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Industrial machines have contributed significantly to the development
of manufacturing and productivity. There are numerous types of industrial
machine, ranging from low-precision agriculture machines to highly complex
industrial robots with nanometer precision. Above all, machine tools are es-
sential industrial machines because they facilitate the manufacture of more
productive high-precision machines in other industries. In addition, machine
tools have the ability to reproduce themselves. Machine tools have devel-
oped notably over time in order to adapt to the increasing requirements
for speed, precision, and productivity. Such development requires highly
intense research in fields such as structural design, sensors, materials, and
controller methods. This thesis focuses mainly on precision motion control
in the feed-drive systems of machine tools by modeling nonlinear friction
behavior. An adaptive friction-compensation model is constructed, and a
robust sliding-mode contouring controller is designed.

Friction is the main hindrance in mechanical systems, especially in com-
puterized numerical control (CNC) machine tools for which high precision,
high speed, and performance are critical. The body of research into friction
compensation in machine tools has shown that a controller with friction
compensation provides better performance than one without. For instance,
conventional friction models such as the Coulomb-viscous-Stribeck friction
model, the Lugre model, and the Generalized Maxwell Slip (GMS) model
have been proposed to compensate for frictional effects, reduce the contour
error, and improve the surface quality. Such research focus mainly on non-
linear friction properties in the pre-sliding and low-speed regimes, whereas
the friction properties in the high-speed regime are simplified by the use
of a viscous coefficient. However, there are numerous sources of friction in
experimental feed-drive systems, such as the lubrication conditions, eccen-
tricity properties, thermal deformations, and uneven contact surfaces that
cause nonlinear friction properties in the low-speed regime and especially
in the high-speed regime. Therefore, the conventional static friction model
that is based on modeling friction between two sliding surfaces is insufficient
to cover all possible friction behavior in a feed-drive system. In chapter
2 of this thesis, two mathematical models are proposed of the nonlinear
friction properties of various feed-drive systems based on experimentally ob-
tained friction data. One friction model uses Gaussian functions to reinforce
the conventional static friction model. This Gaussian-augmented friction
model includes a nominal conventional static friction model and a number
of Gaussian functions that represent sensitive nonlinear-friction sources in a
ball-screw feed-drive system. The other model uses a sinusoidal component
combined with the conventional static friction model to describe the friction
behavior in systems with eccentric motion, such as a lead-screw feed-drive
system. This eccentric friction model can better describe the friction prop-
erties of a feed drive system that have eccentric properties. Derivation of the
conventional static friction model and the two proposed friction models are
presented in chapter 2. In chapter 3 and chapter 4 of this thesis, the pro-
posed friction models are used to design a tracking controller, a contouring
controller, and a sliding-mode contouring controller to improve the accuracy
of motion in a uniaxial ball-screw feed drive, a biaxial table and a triaxial
machine tool.
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Chapter 1

Introduction and Literature
Review

1.1 Industrial Machines and Research Motivation

(A) Industrial robots
www.wsj.com - Bloomberg News

(B) Commercial 3 axis machine tool

FIGURE 1.1: Industrial machines

Industrial machines such as industrial robots and machine tools (Fig.
1.1) play crucial roles in different industries. In manufacturing industries,
they have greatly increased productivity, accuracy, robustness, and cost ef-
ficiency. Among industrial machines, machine tools are some of the most
importance machines when they are powered to manufacture products or
parts (usually metallic but not necessarily so), thereby enabling the pro-
duction of all other machines including themselves. Although Unmanned
Aerial Vehicle (UAV), Unmanned Ground Vehicle (UGV), Computer Vi-
sion (CV), Artificial Intelligent (AI), robotics, machine learning, and deep
learning might be considered ”trendier” topics at the moment, the continu-
ously rising demands for faster and more accurate machine tools still requires
elementary research on machine tools, such as mechanical structural design
and machine-tool controllers [1]-[3], components, and sensors. Figure 1.2
shows the manufacturing production cycle and the important role of machine
tools in the machining process. The cycle begins with the design of molds or
metal parts, aided by Computer-Aided Design (CAD) and Computer-Aided


http://www.wsj.com/articles/japanese-robot-maker-fanuc-reveals-some-of-its-secrets-1427384420
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Manufacturing (CAM) software. Once the design is ready, these software
packages generate a machining program (Gcode) that is passed to the ma-
chine tools in the machining center in order to execute the machining process.
The machine-tool controller moves the cutting tool according to this Gcode
program to form the designed part from the work-piece. Finally, different
parts are combined to form the final product.

