hz 100pum
30Hz 150pum
30Hz 200pum
30Hz 250pum
40Hz 100pm
40Hz 150pm
40Hz 200pm
40Hz 250pum
50Hz 100pm
50Hz 150pum
50Hz 200pum
50Hz 250pum
60Hz 100pm
60Hz 150pum
60Hz 200pm
60Hz 250pum

Table 3.1: Experimental conditions

each controller are tuned under the condition shown in Table. 3.2, and then keep
constant in remaining tests.

Fig. 3.8 shows the amplitudes of position signals using PR controller at different
frequencies. The desired amplitude is set as 200m. It can be found that the ampli-
tudes of position signals corresponding to each frequency always keep increasing,
which indicates an unstable system.

Fig. 3.9 and Fig. 3.10 are the amplitudes of position signals acquired in exper-
iments using PI and the proposed controllers. The desired values of amplitude are
all set as 200um. It can be found that the performance of the conventional PI con-

trol in terms of amplitude degrades significantly as frequency increases. However,
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Frequency(Hz) Amplitude(um) Specimen Normal Force(N)
30Hz 100pum Al&PE 6N

Table 3.2: Experimental conditions for controllers tuning

Amplitude of Position(30Hz-60Hz)
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Figure 3.8: Amplitudes of experimental position signals at different frequencies

using PR control

the proposed control method shows the ability of amplitude keeping at different fre-
quencies. Fig. 3.11 and Fig. 3.12 are the position signals acquired in experiments
using PI and the proposed controllers. The desired values of amplitude are all set as
200m. In addition, the normal force is changed to 10N when obtaining Fig.3.13.
It can be found that the convergence of amplitude error can still be guaranteed.

It can be found that the magnitude of relative error increases at higher frequency
using conventional PI control. The relative errors of amplitudes given by the pro-
posed control method all converge to zero at different frequencies. The rate of con-
vergence depends on the frequency of vibration. Fig. 3.14 are the outputs of PI con-
troller and the proposed controller at 30Hz with the desired amplitude of 200um.
The control efforts are similar.

Fig. 3.15 and Fig. 3.16 show the relative errors of amplitude for both conven-
tional PI controller and the proposed controller at steady states. The proposed
control outperforms the conventional PI control significantly in terms of amplitude
keeping. The relative errors of amplitude using the proposed controller are less than

0.5% in all 16 experiments. The conventional PI controller presents higher relative
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Figure 3.9: Amplitude of experimental position signals at different frequencies us-

ing PI control
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Figure 3.10: Amplitude of experimental position signals at different frequencies

using the proposed control method
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Figure 3.11: Experimental position signals at different frequencies using PI control

error as either amplitude or frequency increasing. At 60Hz, the relative error of am-
plitude can be as large as 80%. On the contrary, the relative error of amplitude using
the proposed controller decreases as either amplitude or frequency increasing. This
implies that the proposed control algorithm is attractive for application of vibration
control in high frequency band. In both situations, the relative offsets are always
less than 1%, which is of little difference.

Fig. 3.17 and Fig. 3.18 show the total harmonic distortions (THD) of position
signals at steady states under different conditions. THD applied in the analysis is
determined from the fundamental frequency of vibration and the first three harmon-
ics of position signal acquired from corresponding test. This is used to assess the
frequency keeping ability of control algorithm. At 30Hz, THD of position signal us-
ing conventional PI control is less than that using the proposed controller. However,
at higher frequencies, the performance of proposed control in terms of harmonics
suppression is better than that of conventional control. This observation agrees with

the conclusion that the proposed control algorithm is attractive for application of
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Figure 3.12: Experimental position signals at different frequencies using the pro-

posed control method
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Figure 3.13: Amplitude of experimental position signals at different frequencies

using the proposed control method with 10N normal force
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Figure 3.15: Relative errors of amplitude using PI control under different conditions

vibration control in high frequency band in tribotests.

Remark I11.4: In addition, as VCM is also applied to the design of electrody-
namic shaker in vibration test systems, the proposed control method can be applied
to the regulation of the amplitude of acceleration of the shaker in vibration tests,

where the encoder is replaced by accelerometer [94] [95].
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Figure 3.16: Relative errors of amplitude using the proposed control under different

conditions

3.5 Conclusion

Direct amplitude control is proposed to deal with the amplitude keeping prob-
lem of HFRR subjects to frictional load. The proposed control scheme consists of
an amplitude regulator and an offset compensator. It takes the error of the amplitude
of the position signal as the performance index. The analysis shows that the error of
amplitude of position signal of the closed loop system converges to zero by applying
the proposed control. A DSP based experimental platform is applied to verify the
proposed control method. Both PI control and PR control are introduced to experi-
ments for the purpose of comparison. Although PR control has been widely applied
in the application of tracking sinusoidal reference signal, it leads to an unstable sys-
tem due to the large phase delay of VCM based HFRR at high frequency band. It
is found that the proposed direct amplitude control outperforms PI control in terms
of amplitude keeping and harmonics suppression in high frequency reciprocating

motion.
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Figure 3.17: Total harmonic distortions of position signals using PI control under
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Figure 3.18: Total harmonic distortions of position signals using the proposed con-

trol under different conditions
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Chapter 4

Acceleration Based Control with

Time Domain Disturbance Observer

4.1 Introduction

Motion control has been a hot topic in the study of mechatronics, which can be
classified according to the output of the mechanical system, such as position control
and force control [96]. Compliance is used as a simplified index to quantitatively
represent the requirements of motion control corresponding to different selections
on the output of the mechanical system, which is defined as a relative change in
position due to a change in interaction force. Therefore, in the case of position
control, compliance should be as small as possible to mitigate the impact of input
disturbances. On the contrary, in the case of force control, compliance should be as
large as possible to maintain the desired force regardless of position. In order to set a
common goal for motion control in different situations, acceleration based control is
applied to mechatronics study, of which the goal is described as maintaining control
error zero despite changes in system dynamics [97].

From the motion control point of view, the control of VCM on HFRR can be
formulated as a reference position tracking problem for a single degree of freedom
mechanical system subject to frictional load. In this chapter, we apply acceleration

based control method to VCM, where the design of a task controller that synthesise
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the desired system acceleration and the construction of a disturbance compensation
module that estimate and compensate for the input disturbance are involved. By
assuming the relatively slow variation of frictional force and matching condition,
the frictional force that distorts the output signal can be compensated through the
reduced order disturbance observer at the input of the plant. In addition, simulations

and experiments to verify the control method are presented.

4.2 Acceleration Based Control

The structure of the closed loop system within the framework of acceleration
control applied to a single degree of freedom mechanical system is shown in Fig. 4.1
[97]. It consists of a task controller that synthesise the desired system acceleration
and a disturbance compensation module that estimate and compensate for the input
disturbance Fj;. The plant dynamics is represented as a double integrator with ac-
celeration 2. In the framework of acceleration, the control of a mechanical system
is implemented by firstly determining acceleration as a virtual input and then ex-
erting the force necessary to enforce the desired acceleration. In Fig. 4.1, M 1is the
mass of the moving component on a mechanical system under control; x, © and &
are position, velocity and acceleration of the moving component; y(z, %) is a func-
tion of system coordinates; 4"/ (z, i) is a function of the desired system trajectory.
The disturbance compensation module is used to estimate the lumped input distur-
bance rather than the original disturbances. The lumped input disturbance is defined
as the projections of the original disturbances into the range space of the control
distribution matrix. Such kind of treatment allows the compensation of original dis-
turbances to be achieved through subtracting the estimated lumped input disturbance

from system input [97].

4.2.1 Formulation of Tracking Problem

Express the dynamic equation of HFRR as:

Mi=K;-i—C-2—k-o—Fy 4.2.1)
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Figure 4.1: Block diagram of acceleration based control applied to mechanical sys-

tem
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S S

Double integrator

Figure 4.2: HFRR as a double integrator with virtual force actuator

where M is the mass of the moving component; K is motor constant; C' is damping
coefficient; k is spring factor; F is the friction exerts on motor shaft; z is the
position of motor shaft; & is the velocity of motor shaft; @ is the acceleration of
motor shaft and 7 is the current flow through motor coil. Let F, = K - 7 represent

the force exerted by VCM. Hence, the dynamic equation of HFRR is expressed as:
Mz =F, — F; (4.2.2)
where F}; is the lumped input disturbance defined by:
Fp=C-2+k-a+Fy (4.2.3)

Here C' - & + k - x is introduced as an extended disturbance that has the dimension
of force [96]. The value of it can be estimated through a reduced order disturbance
observer, which will be discussed later. At this stage, we assume that perfect knowl-
edge of the lumped input disturbance is available.

