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ABSTRACT

This project discusses the positioning control of a direct drive system. The
direct drive system is driven using an ironless permanent-magnet linear motor
(IPMLM) to directly drive the mechanism in a linear motion. Direct drive system is an
advanced technology that has been widely used in extensive area of high-speed
applications due to its simple structure, high accuracy and high speed. However, it is
highly sensitive towards the disturbances and parameter variation affected by the
elimination of the mechanical transmission elements. The existing Continuous Motion
Nominal Characteristics Trajectory Following (CM-NCTF) controller has showed its
promising positioning performance in PTP and tracking motions, however, its
performance is deteriorated, demonstrates a slow-motion in high frequency motion of
5 Hz. The main objective of the project is to design a fast positioning control for a
direct drive system to achieve a fast response at point-to-point and tracking motions at
high frequency simultaneously. As a solution, a feedforward compensator is
incorporated to the CM-NCTF controller in order to improve the following
characteristic of the control system, and thus perform smaller tracking error. The
positioning performance of the controller is validated experimentally in PTP and in

tracking motions.
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ABSTRAK

Projek ini membincangkan kawalan kedudukan sistem pemanduan langsung.
Sistem pemacu langsung dipandu dengan motor bersifat linear tanpa magnet (IPMLM)
untuk terus memacu mekanisme dalam gerakan linear. Sistem pemacu langsung adalah
teknologi canggih yang telah digunakan secara luas dalam aplikasi yang memerlukan
kelajuan yang tinggi kerana strukturnya mudah, sama sekali dengan tinggi prestasinya
dalam sifat ketepatan dan kelajuan. Walau bagaimanapun, system ini sangat sensitif
terhadap gangguan dan variasi parameter yang terjejas oleh penghapusan elemen
penghantaran mekanikal. Pengawal Ciri-ciri Trajektori Berterusan (CM-NCTF) telah
menunjukkan prestatsi kedudukannya yang menjanjikan di PTP dan gerakan
pengesanan, tetapi prestasinya telah merosot dan menunjukkan gerakan yang perlahan
dalam frekuensi yang tinggi dengan 5 Hz. Tujuan utama projek ini adalah untuk
merekabentuk kawalan kedudukan dengan pantas oleh sistem pemacu langsung untuk
mencapai tindak balas pantas pada gerakan PTP dan untuk melaksanakan gerakan
penjejakan tinggi pada frekuensi tinggi dengan serentak. Untuk meyelesaikan masalah
ini, pemampan feedforward dimasukkan kepada pengawal CM-NCTF untuk
memperbaiki ciri-ciri berikut dalam sistem kawalan, dan dengan itu menunjukkan ralat
yang kecil dalm gerakan pengesanan. Prestasi kedudukan pengawal disahkan secara

cuba dari segi pergerakan PTP dan pengesanan.
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CHAPTER 1

INTRODUCTION

1.1  Background

Unlike indirect drive system composed of rotary motor with ball screws, direct
drive system consists of a mechanical actuator that directly drives the mechanism in a
linear motion without mechanical transmission elements, such as gears and screws [1].
The mechanical transmission elements have physically limit the accuracy of the
system by introducing backlash and high compact frictions. By eliminating the use of
mechanical transmission elements, direct drive system performs a high speed and high
accuracy positioning systems. Nowadays, direct drive system has rapidly gained its
popularity- among industrial applications such as machine tools, semiconductor
manufacturing equipment, precision milling, automatic inspection machines and
aerospace manufacturing [2].

Linear motor drive system is a kind of direct drive system, thus permanent-
magnet linear motor (PMLM) can serve as direct drive motor [3]. The PMLM has
promised a lot of advantages, which are the high positioning precision and accuracy
due to its simplicity structure and achievable high-force density [4]. The force is
applied directly to the mechanism without power transmission to another part of
elements, known as mechanical transmission elements. However, as compared with
the indirect drive motor that contains transmission elements, PMLM are highly
sensitive to the disturbances and the variation of parameters [5]. The friction (Coulomb,
viscous and stiction) and the force ripples (detent and reluctance forces) are the major
nonlinearities arising from deficiencies in the basic components [6]. These problems
will directly affect the performance of the system response. In order to optimize the

positioning performance of PMLM, the positioning control of the system is essential



to perform typical requirements of the industrial applications with high-speed, high
precision and fast response. This control system is used to offset any disturbances arise,
as the system may alter the variables like velocity and displacement [7]. To minimize
these problems, there are lots of efforts have been devoted to the control system.

There are many controllers have been proposed, such as proportional-integral-
derivative (PID) controller, disturbance observer (DOB), sliding mode controller
(SMC), fuzzy logic controller (FLC), linear quadratic controller, adaptive observer and
so on. The conventional PID controller is widely used in industrial application due to
its simplicity and good motion performance. However, it has limitation performance
towards high demand for fast response with no or small overshoot [8]. The advanced
controllers such as SMC and DOB has less sensitivity to the disturbance and parameter
variations to achieve robustness and high performance of the system. But, these model-
based controllers require the exact model and the parameter identification of the
mechanism that might require a long-time consumption and the sufficient knowledge
of control system theory on design process [9, 10]. After then, an intelligent controller
such as FLC has been designed by several researchers [8, 11]. It does not require an
exact model and parameter identification. Yet, the design process is complex due to
its unsystematic approaches and high knowledge needed for the accurate tuning of
FLC [12]. Therefore, as a practical solution, a Continuous Motion Nominal
Characteristics Trajectory Following (CM-NCTF) controller has been proposed to
solve these problems. CM-NCTF controller is a practical controller which is simple to
design and it does not require an exact model and parameter identification of a
mechanism [13].

In this project, an ironless permanent-magnet linear motor (IPMLM) is used to
clarify the usefulness of the improved CM-NCTF control. The main aim of this project
is to design a fast positioning controller for a direct drive system to optimize the
positioning performance in high frequency. The performance of the controller will be
validated and examined in various motion, such as point-to-point (PTP) and tracking

motion.



1.2 Problem Statement

Mechanical systems have evolved from the screw transmission to the linear
motor driven. Compared to indirect drive system, direct drive systems offer several
advantages, and it can achieve higher speed and higher accuracy of position than
indirect drive system like ball screw mechanism, without other power transmissions to
the multiple component parts. However, direct drive system is highly sensitive to the
disturbance and parameter variation. As both friction force and cutting force are
directly acting on the motor, these disturbances could reduce the overall tracking
performance, then the efficient control strategies are critical in machine tool direct
drive application. Today, a high speed with high precision of motion control system is
requested in many industrial applications to improve their qualities and production
performances. Increasing the positioning speed and acceleration of the machine tool,
decreasing in the non-cutting times, increasing in machine productivity. There are
different controllers had been designed to improve the performance of the system.