© CAD/CAM Design , ® Machining center

v

© Mechanical parts @ Final product

http://ns.matsuura.co.jp/japan/saivo/about/kousaku yakuwari.shtm

FIGURE 1.2: Machine tool in production circle

This thesis focuses on the controllers of the machine tools in the machin-
ing center in the production cycle, especially the design of a contouring
controller for a machine-tool system. Nowadays, most machine tools have
an integrated computer to improve flexibility and accelerate the machining
progress. These are known as Computer Numerical Controlled (CNC) ma-
chines. The advances in computers have boosted all manner of technological
fields, including computing, materials, motor manufacturing, and especially
the highly accurate sensors that contribute to the precision and speed of ma-
chine tools. The same advances have also improved the computational speed
of machine-tool controllers, resulting in more complicated controller meth-
ods to improve machine-tool accuracy. Such methods include contouring
controllers, sliding-mode contouring controls, and adaptive compensation.
As we know, CNC machine tools run both day and night for years on end
in manufacturing factories in order to increase productivity and efficiency.
Hence, wear and friction are among the main concerns in maintaining ma-
chining performance and stability. Figure 1.3 shows some sources of friction
in a machine-tool system and their undesired effects. In general, these require
maintenance effort (e.g., lubrication, replacing parts, sensor calibration) to
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keep the system working well. However, we can also improve the machining
performance and decrease the frictional effects from a control perspective.
This motived my PhD research into control approaches to compensating
the frictional effects and reducing chattering and energy consumption by
modeling the nonlinear friction properties.

Oscilation Instability Steady-state errors
Poor tracking  Limit cycling Reduce performance

Ly
Friction sources
)

" DC Servo motor

‘l 1 T T d

Y Slide Way

and Screw Drive

Bi-axial Table Three-axis Machine tool

FIGURE 1.3: Friction sources in machine tool
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FIGURE 1.4: Friction definition and friction effects

In the present context, a frictional force is a nonlinear phenomenon that
originates from the motor, guide ways, gear system, and support bearings
of servo drive systems[4]. In many ordinary cases, friction is a beneficial
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phenomenon that facilitates everyday tasks such as holding a book, walk-
ing, or applying the brakes in a vehicle. However, in mechanical systems,
friction often causes undesired effects as energy loss, vibration, and wear.
Therefore, friction compensation plays an essential role in applications that
involve precise motion control. However, friction is difficult to model because
of its nonlinear properties, and the conventional method is often to reduce
the complexity by modeling friction as being between two sliding surfaces
as in Fig.1.4 [5], [6]. The present thesis focuses on nonlinear friction models
in feed-drive systems of machine tools, and on control techniques to actively
compensate the influence of friction at high speeds. The novel aspects of this
thesis concern the effect of all the friction sources in a machine tool system,
and the development of an analysis method to filter disturbances and noise
in order to precisely measure the total nonlinear friction effect. Friction
feed-forward compensation based on the nonlinear friction models is added
to a conventional controller to reduce the tracking errors of single feed-drive
systems and the contouring errors of multi-axis feed-drive systems. In ad-
dition, a robust sliding-mode controller and adaptive friction compensation
are presented in order to reduce contour errors and energy consumption in a
triaxial machine tool. The following sections review some of the research on
the modeling of feed-drive dynamics and the control of ball-screw feed-drive
systems.