Now the dynamics of HFRR can be modelled as a double integrator, which is
driven by a virtual force actuator F;, as shown in Fig.4.2. The lumped input dis-
turbance F}; changes the system motion in the same way as that of the virtual force
actuator. The force actuator which is VCM, in this case, applies the current feedback
loop to regulate the output force as shown in Fig.4.3 [96]. In general, the tracking
problem within the framework of acceleration control can be viewed as minimising
the error between output and reference by imposing the desired acceleration through
the force actuator.

Let the output of the plant y be a linear function of position and velocity. Then,

the reference output can be expressed as y"/ (z, ). Hence, the tracking error is
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Figure 4.3: VCM as a closed-loop force actuator

e(x,2) = y(z,2) — y"/ (x, ). In equilibrium, the system state is constrained to the

manifold:
S(x,i) = {z,&:e(z,i) = y(z, &) — y"(z,%) = 0} (4.2.4)

The dynamics of the error is

é(x,2) = c100 + et — " (2, 1) (4.2.5)

where
1= 8y(ac ) 4o (4.2.6)
Co = 8y(a: ) 4o 4.2.7)

The selection of acceleration should enforce convergence to and stability of the equi-
librium. As the nominal plant system is a linear time-invariant system, superposition
principle can be applied in the design of the acceleration controller. Therefore, the

resultant acceleration can be decomposed into two components:

e The first component can be selected to enforce equilibrium solution for initial

conditions consistent with equilibrium e|,_, = 0.

e The second component can be selected to enforce convergence to equilibrium

if initial condition is not consistent with equilibrium e|,_, # 0.

As mentioned above, the resultant acceleration of HFRR should be enforced by

VCM as the virtual force actuator.
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4.2.2 Force Control Design

The equivalent acceleration 2 or corresponding equivalent force F'*¢ as first

component can be derived by solving:
é(x, &) = 1 + i — " (x,8) = 0 (4.2.8)

Hence,
i — §e! (x, @)

el =

4.2.9)

Co
The equivalent acceleration obtained from the equation above will enforce a mo-
tion that is equidistant from the equilibrium solution as é(z, %) = 0 = e(z, &) =
const [97]. In theory, we can enforce the motion to equilibrium solution by letting
e(z, ,%) = 0. However, we decide to only take position and velocity error in con-
sideration as the acceleration information is unavailable on HFRR. The equivalent

force to enforce such equivalent acceleration is:

F* = Fy+ Mz (4.2.10)

ad — i (&)

=C-24+k-x+Fy—M (4.2.11)
Co
By substituting equation (4.2.9) into equation (4.2.5), one can obtain:
é(x, 1) = co(& — £°9) (4.2.12)

As it pointed out above, the selection of output function with respect to position and
velocity will lead to an equivalent force that only enforce equilibrium solution for
initial conditions consistent with equilibrium e|,_, = 0. To achieve the requirement
of tracking where the error between output and reference should be zero, additional
terms need to be added to system input to enforce convergence if initial condition
is not consistent with equilibrium e|,_, # 0. Let the desired rate of change of the

distance from manifold S(z, ) = 0 as:

-des

é(x, &) = % (z, ) (4.2.13)

Therefore, the desired acceleration corresponding to the desired rate of change of
the distance is:

jdes = 3% 4 peon (4.2.14)
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where 2°°" is the convergence acceleration defined by:
sdes q
goon — £, ) (4.2.15)
Co

The desired control force to enforce the desired acceleration should be:

Fdes — ped 4 peon (4.2.16)
= F;, + M + Micm (4.2.17)
. rref . -des .
S SRS VA it e CIL) B i UL BV TS
Co Co

Comment on (4.2.18): the lumped input disturbance F including friction in equa-
tion (4.2.18) is unavailable and should be estimated in the synthesis of the desired
control force. The estimation of the lumped input disturbance will be discussed in

section 4.3. At this point, we assume perfect knowledge of F.

4.2.3 Convergence Law Design

To enforce convergence and stability of the system, the rate of change of the out-
put error e(x, &) should be carefully designed. Given a Lyapunov function candidate

with respect to output error as:

>0, V(0)=0 (4.2.19)

Taking the derivative of the Lyapunov function, we have:

V =e(x, @)é(x, &) (4.2.20)
=e(x, &)y (& — 7°7) (4.2.21)
= e(z, j;)% (F — Fe9) (4.2.22)

To satisfy Lyapunov stability conditions, the derivative of the Lyapunov function

should be negative definite. Therefore, we let:
V< -A\V) (4.2.23)

where A(V') > 0 is a positive scalar function of Lyapunov function. We can enforce

different types of convergence of the Lypapunov function by selecting appropriate
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scalar function A\(V'). Hence,
ez, #)é(x, ) + MV) <0 (4.2.24)
e(x,&)ea (& — 3 + A(V) <0 (4.2.25)

Therefore, the conditions for acceleration and force to satisfy asymptotic conver-
gence of the system should be:

. : (4.2.26)
cy e(x, )
and
M A
F<F9——. (V> (4.2.27)
ey e(x, )
To simplify analysis, considering the case where V= —A(V). The acceleration and
input force can be expressed as:

3 L AV) . . eq | -
= xeq _ ’ signle(x, 7)] = xeq + xcon7
o ew.2) Enle(@ 2]

e(z,i) #£0  (42.28)

M ANV
F=F9—— ( ) signle(z, £)] = F* + F*",
¢ le(z, 7)]

e(r, ) #0  (4.2.29)
where
sign[e(z, #)] = { Tt e 2)] >0 (4.2.30)
-1 if J[e(z,2)] <0
Comment on equation (4.2.28) and equation (4.2.29): It should be noted that once

the trajectory of the system arrives at the equilibrium, the convergence control action
should be eliminated, that is:

(4.2.31)

F=F e(x,i)=0 (4.2.32)
The selection of A\(V') should satisfy that:

e The control input defined by A(V') should be bounded.

e When the equilibrium has been reached, both equivalent force and conver-
gence force should become zero
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Select the structure of A(V') as:
AV) = —K, 207 (4.2.33)

where

Ky >0, <a<l (4.2.34)

N —

For o« = 1, the exponential convergence is achieved. The finite-time convergence is

achieved for % < «a < 1. The fastest finite-time convergence is achieved for @ = %
To be specific, the desired acceleration corresponding to exponential convergence

is:
K
ides = o0 4 goon = 30 — ez, i) (4.2.35)
Co

FComn

where 2¢°" represents the convergence acceleration in this case. The force that en-

force the desired acceleration corresponding to exponential convergence is:

. o .,r,ef . K
F=C-i+k at+F—M 2227 (z, ) — M=2e(z,i)  (4.2.36)
Co Co

The dynamics of e(x, ) in this case is governed by:
e(t) = e(ty) (4.2.37)

where e(to) denotes the initial output error at ¢y. In theory, the convergence time is
infinite for exponentially decaying output error. However, as a rule of thumb, it can

be approximated as:

5
tre = — 4.2.38
K, ( )
In addition, the desired acceleration corresponding to finite-time convergence is:
..des e ..con e K/\ N [2a—1 - .
B9 = 3+ 3P = 3% — —|e(x, 1) signle(z, )] (4.2.39)
Co

The force that enforce the desired acceleration corresponding to finite-time conver-

gence is:

e — 5 (a, @)

K
F=C-i+k-z+F—M- — M=2|e(z, #)[** * signle(x, )]

Co C2
(4.2.40)
The convergence time for finite-time convergence is determined by:
ty =[] e (4.2.41)
2K)\(1 — «)
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For o = %, the desired acceleration and force take specific forms as follows:

K
P90 = i — 2 signle(x, )] (4.2.42)
Co
K
F=C-i+k x+F — M—signle(z, )] (4.2.43)
Co
When implementing control corresponding to o = %, discontinuous force input

to the system in may excite unmodeled dynamics of the system. To mitigate the
undesirable effect, the amplitude of the discontinuous term can be modified to make

it variable around equilibrium as follows:

K
5 = ——2|e(x, 2)|” signle(w, )] (4.2.44)
&)
where

0<pB<1 (4.2.45)

In this study, the convergence law is selected as finite-time convergence as we
want the output of the system to track a sinusoidal reference with relatively high
frequency. This is done to avoid significant phase lag between the output of the

system and the reference.

4.3 Time Domain Disturbance Observer

As it has been pointed out, the lumped input disturbance should be estimated to
construct equivalent control. That is where the disturbance observer comes in. Sim-
ilar to traditional state observer, a disturbance observer should be designed based
on some known properties of the model of disturbance [53] [98]. Usually, the dis-
turbance is modelled by a polynomial of time. For a disturbance corresponding to

(m — 1) order polynomial, it can be expressed as:

J 0 1 0 9
I R B 4.3.1)
s 0 0 0 O
9
Fan=[1 0] (4.3.2)
(/S
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where 1, represents the x-th state of the disturbance state space model; Fy,, repre-
sents the output of the disturbance state space model of (m — 1) order. Assume the
lumped input disturbance changes slowly relative to the state variables of the plant.