In [14], the CM-NCTF controller has achieved a significant high tracking
performance in different sinusoidal input signals and different frequencies, as
compared to PTOS controller. As the frequency is increased at a same amplitude, or
the amplitude of the reference input is increased at the same frequency, the maximum
tracking error of the system is increased too. With amplitude input signal of 1 mm, the
maximum tracking error of CM-NCTF controller is 89.8%, 88.7%, 90.6% and 95.5%
smaller than of PTOS controller at 0.1 Hz, 1 Hz, 3 Hz and 5 Hz respectively. As
observed in the result, CM-NCTF demonstrates small tracking error with only 1.7% in
slow motion of 0.1 Hz and small working range of 0.1 mm. Therefore, the CM-NCTF
controller shows its effectiveness on positioning performance in tracking motion.
However, the maximum tracking error of the CM-NCTF controller is getting higher as
the frequency increase. The maximum tracking error at amplitude of 5 mm is increased
around 4 times from the frequency of 3 Hz increased to 5 Hz. Besides, at high
frequency of 5 Hz, the maximum tracking error is 50 times higher than sensor (encoder)
resolution, at 1 mm and 5 mm. Thus, CM-NCTF controller has demonstrated low
tracking performance especially at high frequency motion.

As discussed in [14], the CM-NCTF controller does not show any steady-state

error and overshoot in every different step input signals in point-to-point motion.



Therefore, the CM-NCTF controller is proved to be able to achieve a precise
positioning performance. However, as compared to PTOS controller, the CM-NCTF
control has shown slightly slow rise time and settling time at the large step input signal
of 10 mm and 50 mm. From the results, the rise time of CM-NCTF controller is 1.6
times and 2.5 times slower than the PTOS controller, whereas the settling time of the
CM-NCTF controller is 1.4 times and 2.3 times slower than the PTOS controller, at
10 mm and 50 mm respectively. The small control signal of the system leads to the
slow response of the system. A feedforward element is to be assumed, in control theory,
to increase the control signal, and simultaneously to fast the response of the system
without any affect to the stability of the system. Therefore, in this paper, an additional
feedforward compensator added to CM-NCTF controller is proposed to validate the

PTP and tracking motion performance of the system for high frequency 5 Hz.



1.3

Objectives

The main objectives of the project are:

1.4

To design a fast positioning controller for a direct drive system;
To validate the positioning performance of the control system in point-to-

point and tracking motions in high frequency.

Scopes

The scopes of the project are:

Vi.

Vil.

The direct drive system used in this experiment is an ironless permanent-
magnet linear motor (IPMLM).

The IPMLM has a working range of £100 mm.

AC motor driver will produce 0.128 A for each corresponding voltage applied
to drive the motor.

The voltage is limited within a maximum range of = 10V.

The sampling frequency of the controller is set to 1 kHz.

The resolution of linear encoder is 0.2 pm.

The achievable velocity of the system is £ 500 mm/s.



CHAPTER 2

LITERATURE REVIEW

2.1  Control System

Control systems have widespread applications in industries applications, from
steering ships and planes to guiding missiles and the space shuttle. There are two major
configurations of control systems, which are open-loop control system and closed-loop
control system. The performance of the control system is usually analysed in terms of
transient response and steady-state response. Steady-state response determines the
accuracy of the control system, while transient response affects the speed of the system
[15].

Today, positioning control systems play a significant part in industrial
applications such as machine tools, industrial robots, semiconductor manufacturing
system, material handling systems, electric transportation, disk drives, rolling mills,
printers, and so forth. The accuracy of the positioning system is required to achieve a
better and higher performance on the machine. In general, motion control systems can
be classified into three types, which are point-to-point (PTP), tracking and continuous
path (CP) motions. These motions are generally used to evaluate the performance of
the system. S.H. Chong and K. Sato stated that, it is required to have a controller with
a simple structure, which is easy to design, fast response, less overshoot, high
robustness performance and high accuracy and resolution [16].

Conventional PID controller is widely used due to its practical, simple and
straightforward applications. PID controller consists of proportional, integral and
derivative. The proportional-integral (PI) controller is used to improve the steady state
response by reducing the steady-state error. The proportional-derivative (PD)

controller is used to improve the transient response. PID controller is using tuning



technique to determine the gain to optimize the response. PID controller is reliable if
it is properly tuned [17]. However, this controller encounters its limitation to reach
higher precision performance and system robustness. To improve this controller,
different advanced controllers were designed.

Sliding mode controller (SMC) provides a simple and systematic way to
achieve robust control system. SMC implements a high-speed discontinuous switching
operation [18]. SMC has less sensitivity to the disturbance and parameter variations,
and even disturbance rejection. However, SMC suffers from chattering or vibrating
that lead to the limitation of practical application. Vibrating leads to low control
accuracy, high heat losses in power circuits, and high wear of moving mechanical parts
[18]. It may also excite unmodeled high-frequency dynamics, which degrade the
performance of the system [19].

Disturbance observer-based controller (DOB) can estimate a disturbance and
reject the disturbance without affecting performance. A disturbance compensation
method of disturbance observer (DOB) was proposed by Satoshi, et al. for direct drive
motor [5]. DOB showed a precise and high-performance path tracing control and force
control. In [20, 21], a proportional derivative (PD) with disturbance observer (PDDO)
was proposed to compensate a direct drive system. PDDO showed its robustness
against disturbance and parameter variation in direct drive system compared to PID
controller. However, these controllers are model-based controllers, where the system
performance is depending on the accuracy of the identified model and the parameters
used [22]. Therefore, these advanced model-based controllers are complex design and
time-consuming, results the unreliability applications in the industry.

Fuzzy logic and neural network techniques are extensively implement in
machine tools applications. the fuzzy logic control (FLC) and artificial neural network
(ANN) do not require a mathematical model of the system. Artificial neural network
(ANN) offer the possibility of solving the tuning problem [23]. In [24], an adaptive
fuzzy-neural-network controller (FNNC) is developed to a brushless drive system. The
FNNC performed a better dynamic performance with shorter settling time and no
occurrence of overshoot. The neural network is implemented to minimize the error
signal as compared to Pl controller. The usage of neural network is critical for
improvement of PID controller. In [25], a neural sliding mode controller composed of
RBF neural network control and sliding mode control was designed to eliminate the

SMC chattering problem. Besides, a neural-network-based feedforward controller was



presented to improve positioning performance in the presence of friction and force
ripple that lead to the inaccuracy motion system performance [26]. However, the
stability of the overall system cannot be guaranteed and it is complex design due to
their unsystematic approaches [27].