1.2 Feed Drive System in Industrial Machines

-

FIGURE 1.6: Direct drive - linear motor

The feed-drive system is an importance part in industrial machines such
as biaxial tables, multi-axis machines, and machine tools because it directs,
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guides, and conducts the motion of the cutting tool to make the machine
work. Two types of feed drive are often used in machine tools: a ball-screw
drive (Fig. 1.5) and a direct drive (e.g., linear motor; Fig. 1.6). Ball-screw
feed drives such as shown in Fig. 1.5 are often used in machine tools because
of their advantages in relation to low cost, high stiffness again cutting-forces,
being robust to disturbances, and table load variations due to their high gear
ratio [7]. Nevertheless, because of their contact-type design and high gear
ratio, ball-screw drives are subject to high friction and are limited by lower
accelerations and speeds in comparison to direct drives, which are being used
increasingly in high-speed machine tools. Shortcomings of linear motors
are that they are significantly more expensive and their control is still a
challenge, because of the direct conversion of motor current to driving force
without a motion transmission ratio. This enables the disturbances or load
variations to directly affect the tool or part motion, thereby raising serious
robustness issues. So, for particular control purposes, ball-screw feed drives
are still widely use in machine tools and other types of industrial machine.
In addition, certain machining tasks require high cutting forces, consistency,
and stability, and for these a machine tool with a ball-screw feed drive is the
best solution.

Coupling

DC motor Lead screw

] 6

Nut

Bearing

FIGURE 1.7: Feed drive system structure

Generally, ball-screw feed-drive systems are modeled as in Fig. 1.7 [8]-
[10]. The driving system provides thrust and linear motion of the feed drive
through a ball-screw mechanism. In a ball-screw feed-drive system, the
motor torque is transmitted to the ball-screw shaft through a transmission-
mechanism such as a coupling or gears. The screw-nut mechanism transforms
the motor’s rotational motion into the linear motion of the table that holds
the work-piece or the spindle that holds the cutting tool (Fig. 1.8). There
are two smooth guide ways that support the screw-nut motion, enhance
stability, and allow smooth linear movement [11], [12].

In machine tools, the feed-drives are required to provide fast and accuracy
motion why maintaining stability. This encourages research into the accu-
rate modeling of feed-drive dynamics with emphasis on electrical dynamics,
bearing and guide-way friction, and high-order vibration. Throughout the
years, a lot of research effort has gone into modeling ball-screw feed drives,
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including their friction behavior. Rigid-body modeling is one of the com-
mon approaches, which captures the fundamental behavior that dominates
the low-frequency range. This essentially consists of the effects of inertia as
well as viscous and Coulomb-type friction. Other advanced models that con-
siders axial coupling effect, torsional, and possibly bending vibrations [13]-
[15], the dynamics and kinematics that affect the motion loss in the pre-
loaded nut [16]-[18], motor torque ripples [19]-[21], vibration mode analysis
[22]-[25] and the velocity dependent nonlinear friction [26]-[28], that enables
more accurate prediction of the feed-drive’s response.

X.Y. Z Linear Encoder

Read Geode Read encoder
Program from counter board
!
Controller design
= PD,SMC
= Fric. Comp
Generate trajectory rd’ = Nonlinear Fric
Counter Board = Linear = Adaptive Fric
CNT-3208M-PE »  Circular 1
DA Board * Mathematic curve
AO-1604L-LPE Send control signal
to DA board

Maxon Motor

Drive

FIGURE 1.8: Triaxial machine tool

Some experimental measurements and optimization methods have been
proposed to obtain parameters for the feed-drive model. Kamalzadeh and
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Erkorkmaz [29] identified the mass, damping, and stiffness matrices of a
two Degree of Freedom (DOF) ball-screw feed-drive model by matching the
Frequency Response Function (FRF) acquired from the model to the FRF
measured from the feed drive. However, their method was not concerned
with identifying off-diagonal terms in the mass matrix of the feed drive
which are very important for precise control of flexible ball-screw feed drives,
which are very important for precise control of flexible ball-screw feed drives.
Okwudire[30] presented a simple but effective least-squares (LS) method for
identifying the mass, damping, and stiffness matrices of a 2-DOF model
of ball-screw drives (including the off-diagonal terms in the drive’ s mass
matrix) based on FRF data. He also presented Flexible ball-screw feed drive
that focus on modeling all mechanical parts of a ball-screw feed drive as ball
Rigid body modeling. It is usually used in the controller of a machine-tool
feed drive as feed-forward compensation. In order to obtain the parameters
of a feed-drive system with a rigid-body model, Erkorkmaz and Altintas
(2000) [27] proposed the Least Squares Estimation (LES) method for the
identification process. They took into account the Coulomb friction of the
system as an extra parameter, enabling the parameters of the linear model
to be estimated without bias. Consequently, the friction model is refined by
jogging the machine tool axes under closed-loop control at various velocities
by using a disturbance observer (DOB) based on a Kalman filter [31]. Some
other feed-drive models have been proposed and analyzed [22]-[25]. Khalick
et al. [32] have proposed a controller method to reduce energy consumption
in feed drive system by using nonlinear sliding-mode control with a nonlinear
sliding surface.