The disturbance can then be modelled as a constant:
Fipp=—MY (4.3.3)

where Fy represents the disturbance; M is the total mass of the moving components
on HFRR; ¥ is the internal state of the disturbance state space model with its first
derivative equals to zero:

9 =0 (4.3.4)

By introducing the state 1} to the system, the augmented plant-disturbance system

can be written as [96]:

@ 01 0 T 0
vl=100 M1 v |+ | M| F, (4.3.5)
D 00 0 9 0

where £, is the control force applied to the system input. Both states of the plant and
the state of disturbance model can be estimated simultaneously using a full-order
Luenberger observer. However, as the position signal x can be perfectly acquired
from incremental encoder, a reduced order observer is constructed in this case [99]

[100]. The augmented plant-disturbance system can be rewritten as:

jfa Aaa Aab Lq Ba
' _ + u (4.3.6)
Xy A, Ap Xp B,
where
Ty =2 4.3.7)
v
Xy = (4.3.8)
Y
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and

A, =0 (4.3.9)

Ap=]1 0 ] (4.3.10)
[0

A, — @3.11)
K
[0 —M!

Ay — 43.12)
0 0

In this way, the measurable state variable =, unmeasurable state variables v and ) can
be treated separately for the purpose of order reduction of the observer. Represent
the system as:

Xb = Abeb + (Abaxa + Bbu)
(4.3.13)

:t'a - Aaaxa - Bau - Aabxb
where x; is the states vector for the modified system; A, is the dynamics matrix
for the modified system; A,z + Byu is the modified system input; A, is the mea-
surement matrix for the modified system; &, — A,,x, — Byu is the modified system
output. Therefore, the unmeasured states vector x; can be obtained by applying

Luenberger-style observer to the modified system:
Xy = (Ap, — LAw) Xp 4+ Apao + Bou + L (&, — Agaa — Bou)  (4.3.14)

where

h ] (4.3.15)

X, is the estimated x; given by the observer; L is the gain vector for the driving
feedback component of the observer. To avoid introduction of noise due to signal
differentiation in the above equation, we firstly put differential terms on the left of

the equation and rewrite the equation as:

%p—Lgj = (Ap—LAg) (X — Ly)+[(Ap — LAy) L + Ay — LA, y+(B, — LB, ) u
(4.3.16)
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where

Y=, (4.3.17)

Then, we can define an intermediate vector z to eliminate the need for y:

21 (% .
zZ = = =X, — Ly (4.3.18)

The reduced order observer can be obtained as:

2’1 = —ll (?:'2 + lQ.T)

) (4.3.19)
=2 —bh+ L —G)e+F*
where
F*=M"'F, (4.3.20)
The dynamics of the observer in s domain are:
A I
Fy(s) = ———F 4321
l
b(s) = ! () (4.3.22)

82+l28+llv S

Two poles of the observer p,; and p,» can be arbitrarily allocated in the complex

plane. They satisfy the following equations:

li = Do1 - Po2 (4.3.23)
l2 - _(pol +p02) (4324)

The equations of the dynamics of the observer show that the estimated disturbance
can be regarded as the actual disturbance that passing through a low-pass filter. We
represent the dynamics of the low-pass filter as Q(s). Then, the dynamics of the
estimation error of disturbance should be a function with respect to )(s) and the

actual disturbance Fy(s), which can be expressed as:

A

Ep,(s) = Fy(s) — Fy(s) = [1 — Q(s)] Fu(s) (4.3.25)

where Er,(s) is the error of the estimation of disturbance in s domain. By allocating

the poles properly, the estimated disturbance within the frequency band of interest
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Figure 4.4: Simulated VCM position tracking using PI control

can approach to its actual value. The output of the plant considering disturbance

observer in s domain can be expressed as:
X () = Gpa(s) - F¥(s) + Gna(s) - Er,(s) (4.3.26)

where G,,4(s) denotes the nominal plant in s domain:

1 1
Gra(s) = T (4.3.27)

The detailed analysis can be referred to [101] [102].

4.4 Simulations

In simulation, the reference position signal is a sinusoidal wave of the frequency
of 5H z. The amplitude is set as 100um. Fig. 4.4 shows the output of VCM in terms
of shaft position using PI control. Fig.4.5 shows the error of position tracking in
this case. It can be found that due to the effect of frictional load, the output position
signal lags the reference and the shape of it is distorted as well. The error of position
contains significant harmonics. Fig.4.6 shows the position tracking of VCM using
acceleration based control. It can be found that perfect tracking can be achieved
without significant lagging. Fig.4.7 shows the error of position tracking in this case.
The tracking accuracy of acceleration control outperforms that of PI control shown

in Fig.4.5.
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Figure 4.5: Simulated VCM position tracking error using PI control
<107 VCM Position
T T T T T T T T T
1r Ref
€ —— Output
c
2 0
."5;
o
o
Ak .
| | | | | | | | |
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Time (s)

Figure 4.6: Simulated VCM position tracking using acceleration based control
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Figure 4.7: Simulated VCM position tracking error using acceleration based control
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Frequency(Hz) Amplitude(ssm) Normal Force (V) Control Method

3Hz 120pm 6N PI Control
3Hz 120pum 6N AB Control
SHz 120pm 6N PI Control
SHz 120pm 6N AB Control
THz 120pm 6N PI Control
THz 120pm 6N AB Control
3Hz 120pum 10N PI Control
3Hz 120pum 10N AB Control
SHz 120pm 10N PI Control
S5Hz 120pm 10N AB Control
THz 120pm 10N PI Control
THz 120pm 10N AB Control

Table 4.1: Experimental conditions for comparisons between PI control and accel-

eration based control (AB Control is short for acceleration based control)

4.5 Experiment Results

To simplify the experiments, the types of specimen are same in each test. The
settings of remaining experimental conditions applied in experiments are shown in
Table. 4.1.

In Table 4.1, there are 12 sets of experimental conditions. The frequency varies
from 3H z to 7H z. The normal varies from 6 N to 10N. The specimens in all ex-
periments are chosen as aluminium plate with petroleum ether (Al&PE) covered on
top of them. To make sure the initial conditions such as surface roughness are same
in each experiment, both aluminium plate and petroleum ether between contacting
surfaces should be replaced at the end of each test. To assess the performance of the
proposed control method, comparisons between conventional PI control and accel-
eration based control have been done.

Fig.4.8 and Fig.4.9 are the experimental results obtained using PI control to track
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Figure 4.8: Experimental result of position reference tracking of VCM using PI

control with reference at 3 H z and normal force of 6 N

a sinusoidal wave of the frequency of 3/ z. The normal force in this case is set as
6/N. The desired amplitude in this case is set as 120um. It can be found that the
output position of VCM is distorted due to disturbance. Fig.4.10 and Fig.4.11 are
the experimental results obtained using acceleration based control with the same
reference as for PI control. Compared with the results obtained by PI control, the
error of position tracking using acceleration based is suppressed significantly.The
average relative error corresponding to the data shown in Fig.4.11 is calculated as
4.59%. In addition, Fig.4.12 shows the estimated lumped input disturbance given by
the reduced order disturbance observer in experiment. The fundamental period of
disturbance is the same as that of the reference position signal, which is in agreement
with the results of simulation.

Fig.4.13 and Fig.4.14 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 5SH z. The normal force in this case is set
as 6/N. The desired amplitude in this case is set as 120pum. Fig.4.15 and Fig.4.16
are the experimental results obtained using acceleration based control with the same
reference as for PI control. Compared with the results obtained by PI control, the
error of position tracking using acceleration based is suppressed as well. In addition,
Fig.4.17 shows the estimated lumped input disturbance given by the reduced order
disturbance observer in experiment.