Nominal characteristics trajectory following (NCTF) controller consists of
three generations, which is NCTF, continuous-motion NCTF (CM-NCTF) and
acceleration reference CM-NCTF (AR-CM NCTF). NCTF controller is composed of
NCT and a Pl compensator. These controllers were proposed on many applications,
including one mass rotary system [13], two mass point-to-point (PTP) rotary
positioning system [28] and ball screw mechanisms [29, 30]. NCTF controller is a
practical controller as it does not require an exact model and parameter identification.
NCTF controller is independent of friction characteristic [31]. CM NCTF is an
advanced NCTF controller that has been improved the performance of the motion
control system in tracking and contouring motions with retaining of PTP motion. CM
NCTF is appropriated in all motion control [32]. A CM-NCTF controller with
additional of velocity feedforward element was simulated in [29] to clarify its tracking
motion performance using an AC driven X-Y ball screw mechanism. Based on the
simulation results, it was shown that the proposed controller did improve the tracking
performance by reducing the maximum tracking error in high frequency with both
small and large working range.

Conventional two-degree-of-freedom (2-DOF) controller consists of a PID
compensator and feedforward (FF) element and a feedback compensator for high
performance and motion accuracy. PID compensator was designed as a serial
compensator, whereas the feedback compensator was designed with pole placement
method and the feedforward element was designed based on the simple inverse model
of the device [33, 34]. In 1996, the method of designing 2-DOF PID position controller
was proposed for linear servo motor drive systems in consideration of the position
reference, disturbance, the positioning accuracy and the frequency response on the
disturbances and the variation of loads [35]. This controller was using the tuning
method, and the control parameters can be gained with the simple calculations. Based
on the results, the proposed controller is robustness towards model error and
disturbances, besides obtaining the better transient characteristics with no transient
vibration, no overshoot and short settling time. Besides, this controller also has been

proposed to perform positioning control on an AC servo ball screw driven XY table



[36]. The results had proved the effectiveness of the proposed controller on the
tracking performance comparing to the 1-DOF PID controller. A 2-DOF controller
with a Disturbance Observer-Based (DOB) was proposed in [37] for disturbance
suppression and error reduction. DOB controller, using disturbance estimation
techniques, is added for disturbance attenuation and compensation of mechanism
uncertainty. A Q-filter, which has been identified as a low pass filter is added to an
inverse-model-based DOB to retain the stability by removing the noise and
disturbances [21, 38].

Feedforward control is located outside the closed-loop system, and can be
designed independently. Therefore, it does not affect the stability of the (feedback)
system. In control theory, a feedforward element will increase the control signal. Thus,
this control can make a substantial improvement in system, for instant the rapid system
response. Feedforward control is an advanced approach that provides enhanced
disturbance rejection capability, and it is basically used to reduce the effect of
measured disturbances and improve set-point tracking using the process input signal
[39]. The exact model and accurate model parameter are required to design a
feedforward controller. Feedforward controllers have been used to supplement the
feedback controllers under acceptable modelling uncertainties. Additional of
feedforward elements brings advantage of transient response [40]. There are two
designs of feedforward elements, which are updated control (UC) and updated
reference (UR). The feedforward element is added at the input before the plant of the
system is called UC, whereas UR means that the added feedforward element is the
updated reference. Feedforward filter elements have been proposed for the
improvement of tracking performance, but they are sensitive to model errors.

There are several feedforward controls can be found, for example, friction-
model-based feedforward approach, Hz/Hoo combined feedforward/feedback
controllers, learning feedforward controller, p-optimal feedforward controllers,
adaptive feedforward, feedforward with Zero-Phase-Error-Tracking (ZPETC),
feedforward linear quadratic regulator (LQR), Iterative Learning Control (ILC).

A linear model-based feedforward control for improving tracking performance
of linear motors was proposed and showed the reduction of the tracking errors due to
the limitation of the closed-loop bandwidth from experimental results [41]. In point-
to-point (PTP) movement, the settling times of large working range are reduced with

the existence of feedforward control [42]. A 2-DOF with feedforward compensator
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was designed using coprime factorization approach to improve the transient response
of ball screw mechanism. A predictive feedforward PID (PFPID) is an approach that
was proposed to achieve fast settling time and limit the overshoot. Acceleration and
velocity feedforward are always tuned with a simple gain. This type of feedforward

controller usually used to improve the tracking performance of the system.
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2.2  CM-NCTF Controller Control Concept

Figure 2.1 shows the structure of CM-NCTF controller. CM-NCTF stands for
Continuous-Motion Nominal Characteristics Trajectory Following. The CM-NCTF
control consists of two elements, including Nominal Characteristics Trajectory (NCT)
and a Proportional-Integral (PI) compensator. NCT serves as a motion reference,
which is constructed on a phase plane, based on the open-loop configuration which
contains the characteristics of the mechanism. It is constructed using the open-loop
deceleration motion of the mechanism. The Pl compensator is designed based on the
information from NCT, and serve as a motion controller, to ensure the system motion
follows the NCT and stop at the origin of NCT. The control law of CM-NCTF

controller is same with the conventional NCTF as shown below:

U (S) = (Kp + ﬁjUp(S) (21)
S
where
Un(s) = SE(S) — Enct(s) (2.2)
E(s) = Xr(S) — X(S) (2.3)
and
Enct(s) = N(e) (2.4)
CM-NCTF Controller
: NCT :
X, N Q U U(s) X(s)
o _{f\ E©) : —QK (e.) o Kp"‘% : » Mechanism s
1 + 1
1 — E(s) Compensator |
[ 1 S | 1
L o e e o o e e e e e e e D __ 1

Figure 2.1: Block diagram of CM-NCTF controller structure
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Figure 2.2 shows the constructed NCT on phase plane with the displacement
and velocity curve. The inclination of the NCT near origin is known as g, refers to
the following characteristics of the controller. The mechanism motion is divided into
two phases, which is reaching phase and following phase. When the mechanism
motion is not at the desired path, signal upy exists, which is the difference between the
location of the mechanism motion and the desired trajectory path (x — x,.). The PI
compensator controls the mechanism motion to reach the trajectory by reducing up.
When the mechanism motion reaches the desired trajectory path, up then become zero.
This phase called reaching phase. Following phase means that PI compensator controls

the mechanism motion to follow the trajectory of NCT and stops at the origin.