Fig.4.18 and Fig.4.19 are the experimental results obtained using PI control to
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Figure 4.9: Experimental error of position reference tracking of VCM using PI con-

trol with reference at 3 H z and normal force of 6 N
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Figure 4.10: Experimental result of position reference tracking of VCM using ac-

celeration based control with reference at 3H z and normal force of 6 N
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Figure 4.11: Experimental error of position reference tracking of VCM using accel-

eration based control with reference at 3 H z and normal force of 6 N
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Figure 4.12: Estimated lumped input disturbance obtained using reduced order dis-
turbance observer in position reference tracking experiment with reference at 3H 2

and normal force of 6 N
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Figure 4.13: Experimental result of position reference tracking of VCM using PI

control with reference at 5H z and normal force of 6 /N
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Figure 4.14: Experimental error of position reference tracking of VCM using PI

control with reference at 5H z and normal force of 6 /N
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Figure 4.15: Experimental result of position reference tracking of VCM using ac-

celeration based control with reference at 5H z and normal force of 6 N
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Figure 4.16: Experimental error of position reference tracking of VCM using accel-
eration based control with reference at 5H z and normal force of 6N
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Figure 4.17: Estimated lumped input disturbance obtained using reduced order dis-
turbance observer in position reference tracking experiment with reference at SH 2

and normal force of 6 /N
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Figure 4.18: Experimental result of position reference tracking of VCM using PI

control with reference at 7H z and normal force of 6 N

VCM Position Error

50 w T x

Relative Error (%)
o

_50 | | | | | | | | |
10 10.1 102 103 104 105 106 10.7 10.8 10.9 11

Time (s)
Figure 4.19: Experimental error of position reference tracking of VCM using PI

control with reference at 7H z and normal force of 6 /N

track a sinusoidal wave of the frequency of 7H z. The normal force in this case is set
as 6/N. The desired amplitude in this case is set as 120pm. Fig.4.20 and Fig.4.21
are the experimental results obtained using acceleration based control with the same
reference as for PI control. Compared with the results obtained by PI control, the
error of position tracking using acceleration based is suppressed as well. In addition,
Fig.4.22 shows the estimated lumped input disturbance given by the reduced order
disturbance observer in experiment.

Fig.4.23 and Fig.4.24 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 3/ z. The normal force in this case is

set as 10N. the desired amplitude in this case is set as 120um. It can be found that
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Figure 4.20: Experimental result of position reference tracking of VCM using ac-

celeration based control with reference at 7H z and normal force of 6 N
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Figure 4.21: Experimental error of position reference tracking of VCM using accel-
eration based control with reference at 7H z and normal force of 6N
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Figure 4.22: Estimated lumped input disturbance obtained using reduced order dis-
turbance observer in position reference tracking experiment with reference at 7H 2z

and normal force of 6 /N
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Figure 4.23: Experimental result of position reference tracking of VCM using PI

control with reference at 3 H z and normal force of 10NV
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Figure 4.24: Experimental error of position reference tracking of VCM using PI

control with reference at 3 H z and normal force of 10N

the output position of VCM is distorted due to disturbance. Fig.4.25 and Fig.4.26
are the experimental results obtained using acceleration based control with the same
reference as for PI control. Compared with the results obtained by PI control, the
error of position tracking using acceleration based is suppressed significantly. In ad-
dition, Fig.4.27 shows the estimated lumped input disturbance given by the reduced
order disturbance observer in experiment. The fundamental period of disturbance
is the same as that of the reference position signal, which is in agreement with the
results of simulation.

Fig.4.28 and Fig.4.29 are the experimental results obtained using PI control to

track a sinusoidal wave of the frequency of 5H z. The normal force in this case is set
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Figure 4.25: Experimental result of position reference tracking of VCM using ac-

celeration based control with reference at 3H z and normal force of 10/NV
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Figure 4.26: Experimental error of position reference tracking of VCM using accel-
eration based control with reference at 3 H z and normal force of 10N
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Figure 4.27: Estimated lumped input disturbance obtained using reduced order dis-
turbance observer in position reference tracking experiment with reference at 3H 2

and normal force of 10N
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Figure 4.28: Experimental result of position reference tracking of VCM using PI

control with reference at 5 H z and normal force of 10NV
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Figure 4.29: Experimental error of position reference tracking of VCM using PI

control with reference at 5 H z and normal force of 10N

as 10NV. The desired amplitude in this case is set as 120um. Fig.4.30 and Fig.4.31
are the experimental results obtained using acceleration based control with the same
reference as for PI control. Compared with the results obtained by PI control, the
error of position tracking using acceleration based is suppressed as well. In addition,
Fig.4.32 shows the estimated lumped input disturbance given by the reduced order
disturbance observer in experiment.

Fig.4.33 and Fig.4.34 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 7H z. The normal force in this case is set
as 10N. The desired amplitude in this case is set as 120um. Fig.4.35 and Fig.4.36

are the experimental results obtained using acceleration based control with the same
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Figure 4.30: Experimental result of position reference tracking of VCM using ac-

celeration based control with reference at 5H z and normal force of 10/NV
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Figure 4.31: Experimental error of position reference tracking of VCM using accel-
eration based control with reference at 5 H z and normal force of 10N
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Figure 4.32: Estimated lumped input disturbance obtained using reduced order dis-
turbance observer in position reference tracking experiment with reference at SH 2

and normal force of 10N
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Figure 4.33: Experimental result of position reference tracking of VCM using PI

control with reference at 7 H z and normal force of 10NV
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Figure 4.34: Experimental error of position reference tracking of VCM using PI

control with reference at 7H z and normal force of 10N

reference as for PI control. Compared with the results obtained by PI control, the
error of position tracking using acceleration based is suppressed as well. In addition,
Fig.4.37 shows the estimated lumped input disturbance given by the reduced order
disturbance observer in experiment.

In all the experiments above, the acceleration based control always outperforms
PI control in terms of the accuracy of reference tracking. The phase lagging of the
position signal with respect to the reference is suppressed using acceleration based

control.
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Figure 4.35: Experimental result of position reference tracking of VCM using ac-

celeration based control with reference at 7H z and normal force of 10/NV
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Figure 4.36: Experimental error of position reference tracking of VCM using accel-
eration based control with reference at 7H z and normal force of 10N
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Figure 4.37: Estimated lumped input disturbance obtained using reduced order dis-
turbance observer in position reference tracking experiment with reference at 7H 2z

and normal force of 10N
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4.6 Conclusion

The control of VCM on HFRR can be formulated as a reference tracking prob-
lem for a single degree of freedom mechanical system subject to frictional load. In
this chapter, we apply acceleration based control method to VCM, where the design
of a task controller that synthesise the desired system acceleration and the construc-
tion of a disturbance compensation module that estimate and compensate for the
input disturbance are involved. The feedback controller is designed to realise finite-
time convergence considering the minimisation on the phase difference between the
output of the system and the sinusoidal reference. By assuming the relatively slow
variation of frictional force and matching condition, the frictional force that dis-
torts the output signal can be compensated through the reduced order disturbance
observer at the input of the plant. In both simulations and experiments, the accel-
eration control with time domain reduced order disturbance observer outperforms
traditional PI control significantly in terms of tracking accuracy and phase lagging

suppression.
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Chapter 5

Internal Model Disturbance

Observer Based Control

5.1 Introduction

The lumped disturbances that include external disturbance, parameter uncer-
tainty, and unmodeled dynamics are common to all the industrial systems, which
significantly deteriorate the performance and even the stability of control systems
[103]. Feedforward control is regarded as an active disturbance attenuation method,
which compensates for disturbances at system input. However, the lumped distur-
bances are unmeasurable in most cases, which makes the implementation of feed-
forward control difficult. A straightforward solution to the above problem is to esti-
mate the unmeasurable disturbances by using measurable variables such as control
input and system output. Then the disturbances can be attenuated through traditional
feedforward control method. Such a two-step procedure is referred to as disturbance
observer based control. For the control of VCM on HFRR, the unwanted effect to
the system output due to frictional load can be regarded as external disturbance,
which can be attenuated by applying disturbance observer based control.

There are different disturbance observer techniques proposed so far. In this chap-
ter, we investigate the adaptation of internal model principle to the design of distur-

bance observer. Internal model principle states that a system can achieve asymptotic
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tracking of reference once the generating model of the reference that is represented
as the output of an exogenous system is embedded into the controller [104]. The
frictional load that dominates the external disturbances to the VCM on HFRR is
periodic in a reciprocating motion. Internal model disturbance observer can be con-
structed based on that observation. Compared with traditional disturbance observer
with no explicit assumption on the characteristics of the input disturbance in the
frequency domain, the internal model disturbance observer can achieve a higher
tracking accuracy and lower harmonics in the error signal. In addition, simulations
and experiments to verify the design of internal model disturbance observer are pre-

sented.

5.2 Disturbance Observer Based Control

The output of a SISO system considering input disturbance and model uncer-

tainty in s domain can be written as:
Y(s) = [Gu(s) + AG(s)] - [U(s) + W(s)] = Gu(s) - [U(s) + D(s)]  (5.2.1)

where U (s) and Y (s) are plant input and output respectively. G, (s) and AG(s) are
nominal transfer function and uncertainty of the plant. W (s) is the unmeasurable

external disturbance. We define the lumped input disturbance as: [103]

_ AG(s) AG(s)|
D(s) = Go) U(s) + [1 + Gn(s)] Wi(s) (5.2.2)
Then the output of the system can be written as:
Y(s) = Gu(s) - [U(s) + D(s)] (5.2.3)

It is desirable that the effect of the lumped input disturbance D(s) on system output
be minimised, which can be done by compensating D(s) at the input of the system
as follows:

U(s) = Un(s) + Ua(s) (5.2.4)

where U, should be defined as:

Uy(s) = —D(s) (5.2.5)
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Therefore, the lumped input disturbance should be obtained to allow compensation

at system input. According to the definition of D(s), it can be derived as:

D(s) = — U(s) (5.2.6)

However, for the plant with the proper transfer function, of which the order of the
denominator is larger than that of the numerator, the equation above can not be im-
plemented due to the causality issue. Usually, a filter can be introduced to the equa-
tion to construct the disturbance observer that estimates the disturbance satisfying
the so-called matching condition. The condition states that the disturbance(s) should
act on the system via the same channel(s) as the control input(s) or can be transferred
to the same channel(s) as the control input(s) by coordinate transform [52] [54]. For
mismatched disturbances, an integral action in a feedback control law can be applied
to remove offset of the closed-loop system. In this study, we only focus on the esti-
mation and compensation for disturbances that satisfy the matching condition. The
expression for disturbance observer in s domain for minimum phase SISO system

subjects to matched disturbance is:

—U(s) - Q(s) (5.2.7)

where D(s) represents the estimate of D(s). The filter Q(s) is usually designed as

a low-pass filter such that:

e The relative degree of ()(s), which is the difference between the order of the
denominator and the order of the numerator, should be no less than that of
the nominal plant model G,,(s). This is done to assure the causality of the

disturbance observer.

e In the domain of low-frequency or frequency of interest, the response of ()
should approach to unity as far as possible in order to minimise the error of

disturbance estimation.

Fig. 5.1 shows the block diagram of the closed-loop system with frequency do-

main disturbance observer. Y,(s) and Y'(s) are reference signal and the system
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G.(s) Y (s)

4>®—> C(s)

v

Figure 5.1: Block diagram of frequency domain disturbance observer based control

output. C(s) is the feedback controller. D(s) and D(s) are the lumped input dis-
turbance and its estimate given by the disturbance observer. G,,(s) is the nominal
plant model. Q(s) is the filter for disturbance observer. As it shown in Fig. 5.1,
the disturbance observer based control scheme consists of two parts: a feedback
control C'(s) designed for the nominal plant and a feedforward control designed for
the compensation of the lumped input disturbance. The feedback controller C'(s)
is designed based on the nominal model of the plant. As the nominal model of the
system, in this case, is a linear time-invariant system, there are a variety of powerful
linear control design tools that can be used in the design procedure, such as root
locus and bode plot. The design specifications such as settling time in step response
and phase margin can be applied to quantitatively describe the desired performance
of the closed loop system. The output of the closed-loop system with disturbance

observer can then be written as:
Y (s) = Tyr(5)Yr(s) + Tya(s)D(s) (5.2.8)

where T}, represents the relation between the output Y'(s) and the reference signal
Y, (s) in terms of transfer function; 7, represents the relation between the output
Y'(s) and the lumped input disturbance D(s) in terms of transfer function. The

expressions for them are:
C(s5)Gn(s)

=1 CH)Gn(s) (5.2.9)

Ty (s)
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_ Gu(s) [1 = Q(s)]

= 2.1
S e EOTAR) 6210
As the filter Q)(s) is a low-pass filter, it follows that:
}ul—% Q(jw) =1 (5.2.11)
Hence, we can show that:
. . ) Gn(jw)C(jw)
lim 7, =1 2.12
and
. . . Ga(jw) [1 - QQw)]
lim T, =1 5.2.13
WILI%) dy(]w) wlg%) 1 n C(]W)Gn<j(U) ( )
_ i G121 (5.2.14)

50 T+ C(jw)Galj)

Therefore, the lumped input disturbance within the passband of the low-pass filter
Q(s) can be attenuated significantly. It is obvious that the disturbance observer
applying low-pass filter does not take the high frequency component of the lumped
input disturbance into account. In fact, it is reasonable to discard high frequency
component of disturbance in the design of disturbance observer in most cases as:
[53]

e The measurement is corrupted by the noise that typically at high frequency. It
is common practice to mitigate the effect of noise by signal filtering. In the
case of disturbance estimation, such treatment will lead to the loss of distur-

bance information at high frequency band.

e The effect of high frequency component of disturbance can be filtered out by

the inertia of the plant under control.

e Due to the limited bandwidth of actuator, the high frequency component of
disturbance can not be attenuated even it has been estimated accurately by

disturbance observer.
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5.3 Internal Model Disturbance Observer

5.3.1 Disturbance Observer in Frequency Domain

The nominal transfer function of the plant G,,(s) is given by:

K
LM s34+ (LC+RM)-s2+ (K2+ RC + LK) -s+ RK

G(s) (5.3.1)

where K is motor constant; L is the inductance of motor coil; M is the total mass
of the moving components including motor shaft and motor coil; C' is the damping
coefficient of the moving components; K is spring stiffness; R is the resistance of
motor coil. The input of the plant is voltage that applied to the terminals of motor
coil. The output of the plant is the position of motor shaft. The transfer function
implies a third order system with relative order of 3. Hence, the filter Q)(s) should
be designed as a low-pass filter with minimum relative order of 3.

As the impulse response of an ideal low-pass filter is infinitely long, it can
not be implemented in practice [105]. Therefore, various approximation meth-
ods have been introduced to the implementation of analog low-pass filters. The
low-pass filters based on well-known approximation methods include Butterworth
Filter, Chebyshev Filter and Elliptic Filter [106] [107] [108]. In addition to cut-
off frequency, passband ripple and stopband attenuation are used to specify the
design requirements of these approximated low-pass filter. For different types of
approximation methods, one or more of these attributes are selected for optimisa-
tion [109] [110].

Table. 5.1 shows the magnitude responses of different types of analog filter. In
the expression for the magnitude response of Butterworth Filter, N represents the
order of the filter; {2¢ is the cut-off frequency. In the expression for the magnitude
response of Chebysheyv Filter I, ¢ is the ripple factor that determines the amplitude of
ripple. The passband ripple is the minimum value of magnitude in passband, which

is equal to ﬁ Qp is the passband edge angular frequency, which is the angular

1
V1te?®

frequency corresponding to H(j2) = Ty (z) is the Chebyshev polynomial

Ruotong Wang



5.3 Internal Model Disturbance Observer 103

Filter Magnitude Response
Butterworth Filter  [H(jQ)* = ———x
1+ (%)
hebyshev Filter I |H(jQ)|* = ——L—
Chebyshev Filter |H(78)] T3 ()
Chebyshev Filter Il |H(jQ)[* = ﬁ
12 [ 2
. . . . _ 1
EHIPUC Filter H(] Q) = m

Table 5.1: Comparison of analog filters in terms of magnitude response

of order N given by:

(@) cos(Ncos™'z) |z|<1 (532)
N\T) = .
cosh (Ncosh ' z) |z > 1

In the expression for the magnitude response of Chebyshev Filter II, we have v =
gip and A\ = %, where (2 is stopband edge angular frequency. In the expression of
Elliptic Filter, Ry is the n-th order elliptic rational function, of which the roots are
related to the Jacobi elliptic sine function. £ is the selectivity factor, which is used
to define the ripple in the stopband.

The advantages and disadvantages of each type of the filter presented in Ta-

ble.5.1 are presented as below:

e Butterworth Filter: it shows maximally flat magnitude response and linear
phase response in passband. However, the magnitude response decays slowly

above the cut-off frequency [111] [112].

e Chebysheyv Filter I: The cut-off is much sharper than that of Butterworth Filter.
However, the filter is equiripple in the passband and the phase response is

nonlinear.

e Chebyshev Filter II: The cut-off is much sharper than that of Butterworth
Filter. However, the filter is equiripple in the stopband and the phase response

is nonlinear.
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o Elliptic Filter: The cut-off is sharper than that of Chebyshev Filter. However,
the filter is equiripple both in the passband and in the stopband. In addition,

the phase response is nonlinear that leads to group delay distortion.

When implementing the filter ()(s) for disturbance observer, it is expected that
the magnitude of 7}, (;€2) is always closed to zero in low frequency band. In addi-
tion, the phase response of the filter in passband should be linear as the least group
delay distortion is desirable for the process of disturbance estimation. Therefore,
Q(s) is designed as a third order Butterworth low-pass filter [113] [114]. The trans-

fer function of a third order Butterworth filter is given as:

. K2
Qo (jw)[* = ——24 (5.3.3)

jw 2n
1+ (42)

where the order of the filter n = 3. w, is the cutoff frequency.