Error rate, ¢
(mny/s)

F 3
Phase
Plane

T » Error, e (mm)

L_ Reaching
X Phase

(e’ _x) .\
,’l up Object
/

(ei _xr)

Following ~1
Phase

Figure 2.2: Phase on NCT
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2.3 Direct Drive System

Mechanical drives system technology has evolved from the conventional
electromechanical feed drive system to direct drive systems to improve the drive
performance. There are several types of mechanical drive machine in machine tools,
which commonly are rack and pinion system, ball screw drive system and linear direct
drive system [43, 38]. Rack and pinion drives (RPD) are linear actuators, virtually
unlimited maximum length of the travel and constant dynamic characteristics along
the travel [44] as shown in Figure 2.3. Ball screw drive (BSD) system is conventional
electromechanical drive system, contained a rotary motor with a transmission element
to the slide [45] as shown in Figure 2.4. The transmission element is used to convert
the rotary motion into linear motion. This kind of setup has leads to some
disadvantages, such as backlash and friction derived from mechanical reduction gear.
The pitch tolerances of the element generate transmission errors that may reduce the
tracking accuracy. Therefore, the application of conventional electromechanical drive

system is limited for a high demand of position, speed and position accuracy [46].

Rack Gear

Figure 2.3: Rack and pinion drive system
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Figure 2.4: Ball screw drive system

Linear motor is a kind of direct drive system, which is introduced as an
enhancement of ball-screw drives system [38] as shown in Figure 2.5. Direct drive
systems do not have mechanical transmission device such as screws or gears between
motor and the load. By eliminating gear related problems like backlash and friction
derived by transmission elements, direct drive system offers high speed and high
tracking performance requirements to industry over conventional electromechanical
drive system. However, the positioning and tracking accuracy of the system both are
also influenced by the disturbance and parameter variations at same time. The first
natural frequency normally associated with the ball-screw drive is removed thus
extending the bandwidth of the system [38]. This kind of drive system is used when

the positioning or tracking performance is required as in high speed machine tools.

Figure 2.5: Linear direct drive (LDD) system
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2.4 Structure and Working Principle of Linear Motor

The linear motor has similar working principle as rotary motor. Professor
Laithwaited stated the linear motor is an “unwrapped rotary motor”, where the rotary
motor has rolled out flat as illustrated in Figure 2.6 [47]. Linear motor has its
unwrapped and laid out flatted stator, and the moving “rotor” that moves past it in a
straight line [48]. Linear direct drive motors are a frameless permanent magnet, three
phase brushless servo motor [49]. For brushless linear motor, magnet is in the
stationary (primary part) while the coil assembly (armature coil) is in a motion
(secondary part) [50].

Air gap Rotor

Stator Rotary
Motor

Armature

windings

Permanent
magnets Linear
Motor
Armature Mover
windings /
Permanent \\
Magnets W / Air gap
Base

Figure 2.6: Illustration of "unwrapped" rotary motor of linear motor [51]
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Based on the right-hand rule of electromagnetic law, a current moving through
a coil creates a magnetic field. This field is called electromagnetic field. According to
Lorentz’s force, a current carrying conductor placed in a magnetic field will experience
force. This force generates a linear motion by moving the mover, called thrust force.
The thrust force is produced by the interaction between the permanent magnetic field
and the electromagnetic field of the three-phase windings. The thrust force is
proportional to the magnetic field and the phase currents.
Thrust force, Frust = Knla (2.5)

where
Furust = thrust force applied to the mover (N)
Km = motor force constant (N/A)

la = current applied to the system (A)

K.K. Tan et al. [6] stated that the nonlinear properties underlying a linear motor
system are the friction (Coulomb and viscous) and force ripples (cogging and
reluctance forces) arising from inadequacies of the components. Cogging also known
as detent or ‘no-current’ force, that caused by the interaction between the permanent
magnet and the iron-cores. Cogging is negligible for iron-less motors [52]. Reluctance
force occurs when the current flows, which causes a position dependent forces [53].
Based on [5], the disturbance forces can be assumed as an equivalent force by the
unified approach as the parameter of the disturbance forces change irregularly. The
friction force is modelled with a kinetic friction model. In the kinetic friction model,
the friction force is assumed to be an equivalent friction force, which is dependent of
velocity.

Friction force, Fwi=bv (2.6)
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Therefore,
Fri = bx 2.7)

where
Fwi = equivalent friction force generated (N)
v = velocity (m/s)
b = friction coefficient (Ns/m)

X = position of the mover (m)

Based on Newton’s Law, a load can only accelerate when there are forces on
the load. This force is known as mass variation disturbance. Parameter of mass is a
measure of resistance to acceleration. Therefore, the more the mass of the load, the

greater the force needed to accelerate the load, thus the greater the acceleration of the

motor.

Inertial force, Fi=Ma (2.8)
Therefore,

Fi = MX (2.9)
where

Fi = inertial force
M =mass of the load (kg)

a = acceleration (m/s?)
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The transfer function of the system is determined by using a mass-damper-
spring representation as shown in Figure 2.7. The free body diagram of the system is
shown in Figure 2.8. The dynamic equation of the motion can be described by

MX(t) + bx(t) = Knla(t) (2.10)

Transfer function of the system in frequency domain can be described by

X (S) _ Km
la(s) Ms®+bs

(2.11)

M

' @™

Figure 2.7: Dynamic model of direct drive system

MS2 -—

K L —=M
bs =—

Figure 2.8: Free-body diagram of the direct drive system

Disturbance

Lo | + +é 1 X(s)
—> -
m Ms? + bs

Figure 2.9: Block diagram of direct drive system
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter discusses the method used in order to achieve the objectives of
the project. The experimental setup is first introduced, then followed by the system
modelling. After that, the system design procedure is discussed, which is divided into
three parts. In phase 1, the open-loop and closed-loop of uncompensated system are
explained with different input signals to evaluate the behaviour of the uncompensated
system. The simulation and experimental responses of the open loop system are
examined. In phase 2, the CM-NCTF controller is designed. In phase 3, an additional
velocity feedforward element is added to the CM-NCTF controller to be compared
with the alone CM-NCTF controller.

Table 3.1: Design procedure of the IPMLM system

Phase Design
1 Uncompensated open-loop and closed-loop constructed
2 CM-NCTF controller designed
3 Additional of feedforward element into controller
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3.2  Experimental Setup

The experimental setup of an ironless permanent magnet linear motor (IPMLM)
system is illustrated in Figure 3.1. The system consists of following components: a
linear motor system, personal computer (PC) with Microbox 2000/2000C and encoder
interface. Microbox 2000/2000C is a type of microcontroller, a data acquisition unit to
send and receive the signal via Ethernet cable attached to PC. The linear motor system
Is composed of a U-shaped ironless permanent-magnet linear motor (GLM5001)
assembled with two linear guide tracks, and an AC servo driver (GTHD-0062AAF1)
which operates in current mode. A linear encoder (RENISHAW RGH24W30D33A)
acts as a position feedback which is attached to the mover to measure the displacement
of the mover. The specifications of the linear motor are listed in Appendix B. Appendix
C shows the pin connection of the direct drive system (IPMLM) to Microbox
2000/2000C.