5.3.2 Embedding Internal Model

According to the LuGre friction model that applied to the study, the friction
exerts on the shaft of VCM should be a function of velocity. In the case of HFRR
control application, the reference trajectory of the shaft of VCM z,.¢(¢) should be a

sinusoidal curve defined as:
xref(t) = Aref . sz’n(27r . fref . t) (534)

where A,.; is the desired amplitude; f,.; is the desired frequency. Therefore, the
desired velocity v,.f(t) can be obtained by taking the derivative of the continuous

reference trajectory function:

Uref(t) = Ay - 2T+ frep - cos(2m - frep - 1) (5.3.5)

The above expression together with LuGre model implies that the resultant friction
should contain a component at the desired frequency of motion. However, the value
of the friction coefficient for the contacting surface on HFRR is varying along the

trajectory of motion. In [115], the researchers find that the data acquired from the
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force sensor reflects several harmonic components that superimpose on the vibra-
tion corresponding to the fundamental frequency. They use the term momentary
coefficient of friction to distinguish them with the standard coefficient of friction
corresponding to the fundamental frequency.

To simplify the analysis, we assume the projection of the friction that exerts on
the shaft of VCM into the range space of the control disturbance matrix is dominated
and periodic. Hence, the disturbance can be expressed as a sum of the fundamental

sinusoidal component and its harmonics: [103]

Np

dy(t) = Dysin (kwot + o) (5.3.6)

k=1
where wy is the fundamental angular frequency; N, is the order of the highest har-
monic component; ¢y is the phase corresponding to k-th harmonic component. In
the case of VCM control for HFRR, the value of wy is equal to the desired angular
frequency of vibration. At this point, we have constructed the simplified generating
model of disturbance.

The internal model principle states that a system can achieve asymptotic tracking
of reference once the generating model of the reference that is represented as the out-
put of an exogenous system is embedded into the controller [104]. As the problem
of designing an observer to track the states of the system can be regarded as the dual
problem of designing a controller to tracking the reference, the internal model prin-
ciple can be applied to disturbance observer to eliminate the structured disturbance
asymptotically [116]. This can be achieved by embedding the generating model of
the disturbance into the low pass filter ()(s) of the disturbance observer [117].

The generating model of the disturbance with fundamental frequency equals to
fo in s domain can be constructed using resonant terms as that of Proportional Res-
onant (PR) control. The expression for each resonant term can be expressed as:

2a.s

) = T

(5.3.7)

where wy = 27 fj represents the fundamental angular frequency of the disturbance;

k represents the order of the harmonics. The magnitude response of the resonant

Ruotong Wang



5.3 Internal Model Disturbance Observer 106

term implies that:

lim Ry(jw) = oo (5.3.8)

w—rkwo

Representing the transfer function of a third order Butterworth Filter as:

N

= 5.3.9
QB(S) d3'83+d2'82+d1'3+d0 ( )
The resonant term can be embedded into the filter as:
no + 82-38550)2
Qo (s) dy - 53+ dy- 5% +dy - s + do + 2% 310

524 (kwo)?
It can be found that due to the introduction of the resonant term, the magnitude

response of the modified filter Qpr, (s) can be given as:

1, iy
Qpry (jw) ~ { YT (5.3.11)

Qp(s), elsewhere

As Qp(s) is the transfer function of a third order Butterworth Filter, its magni-
tude response above zero frequency is less than than unity. The introduction of the
resonant term can compensate the decrease of magnitude response at the angular
frequency kwy. In this way, the transfer function 7}, (s) that represents the relation
between the output of the system and disturbance at the angular frequency kwy is

given as:

Gn(jkwo) [1 — QBR, (jkwo)]
1+ C(jw)Gn(jw)

Therefore, by introducing the resonant term at the frequency corresponding to the

Ty, (jkwo) = ~ 0 (5.3.12)

period of the input disturbance to the filter, better performance of the closed-loop
system in terms of disturbance attenuation can be achieved. For disturbance con-
taining harmonics, the corresponding resonant terms can be combined in series form

as: [103]

Ky,

Ru(s) = [ [1 + R(s)] (5.3.13)

k=1
where K, is the order of the highest harmonics considered in design. In digital

implementation, due to the limitation on the word length, the ideal resonant terms
should be approximated as:
2ais

MRy(s) =
() 32+2bk5+(kw0)2

(5.3.14)
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Here, we have 0 < b << a; to limit the word length in digital implementation

[118]. Hence, the lumped resonant term is approximated as:

MRy(s) = H [1+ MRy(s)] (5.3.15)

Finally, considering the issue of digital implementation, the filter used in internal
model disturbance observer based on a third order Butterworth Filter can be con-

structed as:

MRy (s)
= 5.3.16
Qra(s) dus - 5% + dps - 82+ dpy - 5+ MRy (s) ( )
where d,,, = Z—f} are the normalised coefficients for the original denominator poly-

nomial of the third order Butterworth Filer.

Remark V.1: Conventional disturbance observer makes no explicit assumption
on the characteristics of the input disturbance. The Q filter, in this case, is designed
based on a classical low pass filter prototype. As a result, the estimated disturbance
within the pass-band of the Q filter can be attenuated, which degrades the perfor-
mance of disturbance estimation. Traditionally, increasing the bandwidth of the Q
filter can improve the disturbance estimation accuracy with the price of introducing
measurement noise. However, internal model disturbance improves its performance
by embedding the generating model of the disturbance without changing the cut-off
frequency of the Q filter. In this way, the disturbance estimation accuracy can be
improved without sacrificing noise immunity capability.

In our study, for simplicity, we only consider the fundamental component of the
disturbance, which is same as the frequency of reciprocating motion of VCM on

HFRR.

5.4 Simulations

In simulation, the reference position signal is a sinusoidal wave of the frequency
of 5Hz. The amplitude is set as 100um. Fig. 5.2 shows the output of VCM in
reference tracking using PI control. Fig.5.3 shows the error of position tracking in

this case. It can be found that due to the effect of frictional load, the output position
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Figure 5.2: Simulated VCM position tracking using PI control
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Figure 5.3: Simulated VCM position tracking error using PI control

signal lags the reference and the shape of it is distorted as well. The error of position
contains significant harmonics.

Fig.5.4 shows the position tracking of VCM under PI control with disturbance
compensation using traditional frequency domain disturbance observer. It can be
found it outperforms pure PI control in terms of output error. Fig.5.5 shows the
error of position tracking in this case.

Fig.5.6 shows the position tracking of VCM under PI control with disturbance
compensation using internal model disturbance observer. It can be found it out-
performs the previous one using traditional disturbance observer in terms of output

error. Fig.5.7 shows the error of position tracking in this case.
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Figure 5.4: Simulated VCM position tracking using traditional disturbance observer

for compensation
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Figure 5.5: Simulated VCM position tracking error using traditional disturbance

observer for compensation
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Figure 5.6: Simulated VCM position tracking using internal model disturbance ob-

server for compensation
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Figure 5.7: Simulated VCM position tracking error using internal model disturbance

observer for compensation

5.5 Experiment Results

To simplify the experiments, the types of specimen are kept as same in each test.
The settings of remaining experimental conditions applied in experiments are shown
in Table. 5.2.

In Table 5.2, there are 18 sets of experimental conditions. The frequency varies
from 3H z to 7H z. The normal varies from 6 N to 10/N. The specimens in all ex-
periments are chosen as aluminium plate with petroleum ether (Al&PE) covered on
top of them. To make sure the initial conditions such as surface roughness are same
in each experiment, both aluminium plate and petroleum ether between contacting
surfaces should be replaced at the end of each test. To assess the performance of the
proposed control method, comparison among conventional PI control, PI control
with compensation by traditional disturbance observer, and PI control with com-
pensation by internal model disturbance observer have been done.

Fig.5.8 and Fig.5.9 are the experimental results obtained using PI control to track
a sinusoidal wave of the frequency of 3/ z. The normal force in this case is set as
6N. The desired amplitude in this case is set as 120m. It can be found that the out-
put position of VCM is distorted due to disturbance. Fig.5.10 and Fig.5.11 are the
experimental results obtained using traditional disturbance observer compensated
PI control with the same reference as for PI control. Compared with the results

obtained by PI control, the error of position tracking with compensation given by

Ruotong Wang



5.5 Experiment Results 111

Frequency(Hz) Amplitude(um) Normal Force (V) Control Method

3Hz 120pm 6N PI Control

3Hz 120um 6N PI + DOB Control
3Hz 120pm 6N PI + IMDOB Control
S5Hz 120pm 6N PI Control

5Hz 120pum 6N PI + DOB Control
SHz 120pm 6N PI + IMDOB Control
THz 120pm 6N PI Control

THz 120pum 6N PI + DOB Control
THz 120pm 6N PI + IMDOB Control
3Hz 120pm 10N PI Control

3Hz 120pum 10N PI + DOB Control
3Hz 120pm 10N PI + IMDOB Control
SHz 120pm 10N PI Control

S5Hz 120pm 10N PI + DOB Control
SHz 120pm 10N PI + IMDOB Control
THz 120pum 10N PI Control

THz 120pum 10N PI + DOB Control
THz 120pm 10N PI + IMDOB Control

Table 5.2: Experimental conditions for comparisons among PI control, PI control
with compensation by classical disturbance observer and PI control with compensa-
tion by internal model disturbance observer (DOB is short for disturbance observer;

IMDORB is short for internal model disturbance observer.)
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Figure 5.8: Experimental result of position reference tracking of VCM using PI

control with reference at 3 H z and normal force of 6 N

disturbance observer is suppressed significantly. In addition, Fig.5.12 shows the es-
timated lumped input disturbance given by the traditional disturbance observer in
experiment. The fundamental period of disturbance is the same as that of the refer-
ence position signal, which is in agreement with the results of simulation. Fig.5.13
and Fig.5.14 are the experimental results obtained using internal model disturbance
observer compensated PI control with the same reference as for PI control. Com-
pared with the results obtained by traditional disturbance observer compensated PI
control, the error of position tracking with compensation given by internal model
disturbance observer is suppressed even further. In addition, Fig.5.15 shows the es-
timated lumped input disturbance given by the internal model disturbance observer
in experiment.

Fig.5.16 and Fig.5.17 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 5/ z. The normal force in this case is
set as 6/N. The desired amplitude in this case is set as 120um. It can be found that
the output position of VCM is distorted due to disturbance. Fig.5.18 and Fig.5.19
are the experimental results obtained using traditional disturbance observer compen-
sated PI control with the same reference as for PI control. Compared with the results
obtained by PI control, the error of position tracking with compensation given by
disturbance observer is suppressed significantly. In addition, Fig.5.20 shows the es-

timated lumped input disturbance given by the traditional disturbance observer in
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Figure 5.9: Experimental error of position reference tracking of VCM using PI con-
trol with reference at 3/{ z and normal force of 6N
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Figure 5.10: Experimental result of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 3/ 2z and

normal force of 6 N
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Figure 5.11: Experimental error of position reference tracking of VCM using tra-
ditional disturbance observer compensated PI control with reference at 3/ 2z and

normal force of 6 N
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Figure 5.12: Estimated lumped input disturbance obtained using traditional distur-
bance observer in position reference tracking experiment with reference at 3H z and

normal force of 6N
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Figure 5.13: Experimental result of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at 3/ z and
normal force of 6 NV
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Figure 5.14: Experimental error of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at 3H z and
normal force of 6 NV
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Figure 5.15: Estimated lumped input disturbance obtained using internal model dis-

turbance observer in position reference tracking experiment with reference at 3H 2
and normal force of 6 N
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Figure 5.16: Experimental result of position reference tracking of VCM using PI

control with reference at 5H z and normal force of 6 /N

experiment. The fundamental period of disturbance is the same as that of the refer-
ence position signal, which is in agreement with the results of simulation. Fig.5.21
and Fig.5.22 are the experimental results obtained using internal model disturbance
observer compensated PI control with the same reference as for PI control. Com-
pared with the results obtained by traditional disturbance observer compensated PI
control, the error of position tracking with compensation given by internal model
disturbance observer is suppressed even further. In addition, Fig.5.23 shows the es-
timated lumped input disturbance given by the internal model disturbance observer

in experiment.
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Figure 5.17: Experimental error of position reference tracking of VCM using PI
control with reference at 5H z and normal force of 6 N
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Figure 5.18: Experimental result of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 5H z and
normal force of 6 NV
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Figure 5.19: Experimental error of position reference tracking of VCM using tra-
ditional disturbance observer compensated PI control with reference at 5H z and

normal force of 6 N
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Figure 5.20: Estimated lumped input disturbance obtained using traditional distur-
bance observer in position reference tracking experiment with reference at 5SH z and

normal force of 6N
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Figure 5.21: Experimental result of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at SH z and
normal force of 6 NV
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Figure 5.22: Experimental error of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at SH z and
normal force of 6 NV
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Figure 5.23: Estimated lumped input disturbance obtained using internal model dis-
turbance observer in position reference tracking experiment with reference at SH 2

and normal force of 6 /N

Fig.5.24 and Fig.5.25 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 7H z. The normal force in this case is
set as 6N. The desired amplitude in this case is set as 120um. It can be found that
the output position of VCM is distorted due to disturbance. Fig.5.26 and Fig.5.27
are the experimental results obtained using traditional disturbance observer compen-
sated PI control with the same reference as for PI control. Compared with the results
obtained by PI control, the error of position tracking with compensation given by
disturbance observer is suppressed significantly. In addition, Fig.5.28 shows the es-
timated lumped input disturbance given by the traditional disturbance observer in
experiment. The fundamental period of disturbance is the same as that of the refer-
ence position signal, which is in agreement with the results of simulation. Fig.5.29
and Fig.5.30 are the experimental results obtained using internal model disturbance
observer compensated PI control with the same reference as for PI control. Com-
pared with the results obtained by traditional disturbance observer compensated PI
control, the error of position tracking with compensation given by internal model
disturbance observer is suppressed even further. In addition, Fig.5.31 shows the es-
timated lumped input disturbance given by the internal model disturbance observer
in experiment.

Fig.5.32 and Fig.5.33 are the experimental results obtained using PI control to
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Figure 5.24: Experimental result of position reference tracking of VCM using PI
control with reference at 7/ z and normal force of 6N
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Figure 5.25: Experimental error of position reference tracking of VCM using PI

control with reference at 7H z and normal force of 6 N
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Figure 5.26: Experimental result of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 7H 2z and

normal force of 6

N
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Figure 5.27: Experimental error of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 7H z and

normal force of 6N
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Figure 5.28: Estimated lumped input disturbance obtained using traditional distur-
bance observer in position reference tracking experiment with reference at 7H z and

normal force of 6 N
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Figure 5.29: Experimental result of position reference tracking of VCM using inter-
nal model disturbance observer compensated PI control with reference at 7H z and

normal force of 6N
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Figure 5.30: Experimental error of position reference tracking of VCM using inter-
nal model disturbance observer compensated PI control with reference at 7H z and

normal force of 6 N
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Figure 5.31: Estimated lumped input disturbance obtained using internal model dis-
turbance observer in position reference tracking experiment with reference at 7H z

and normal force of 6 /N
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Figure 5.32: Experimental result of position reference tracking of VCM using PI

control with reference at 3 H z and normal force of 10NV

track a sinusoidal wave of the frequency of 3H z. The normal force in this case is
set as 10N. The desired amplitude in this case is set as 120um. It can be found that
the output position of VCM is distorted due to disturbance. Fig.5.34 and Fig.5.35
are the experimental results obtained using traditional disturbance observer compen-
sated PI control with the same reference as for PI control. Compared with the results
obtained by PI control, the error of position tracking with compensation given by
disturbance observer is suppressed significantly. In addition, Fig.5.36 shows the es-
timated lumped input disturbance given by the traditional disturbance observer in
experiment. The fundamental period of disturbance is the same as that of the refer-
ence position signal, which is in agreement with the results of simulation. Fig.5.37
and Fig.5.38 are the experimental results obtained using internal model disturbance
observer compensated PI control with the same reference as for PI control. Com-
pared with the results obtained by traditional disturbance observer compensated PI
control, the error of position tracking with compensation given by internal model
disturbance observer is suppressed even further. In addition, Fig.5.39 shows the es-
timated lumped input disturbance given by the internal model disturbance observer
in experiment.

Fig.5.40 and Fig.5.41 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 5H z. The normal force in this case is

set as 10/N. The desired amplitude in this case is set as 120pm. It can be found that
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Figure 5.33: Experimental error of position reference tracking of VCM using PI
control with reference at 3 z and normal force of 10NV
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Figure 5.34: Experimental result of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 3/ 2z and
normal force of 10N
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Figure 5.35: Experimental error of position reference tracking of VCM using tra-
ditional disturbance observer compensated PI control with reference at 3/ 2z and

normal force of 10N
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Figure 5.36: Estimated lumped input disturbance obtained using traditional distur-
bance observer in position reference tracking experiment with reference at 3H z and

normal force of 10N
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Figure 5.37: Experimental result of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at 3/ z and
normal force of 10N
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Figure 5.38: Experimental error of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at 3H z and
normal force of 10N
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Figure 5.39: Estimated lumped input disturbance obtained using internal model dis-
turbance observer in position reference tracking experiment with reference at 3H 2

and normal force of 10N

the output position of VCM is distorted due to disturbance. Fig.5.42 and Fig.5.43
are the experimental results obtained using traditional disturbance observer compen-
sated PI control with the same reference as for PI control. Compared with the results
obtained by PI control, the error of position tracking with compensation given by
disturbance observer is suppressed significantly. In addition, Fig.5.44 shows the es-
timated lumped input disturbance given by the traditional disturbance observer in
experiment. The fundamental period of disturbance is the same as that of the refer-
ence position signal, which is in agreement with the results of simulation. Fig.5.45
and Fig.5.46 are the experimental results obtained using internal model disturbance
observer compensated PI control with the same reference as for PI control. Com-
pared with the results obtained by traditional disturbance observer compensated PI
control, the error of position tracking with compensation given by internal model
disturbance observer is suppressed even further. In addition, Fig.5.47 shows the es-
timated lumped input disturbance given by the internal model disturbance observer
in experiment.