The motion operation of the system is simple. PC communicates with
Microbox (microcontroller) using xPC Target module in Simulink to conduct a real-
time simulation. Controller sends the voltage input signal to the ac servo driver based
on the command given to produce a linear current of 0.128 A/V to drive the IPMLM
mechanism. The controller has a maximum range of £ 10V with sampling frequency
of 1 kHz. The IPMLM mechanism is then driven by an AC servo driver (motor driver)
in current controlled mode. The displacement of the IPMLM is measured by a linear
encoder with resolution of 0.2 um. Owing to the limitation of the linear encoder, the

velocity of the IPMLM can only be achieved at + 500 mm/s.

PC
(real-time target)
IPMLM

AC servo driver

Current
command (A)

Digital = ﬁ—« Analog
signal D signal (V)
—— \ —_—
|
= [ e

Data log

Encoder information (mm)

Figure 3.1: Experimental setup of IPMLM system
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3.3 System Modelling

The motor considered are brushless permanent magnet linear motor (IPMLM)
with epoxy cores. A linear motor consists of a stator and a mover. The motor has a
closed magnetic path through the gap since two magnetic plated “sandwich” the coil
assembly. The stator induces a multipole magnetic field in the air gap between the
magnetic plates. The magnet assembly consists of rare earth magnets, mounted in
alternate polarity on the plates. The electromagnetic thrust force is produced by the
interaction between the permanent magnetic field in the stator and the magnetic field
in the translator driven by the current of the servo amplifier. The linear motors under
evaluation are current-controlled three-phase motors driving carriages supported by
roller bearing. The mechanism and structure of IPMLM are shown in Figure 3.2 and
Figure 3.3 respectively.

Stator

Armature 4
Linear
with epoxy .
guide
core

Figure 3.32: Ironless Permanent-Magnet Linear Motor (IPMLM) mechanism

Armature windings Mover

/ Load

Permanent Magnets

[ 1
\ Epoxy

Base

Figure 3.3: Structure of ironless permanent magnet linear motor (IPMLM)
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Using mass-damper-spring representation in Figure 3.4, the dynamic equation
of the motion of IPMLM can be described as (3.1) and simplified to (3.4);
MX(t) + bx(t) = KmKau(t) (3.2)

K and « are expressed as

K:JTTa (3.2)

a:ﬁ— (3.3)
Rewrite (3.1),

%(t) + ax(t) = Ku(t) (3.4)
where

M = load mass (kg)
b = friction coefficient (Ns/mm)
KmKa = force constant of the motor (N/V)

u = voltage input to the motor (V)

The simplified model of IPMLM in frequency domain can be described by
(3.5).

X(s) K
UGs) s(s+a)

(3.5)

K, K,u
b

Ju_ Q)

Figure 3.4: Dynamic model of direct drive system IPMLM
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3.4  System Design Procedure

Phase I: Open-loop and closed-loop constructed of uncompensated system.

The simulation parameter of IPMLM system is depicted in Table 3.2. The
experimental and simulation result response are both observed and depicted in Figure
3.5 [54], using duty cycle of 0.05 s, and amplitude signal of 6 V and 8 V. Figure 3.5
shows that the described model parameters seem to be similar as the real plant
parameters. However, the maximum friction may vary from experiments to
experiments, thus the value of Fmax is slightly adjusted. A rectangular input signal is
used in open loop, to drive the mechanism (IPMLM) to measure the displacement and
velocity. Then, the output signal is observed with different input signals (2 V, 3 V and
5V) and duty cycles (0.1 s and 0.3 s). In closed loop, a step input signal is used with
a unity feedback for correction purpose. The transient behaviour is observed with 0.1
s of duty cycle and different input signals (1 mm, 3 mm, 5 mm, 7 mm, 9 mm and 10

mm).

Table 3.2: Model parameters of IPMLM

Symbol Description, unit Value
M Load mass, kg 3
Km Force constant, N/A 33
Ka Voltage-to-current gain, A/V 0.128
b friction coefficient, Ns/mm 10

Fmax Maximum friction, N 4.35
Ts Sampling time, ms 1
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Phase II: CM-NCTF controller designed.

The structure of CM-NCTF controller is presented in Figure 3.6, and its design
procedures is discussed as in [14]. The design procedures of CM-NCTF controller is
similar with a conventional NCTF controller as discussed in [9, 30, 55], comprised of
three major steps as following:

a. Drive the mechanism with a suitable input in open-loop configuration.

A suitable rectangular input signal is used to drive IPMLM in open loop and
the corresponding displacement and velocity are measured, the input signal is
2 V with 0.1 s of duty cycle, as shown in Figure 3.7. The parameters of the

open loop configuration are presented in Table 3.3.

b. Construct the NCT on phase plane with obtained open-loop response.
NCT is constructed on a phase plane using the displacement and velocity
obtained from open-loop response during deceleration, as shown in Figure 3.9.
The inclination of NCT near origin (slope) is referred as § equals to 558 s, is
taken to be used in this experiment. A low pass filter is added to reduce the

noise from the derivation action for high frequency.

c. Design PI compensator based on open-loop responses and NCT information.
A practical stability analysis is determined to select a suitable parameter of Pl
compensator. The values of K, and K; of the PI compensator are 0.24 VVs/mm
and 2.69 V/mm respectively based on the stability analysis shown in Figure
3.10. A conditional freeze anti windup is added to reduce the overshoot caused
by the integrator [9]. The structure of CM-NCTF with anti-windup element

control is depicted in Figure 3.11.

Xi{s) /N E(s) P N U 8) K+ K U(s) K X(s)

-+ ++\x/ P s s(s +a)

[

Figure 3.6: Block diagram of CM-NCTF controller
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Figure 3.8: Open loop response of 2 V input signal with 0.1 s of duty cycle

Table 3.3: Parameters of the IPMLM open loop response

Parameters Description, Unit Value
Ur Amplitude of input signal, V 2
tr Time width of the input signal, s 0.1
tf Total time of motion, s 0.2
Xt Final displacement, mm 21.4
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In Figure 3.9, the relationship between error rate, é and error, e can be written as

Aé ~
o -m=p (3.6)

Comparing the overall transfer function of compensated system with a general second
order equation is given as (@ = S when derivative of reference equals zero);
X(s)  KKs+KK  2{wns + an’

=— =— (3.7)
Xr(s) 87+ KpKs + KiK % + 28@nS + Wn*
The gain compensator of K, and K are given as
Zé/a)n
Kp = 3.8
=" (38)
Ki= o (3.9)

K
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Phase I11: Additional of feedforward element on CM-NCTF controller.

The velocity feedforward method is used and evaluated in this experiment. The
positioning performance of the compensated system is evaluated in point-to-point
(PTP) and tracking motion, to show the effectiveness of the add-on feedforward
elements on the system. The experiment is conducted by using the large working range
of step input of 30 mm and 50 mm, and high frequency of sinusoidal input of 5 Hz.
This section is to introduce an alternative approach, see whether it is suitable to address
the control design problem.