Fig.5.48 and Fig.5.49 are the experimental results obtained using PI control to
track a sinusoidal wave of the frequency of 7H z. The normal force in this case is
set as 10N. The desired amplitude in this case is set as 120um. It can be found that
the output position of VCM is distorted due to disturbance. Fig.5.50 and Fig.5.51

Ruotong Wang



5.5 Experiment Results 130

<1074 VCM Position
T T T

—_
T

Ref
— Output

Position (m)
o

1
—_
T

1 1 1

1 1 1

10 10.1 10.2 10.3 10.4 10.5 10.6
Time (s)

1 1 1

10.7 10.8 109 11

Figure 5.40: Experimental result of position reference tracking of VCM using PI
control with reference at 5/ z and normal force of 10NV
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Figure 5.41: Experimental error of position reference tracking of VCM using PI

control with reference at 5H z and normal force of 10N
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Figure 5.42: Experimental result of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 5H z and
normal force of 10N
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Figure 5.43: Experimental error of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 5H 2z and
normal force of 10N
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Figure 5.44: Estimated lumped input disturbance obtained using traditional distur-
bance observer in position reference tracking experiment with reference at 5/ z and

normal force of 10N
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Figure 5.45: Experimental result of position reference tracking of VCM using inter-
nal model disturbance observer compensated PI control with reference at SH z and

normal force of 10N
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Figure 5.46: Experimental error of position reference tracking of VCM using inter-
nal model disturbance observer compensated PI control with reference at SH z and

normal force of 10N
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Figure 5.47: Estimated lumped input disturbance obtained using internal model dis-
turbance observer in position reference tracking experiment with reference at SH 2

and normal force of 10N
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Figure 5.48: Experimental result of position reference tracking of VCM using PI

control with reference at 7 H z and normal force of 10NV

are the experimental results obtained using traditional disturbance observer compen-
sated PI control with the same reference as for PI control. Compared with the results
obtained by PI control, the error of position tracking with compensation given by
disturbance observer is suppressed significantly. In addition, Fig.5.52 shows the es-
timated lumped input disturbance given by the traditional disturbance observer in
experiment. The fundamental period of disturbance is the same as that of the refer-
ence position signal, which is in agreement with the results of simulation. Fig.5.53
and Fig.5.54 are the experimental results obtained using internal model disturbance
observer compensated PI control with the same reference as for PI control. Com-
pared with the results obtained by traditional disturbance observer compensated PI
control, the error of position tracking with compensation given by internal model
disturbance observer is suppressed even further. In addition, Fig.5.55 shows the es-
timated lumped input disturbance given by the internal model disturbance observer
in experiment.

Fig.5.56 and Fig.5.57 are the relative errors in percentage given by different
control methods under different experimental conditions. The internal model distur-
bance observer compensated PI controller outperforms the others in terms of relative
error suppression. In addition, it can be found that for any control method, the rela-

tive error will increase with increasing frequency of reference signal.
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Figure 5.49: Experimental error of position reference tracking of VCM using PI
control with reference at 7H z and normal force of 10NV
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Figure 5.50: Experimental result of position reference tracking of VCM using tra-

ditional disturbance observer compensated PI control with reference at 7H 2z and
normal force of 10N
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Figure 5.51: Experimental error of position reference tracking of VCM using tra-
ditional disturbance observer compensated PI control with reference at 7H 2z and

normal force of 10N
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Figure 5.52: Estimated lumped input disturbance obtained using traditional distur-
bance observer in position reference tracking experiment with reference at 7H z and

normal force of 10N
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Figure 5.53: Experimental result of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at 7H z and
normal force of 10N
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Figure 5.54: Experimental error of position reference tracking of VCM using inter-

nal model disturbance observer compensated PI control with reference at 7H z and
normal force of 10N
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Figure 5.55: Estimated lumped input disturbance obtained using internal model dis-
turbance observer in position reference tracking experiment with reference at 7H z

and normal force of 10NV
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Figure 5.56: Relative errors given by different control methods in position reference

tracking experiments with normal force of 6.V
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Figure 5.57: Relative errors given by different control methods in position reference

tracking experiments with normal force of 10NV

5.6 Conclusion

The frictional load that dominates the external disturbances to the VCM on
HFRR is periodic in a reciprocating motion. By exploiting such periodicity at-
tribute, internal model disturbance observer can be constructed by embedding the
generating model of frictional load projected to the input of the plant. Compared
with traditional disturbance observer with no explicit assumption on the characteris-
tics of the input disturbance in the frequency domain, the internal model disturbance
observer can achieve a higher tracking accuracy. Both simulations and experiments
show that the traditional PI control with compensation provided by internal model
disturbance observer outperforms that with compensation provided by traditional
disturbance observer in terms of minimising the tracking error in reciprocating mo-

tions.
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Chapter 6
Conclusions and Future Work

This chapter has summarised the obtained results of this thesis and contributions.

The suggestions for future investigations are also listed.

6.1 Conclusions

This thesis is aimed to propose the motion control methods for VCM on HFRR
in Pin-on-disk reciprocating tribotest in order to solve the problem of unsatisfactory
tracking accuracy due to frictional load. In this thesis, the following works are

presented:

e The model of HFRR is constructed by combining the model of VCM and that
of friction. A DSP-based experimental platform has been built and shown in
detail. The programs for both PC and DSP are developed through automatic C
code generation for embedded processors function in MATLAB/SIMULINK

environment.

e Direct amplitude control is proposed to deal with the amplitude keeping prob-
lem of HFRR subjects to frictional load, which takes the error of the amplitude
of the position signal as the performance index rather than tracking error. It
includes an STFT based amplitude regulator module and an offset compen-
sator. The analysis shows that the error of amplitude of position signal of the

closed loop system converges to zero by applying the proposed control. The
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proposed control method is verified through experiments. It outperforms con-

ventional control in terms of amplitude keeping and harmonics suppression.

e Acceleration based control method is applied to VCM on HFRR, where the
design of a task controller that synthesise the desired system acceleration and
the construction of a disturbance compensation module that estimate and com-
pensate for the input disturbance are involved. By assuming the relatively
slow variation of frictional force and matching condition, the frictional force
that distorts the output signal can be compensated through the reduced order
disturbance observer at the input of the plant. Both simulation and experiment
results show that acceleration based control outperforms conventional control
in terms of tracking error and phase lagging in the case of tracking sinusoidal

reference.

e The frictional load that dominates the external disturbances to the VCM on
HFRR is periodic in reciprocating motions. By exploiting such periodicity
attribute, internal model disturbance observer can be constructed by embed-
ding the generating model of frictional load projected to the input of the plant.
Compared with traditional disturbance observer with no explicit assumption
on the characteristics of the input disturbance in the frequency domain, the
internal model disturbance observer can achieve a higher tracking accuracy.
In both simulation and experiments, the internal model disturbance observer
based control outperforms traditional frequency domain disturbance observer

based control in terms of tracking accuracy.

e The developed direct amplitude controller and acceleration based controller
have been successfully deployed to the company product: Sodium-potassium
alloy fretting wear tribotester, which is used to study the principle of fretting
wear within the coolant pump of the nuclear reactor. As the key component
VCM on HFRR is also applied to electromagnetic exciter and positioning
stage, the developed control methods are possible to be used in such applica-
tions. In addition, the research conducted so far does not examine schemes

on different combinations between feedback controllers and feedforward dis-
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turbance compensators. For example, the combination of acceleration based

control and internal model disturbance observer.

6.2 Future Work

The possible future work are listed based on the following ideas:

e The model of HFRR in this thesis introduces LuGre friction model with time-
invariant parameters. However, the variation of the friction coefficient can be
observed in experiments. The time-varying attribute of model parameters can
be considered in future work in order to reflect the dynamics of HFRR more

precisely.

e The direct amplitude control method does not take the disturbance explic-
itly into consideration when designing the algorithm. Disturbance attenuation
techniques can be combined with the proposed method to further improve the

performance of direct amplitude control in future work.

e The acceleration based control method applies the reduced order disturbance
observer with the assumption that the rate of change of the input disturbance is
relatively slow. It is worth studying different designs of disturbance observer
within the framework of acceleration based control, as the reduced order dis-
turbance observer, in this case, does not fully investigate the characteristics of

the disturbance.

e The internal model disturbance observer only takes the fundamental frequency
of friction into consideration for simplicity. It is worth studying the impact of
including resonant terms corresponding to harmonics in the future study on

the design of internal model disturbance observer.
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