The structure of the CM-NCTF with velocity feedforward controller is
presented in Figure 3.12. This structure shows that the feedforward signal, x- can help

the mechanism to move faster. Based on [29], the largest feedforward gain, Ki to be

used in the experiment is based on £, which is 0.0035 Vs/mm, referring to 3 There

are another two gains of 0.00015 and 0.00020 VVs/mm are to be used in tracking motion

with only 1 mm input signal.

CM-NCTF with velocity feedforward controller

1
|
|
I
|
1
|

X,(s) U(s) K X(s)

s(s+a)

Anti
—* .
windup

Figure 3.12: Structure of CM-NCTF controller with a velocity feedforward



30

CHAPTER 4

RESULTS AND DISCUSSION

4.1  Uncompensated System Response Analysis

In an open-loop system, the output signal cannot be measured as there is no
feedback for comparison with the input signal. So, the system just follows its input
command signal regardless of the final result. When the duty cycle of the system is set
from 0.1 s to 0.3 s with the same amplitude of 3 V, the system decelerates non-
smoothly as shown in Figure 4.2 (b). It is due to the limitation of the device, besides
with the large displacement and high velocity. In this experiment, the achievable
velocity of the IPMLM is only = 500 mm/s. Therefore, each input signal should be
taken under consideration to fix an operating position in an open loop system, so the
system moves smoothly. In closed-loop system, at step input signal of 1 mm, the
overshoot percentage of the system is small with only 0.13%. However, the rise time
is 0.06 s, very slow response. At step input signal of 5 mm, the overshoot percentage
of the system is quite high which has increased to 75.52%. However, the rise time is
0.04 s, fast response. Thus, it can be concluded that, as the step input signal increase
(becomes large), the overshoot percentage and the settling time also increase, but the
rise time decreased.

It is important to implement controller to regulate the behaviour of the system
to achieve a fast rise time, minimum overshoot with small steady-state error. The
implemented controller should reduce the overshoot percentage and steady-state error,
and reduce the rise time simultaneously to enhance the system performance. The
controller to be designed is CM-NCTF controller with velocity feedforward element,
and the its positioning performance will be evaluated in terms of point-to-point (PTP)

and tracking motion.
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Figure 4.3: Uncompensated closed-loop behaviour with different input signals

Table 4.1: Uncompensated closed-loop behaviour with 0.1 s of duty cycle in

different input signals

Input Signal | Rise Time Settling Overshoot Steady-state
(mm) (s) Time (s) Percentage (%) Error
1 0.06 0.20 0.13 0.08
3 0.04 031 58.75 0.09
5 0.04 0.63 75.52 0.03
7 0.04 0.64 73.43 0.19
9 0.04 0.84 84.14 0.17
10 0.04 1.27 97.20 0.44
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4.2 Analysis of Positioning Performance of Compensated System

The additional of velocity feedforward method is evaluated in this experiment
by comparing with the alone CM-NCTF controller. The positioning performance of
the compensated system are evaluated in point-to-point (PTP) and tracking motion, to
show the effectiveness of the add-on feedforward elements on the system. The large
working range of the step inputs of 30 mm and 50 mm are to be used to be examined
in PTP motion, whereas the high frequency of sinusoidal input of 5 Hz with amplitude
of 1 mm and 5 mm are to be used in tracking motion.

The CM-NCTF controller with and without velocity feedforward is simulated
to IPMLM. The positioning performance of CM-NCTF with and without velocity
feedforward gain are examined through experimental. The transient response of the
system compensated using CM-NCTF controller with additional velocity feedforward
element are presented in Table 4.2. The transient response included are rise time,
settling time, percentage overshoot and steady-state error. The tracking response of the
system is presented in Table 4.3 and 4.4, using same frequency of 5 Hz with different
velocity gain. The evaluation is taken through comparison between CM-NCTF with

and without velocity feedforward element.
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Table 4.2: Transient analysis of CM-NCTF controller without and with velocity

feedforward K =0.0035 Vs/mm in different input signals

Reference (mm)

Error (um)

Input . . . Overshoot
Signal Controller Rlse(;;lme _Is_?rtrf(l; r(]g) Percentage stz?ttsaEdr%-or
(mm) (%0)
CM-NCTF 0.46 0.62 0 0
30 CM-NCTF
with 0.46 0.62 0 0
velocity
feedforward
CM-NCTF 0.71 0.94 0 0
50 CM-NCTF
with 0.71 0.94 0 0
velocity
feedforward
:— - =Reference CM-NCTF — - =Reference CM-NCTF

|——— CM-NCTF with velocity feedforward|

30

1.18
Time (s)

1.20

(@) Step input of 30 mm

|—CI\#‘I-NCTF with velocity feedforward

Reference (mm)

Error (um)

0.04

0.02 |

Error (um)

0.00 |

1.52

1.54

Time (s)

1.56

(b) Step input of 50 mm

Figure 4.4: Transient response of CM-NCTF with and without velocity
feedforward Ki =0.0035 Vs/mm
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Table 4.3: Maximum tracking error of CM-NCTF controller without and with

velocity feedforward K =0.0035 Vs/mm in amplitude variation for 5 Hz frequency

Maximum Error, Emax (um)
Frequency (Hz) | AMPlitude CM-NCTF with
(mm) CM-NCTF velocity
feedforward
50 1 154 15.1
' 5 79.0 116.0

Displacement (mm) Displacement (mm)

Error (um)

o

o

— - —Reference

CM-NCTF

—— CM-NCTF with velocity feedforward

1 T

N [ N P . I N
1%.0 0.2 0.4 0.6 0.8

Time (s)

T2

(a) Reference sinusoidal of 1 mm

— - —Reference
—— CM-NCTF with velocity feedforward

CM-NCTF

[6)]
- T
>

o

I
Q(.h

&~
© o

b
@

Displacement (mm) Displacement (mm)

120 |

Error (um)

; o))
o O
LI

)]
o
T

o
of

0.2

“04 06 08 10 12

Time (s)

(b) Reference sinusoidal of 5 mm

Figure 4.5: Experimental tracking response of CM-NCTF with and without

velocity feedforward element Ki =0.0035 Vs/mm for 5 Hz
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Table 4.4: Maximum tracking error of CM-NCTF controller without and with

velocity feedforward in 5.0 Hz and 1 mm with different feedforward gain, K

_ Maximum Error,
Frequency (Hz) | Amplitude (mm) K (Vs/mm)
Emax (M)
0.00015 14.6
5.0 1

0.00020 13.9

- Reference CM-NCTF - —Reference CM-NCTF
’_— CM-NCTF with velocity feedforward ;_— CM-NCTF with velocity feedforward

T M T v T M T v T T v Ll L) v T M 1

Displacement (mm) Displacement (mm)
Displacement (mm) Displacement (mm)

Error (um)
Error (um)
(]

-10

' 2 A 1 " 2 " " i A 1 n i i
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 06 0.8 1.0 1.2

Time (s) Time (s)
(@) Ki =0.00015 Vs/mm (b) K# =0.00020 Vs/mm

Figure 4.6: Experimental tracking response of CM-NCTF with and without
velocity feedforward element for 5 Hz and amplitude of 1 mm with different

feedforward gain

When the step inputs of 30 mm and 50 mm are applied to the system, the
proposed controller does not show any different or improvement compared to the CM-
NCTF controller as shown in Table 4.2 and Figure 4.4. The system does not contain
any overshoot and steady-state error. However, the transient response of the system
remains the same, very slow motion. Therefore, it can be concluded that the additional
velocity feedforward element does not show any effective on the system in point-to-

point motion.
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In tracking performance, the frequency of the sinusoidal input used is 5 Hz,
with sampling time of 1 millisecond. The amplitude of the sinusoidal input is firstly
set to 1 mm and 5 mm. The maximum velocity feedforward gains used is 0.0035
Vs/mm. The maximum peak error of the CM-NCTF controller and CM-NCTF with
velocity feedforward controller at 1 mm are 15.4 micrometre and 15.1 micrometre
respectively. It seems that the velocity feedforward has perform slightly tracking
improvement on the system as shown in Figure 4.5. However, Table 4.3 shows that, at
the high reference input of 5 mm, the maximum tracking error has increased nearly
45 % by adding the velocity feedforward element inside the system. When the system
moves at very high motion of 5 Hz at high input signal of 5 mm, the friction occurs
and cause the system noisy, leading to non-smooth and inaccuracy of the positioning
performance. Therefore, the large working range of 5 mm at high frequency is not
suitable to be used, due to noise and restrictions of the system (encoder resolution is
0.2 um and working range of the motor is only £ 100 mm). Next, the experiment is
conducted using only one small sinusoidal input signal of 1 mm.

Then, using the tuning method, the feedforward gain is changed to 0.00015
Vs/mm. The CM-NCTF with velocity feedforward controller has a maximum tracking
error of 14.6 um as shown in Table 4.4. The tracking error is decreased only 0.8
difference compared to CM-NCTF controller with large error of 15.4 um. The gain is
once again tuned to a slightly high to 0.00020 Vs/mm. The maximum tracking error
of the proposed controller (CM-NCTF with velocity feedforward) decrease around 10 %
as compared to the only CM-NCTF controller. Figure 4.6 shows the experimental
tracking response of the proposed controller with different gain at 5 Hz, compared to
the CM-NCTF controller. Since the CM NCTF with velocity feedforward controller
has achieve slightly reduction on the tracking error as the sinusoidal input signal
supplied, it shows that the CM NCTF with velocity feedforward controller has
contribute a slightly faster response compared to the CM NCTF controller as

expectation in tracking motion, but not in point-to-point motion.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

51 Conclusion

From [14], the CM-NCTF controller has achieve a good performance in point-
to-point motion with zero steady-state error and overshoot occurrence. However, the
CM-NCTF controller shows the slower speed response with long rise time and settling
time. Besides, with existence of CM-NCTF controller only, the motion performance
showed the low tracking performance at high frequency motion [29]. Thus, an
additional of feedforward element on the system is proposed to improve the
positioning performance.

In this project, a CM-NCTF with velocity feedforward element controller is
implemented to ironless permanent-magnet linear motor (IPMLM), and the
positioning performance are then evaluated and examined in point-to-point and
tracking motion. However, the experimental results show that the CM NCTF with
velocity feedforward gain could not improve the transient response in point-to-point
performance and it has less influence in tracking performance as the amplitude of the
sinusoidal is varied at high frequency. As the frequency of the reference signal
increased, the velocity of the system will increase, and same to relative viscous friction,
thus the dynamic model of the plant will be changed. As a conclusion, the CM-NCTF
controller with velocity feedforward element managed to compensate the small
variation and has the smallest tracking motion error, but it is impractical at high
amplitude signal with high velocity. In large working range (displacement), the
actuator saturation problem may happen since the working range of the linear motor is
only + 100 mm, that may lead to the deterioration of the positioning performance of

the linear motor.
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5.2 Recommendation

From the experiment, the additional velocity feedforward element shows a
small improvement on the tracking performance but it does not show a great impact in
PTP and tracking motion on the system. Thus, it is advised to use a suitable controller
to highly improve the positioning performance of this kind of the system (direct drive
system). In future, it is suggested to implement an optimal feedforward method to
improve the tracking performance, especially in high frequency. A more systematic
design methods for the feedforward is important to be used to achieve the performance.
However, the optimal feedforward method requires a deep understanding on control
knowledge and consist of model-based design, that may consume longer time to obtain
the accurate and exact model parameters. The performance accuracy depends on the
accuracy model identification.
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APPENDICES

APPENDIX A

Positioning Performance Of CM-NCTF Controller Compared with PTOS
Controller

Table A-1: Transient analysis of CM-NCTF and PTOS for 10 times repeatability in
different step height

. Performance Controller
Step Heightiugil index CMNCTF PTOS
Trise, S 2.04 x 107 9.60 x 1072
0.1 Tsettle, S 8.90 x 102 N/A
' %0S, % 0 0
SSE, pm 0 7
Trise, S 7.20 x 102 8.10 x 1072
1 Tsettle, S 9.60 x 107 1.30 x 101
%0S, % 0 0
SSE, pum 0 7.66
Trige, S 2.30x 101 1.4 x 101
10 Tsettle, S 3.10x 101 2.20 x 101
%0S, % 0 0
SSE, um 0 6.94
Trise, S 7.10 x 101 2.80 x 101
50 Teettle, S 9.40 x 10 4.1x10?
%0S, % 0 0
SSE, um 0 9.88

*N/A denotes not available
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Table A-2: Maximum error and root-mean-square error of CM-NCTF and PTQOS for

10 times repeatability in tracking motion

Freq.
(H2)

Amplitude
(mm)

Controller

€max (M)

€rms (M)

Average

Standard
Deviation

Average

Standard
Deviation

0.1

0.1

CM-NCTF

1.73

4.11 x10?

4.06 x10

2.13 x10°8

PTOS

3.62 x10*

9.72 x10*

2.80 x10*

5.05 x10

CM-NCTF

4.68

1.44 x101

1.10

6.8 x10°°

PTOS

4.59 x10!

5.58 x10*

3.60 x10*

1.79 x101

50

CM-NCTF

1.51 x10*

8.12 x10*

2.92

3.11x107?

PTOS

3.67 x10?

1.59

2.47 x10?

5.28 x10*

0.1

CM-NCTF

6.16

8.89 x10°2

2.41

1.04 x107?

PTOS

3.87 x10!

4,13 x10*

2.96 x10!

1.93 x101

CM-NCTF

9.97

2.44 x10*

3.57

4.41x107?

PTOS

8.83 x10?

4.39 x10*

6.71 x10!

1.77 x101

50

CM-NCTF

2.04 x10*

6.33 x10"

B9

2.93 x10?

PTOS

7.68 x10°

3.07

4.91 x10°

4.76 x101

1.5

50

CM-NCTF

B0

1.16

2.09 x10*

1.62 x101

PTOS

1.46 x10*

3.04

9.61 x10°

6.10 x10*

CM-NCTF

1.20 x10t

3.90 x10*

4.92

7.03 x10?

PTOS

1.28 x10?

1.36

8.61 x10!

9.93 x10%2

CM-NCTF

1.95 x10*

1.94 x101

9.91

3.03 x10%

PTOS

9.97 x102

9.16 x10*

7.02 x10?

1.71 x10%1

0.1

CM-NCTF

8.50

2.65 x10*

4.07

1.05 x101

PTOS

5.86 x10!

2.62 x10*

4.02 x10*

2.97 x10°?

CM-NCTF

1.54 x10*

6.83x10

7.30

1.09 x101

PTOS

3.39 x10?

1.12

2.28 x10?

3.96 x10?

CM-NCTF

7.90 x10*

5.60 x10!

4.85 x10!

2.47 x101

PTOS

1.98 x10°

1.55

1.36 x10°

2.13 x101
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Table B: Specifications of linear motor (IPMLM)
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Parameters Values Units
Continuous Force 75 N
Continuous Current 2.3 A
Peak Force 225 N
Peak Current 6.9 A
Grating Resolution 0.1 pm
Effective Stroke 155 mm
Positioning accuracy 1 um
Maximum Speed 1 m/s
Maximum Acceleration 10 F
Maximum Load 8 kg
Dimensions 140 x 400 x 75 mm
Weight 8.0 kg
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Table C: Pin connection of direct drive system to Microbox

50

CN1 (Female)

Pin Abbr. Description Microbox

1 A0+ Encoder Channel A+ Not in Use

3 ouT Analog Output Con 2, Pin 11 (DAC)
21 GND Ground Con 2, Pin 19/20 (DAC)
42 VCC VCC Con 3, Pin 16 (ENC)
43 BO+ Encoder Channel B+ Not in Use

62 GND Ground Con 3, Pin 19/20
CN2 (Male)

Pin Abbr. Description Microbox

1 SON Servo On Con 1, Pin 1 (DIO)

5 HOME Home Limit Switch Not in Use (DIO)

23 CLEAR Clear Axis Not in Use (DIO)

27 LMO+ Positive Limit Switch Not in Use (DIO)

41 GND Ground Con 1, Pin 18 - 20
45 ALARM Alarm Not in Use (DIO)

48 LMO- Negative Limit Switch Not in Use (DIO)
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APPENDIX D

Expected Results

From the Figure D-1, it shows that the continuous-motion nominal
characteristics trajectory following (CM-NCTF) do not have any steady-state error and
overshoot occurrence at the point-to-point (PTP) motion. However, from the Table D-
1, the analysis shows the slower transient response on the motion performance. In
Figure D-3, the CM-NCTF controller has a low tracking performance at high
frequency motion. Thus, the next experiment will focus on the fast response at PTP
motion by reducing the rise time and settling time to improve the motion performance
in terms of PTP and tracking motion. In the research [29], the author has used the CM-
NCTF controller with velocity feedforward compensator to improve the tracking
performance as shown in Figure D-4. In this research, CM-NCTF controller with and
without velocity feedforward element is used to examined using an AC driven X-Y
ball screw mechanism. As a result, the CM-NCTF with velocity feedforward has
shown the less effect on the variation of the sinusoidal input and give a smallest motion
error compared to the controller with only the CM-NCTF as shown in Table D-3.
Besides, it also showed that the CM-NCTF with velocity feedforward controller has a
fast response on the tracking performance. Therefore, the CM-NCTF with velocity
feedforward controller do show the potential to reduce the motion error and may

achieve a fast response on both point-to-point and tracking motion.
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Figure D-1: Experimental PTP response of CM-NCTF controller at 50-mm step
height [14]

Table D-1: Transient analysis of CM-NCTF at 50-mm step height in PTP motion

[14]

Rise time, t(s)

0.71

Settling time, ts(s)

0.94

Step Height: 50 mm

Displacement

Error

Control Signal

0.0 0.5

1.0 15 2.0
Time (s)

Figure D-2: Comparative PTP response of CM-NCTF and PTOS controller at 50-mm
step height [14]
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Table D-2: Maximum error, Emax of the CM-NCTF controller in tracking motion [14]

Amplitude (mm) Frequency (Hz) Maximum error, Emax
(Lm)
5 3 19.5
5 79.0

CM-NCTF 5Hz 5 mm

placement (mm)

—- = ReferenceH
—— CM-NCTF

Velocity (mm/s) Dis

Error (um)

Control Signal (V)
o

0.2 04 0.6

Time (s)

0.8

1.0 1.2

Figure D-3: Tracking response of CM-NCTF for sinusoidal input of 5 mm, 5 Hz [14]

Table D-3: Maximum error, Emax of the CM-NCTF controller with and without

velocity feedforward compensator [29]

Frequency | Amplitude Maximum error, Emax (Um)
(Hz) (mm) CM-NCTF CM-NCTF controller with
controller only velocity feedforward
compensator
5 1 105 30
10 1592 475
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—— Reference

=« CMNCTF
e CM NCTF with Velocity Feedforward

Error (um)

1.2

0.2 04 0.6
Time (seconds)

(b)

Figure D-4: Simulation result of CM-NCTF controller with and without velocity
feedforward using frequency of 5 Hz at the amplitude of: (a) 1 mm, and (b) 10 mm
[29]
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APPENDIX E
Project Gantt Chart
YEAR 2017 (semester 1)
No. Project Week
Description/Task |12 |3[4[5[6[7|8|9[10]11]12]13] 14

1 Title Selection and

Submission
2 Project Introduction

and Briefing
3 Papers Research and

Studies
4 Progress Meeting of

FYP 1
5 Mathematical

Modelling
6 Experiment  Setup

and Analysis
7 Report Writing 1
8 FYP 1 Seminar
9 FY P4 e—=Report:

Submission

YEAR 20

1 Progress Meeting of

FYP 2
2 Controller Design
3 Baseline Study
4 Validation of System

Performance
5 Report Writing 2
6 FYP 2 Seminar
7 FYP 2 Full Report

Submission