This thesis considers the rigid-body modeling of a feed-drive system that
concerns the effects of inertia and friction. In addition, we propose friction
models that include viscous, Coulomb-type friction, and additional nonlinear
friction to adaptively compensate the nonlinear behavior of the feed-drive
system. The proposed models are presented in chapter 2. For parameter
identification, this thesis consider a hybrid identification method whose de-
tails are presented in chapters 3 and 4.

1.3 Control of Uniaxial Feed Drive Systems

Reference Position Control Actual

osition error input position
position ™ Feed
drive

>
r g

Feedback signal

FIGURE 1.9: Feedback controller for a uniaxial feed drive
systems

Uniaxial feed-drive control often refers to tracking control problems in which
the feed-drive system is simplified as a second-order linear system. The
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linear properties can be confirmed experimentally when the magnitude of the
steady-state tracking error is directly proportional to the command desired
command velocity and inversely proportional to the square of the closed-loop
control bandwidth [33]-[35].

In commercial controllers, simple control strategies such Proportional-
Derivative (PD), Proportional-Integral (PI), or Proportional-Integral-Derivative
(PID) control are often used in the design of feedback control systems [36],
[37] and to tune the control gains to achieve the fastest possible response with
acceptable overshoot. A typical PID feedback controller is shown in Fig. 1.9.
In a PID controller, the control signal is a combination of three components:
proportional, integral, and derivative of the position error. The PID con-
trol method is more popular than other control method because it is simple
to install and program, is stable, and is easily understood by most control
engineers. However, the use of feedback control such as PID approaches
alone results in relatively limited bandwidth and poor tracking performance
at corners or in high-speed or nonlinear contour-tracking problems. For this
reason, a feed-forward controller is added to the control loop to predict the
desired control signal and to enable accurate tracking of tool paths at high
feed-rates. Feed-forward control takes advantage of prior knowledge about
the reference trajectory to predict an approximate control signal and incor-
porate it with the feed-back controller to attain accurate tracking at high
speeds and on highly curved contours. The basic feed-back control with
feed-forward control strategy is shown in Fig. 1.10. The feed-forward con-
trol block aims to predict an approximate control signal with which to cancel
the almost dominant control force, thereby enabling the feed-back control to
focus on compensating for minor disturbances or small differences between
the predicted and actual control signals.

Feed-forward
Controller

Feed-back + u X
cea-hac Feed-drive

Controller

FIGURE 1.10: Feed-forward and feed-back controller for a
uniaxial feed drive system

The main contribution to feed-forward tracking control was made by
Tomizuka [38], who proposed the Zero Phase Tracking Error Control (ZPETC)
scheme that achieves a wide bandwidth with zero phase (i.e., time) delay.
By excluding the unstable zeros, the closed-loop transfer function is canceled
with a feed-forward filter. Theoretically, ZPETC has an excellent ability to
track complex trajectories, because of its zero phase delay and higher overall
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bandwidth. However, the control method requires very accurate identifi-
cation of the feed drive’s transfer function which must be time invariant.
Pritschow and Philipp [39] have pointed out that a significant degradation
in tracking accuracy is caused by the variation of the feed-drive parameters
when ZPETC or other feed-forward control strategies are used. Tsao and
Tomizuka [40] have implemented adaptive zero-phase error-tracking control
to deal with this problem.

1.4 Control of Multi-Axis Feed Drive System

1.4.1 Introduction

Motion control in multi-axis feed-drive systems or machine tools falls into
one of two major categories: tracking and contouring control. In multi-axis
machines, tracking control refers to independent position control of each axis
drive using its own feedback. In contrast, contouring control is the case in
which the contour error (i.e., the geometric deviation from the desired tool
path) is estimated directly and used in the feedback control law.

1.4.2 Tracking Controller

The tracking controller in a multi-axis feed-drive system is similar to that in
a single feed drive system in which there is independent position control on
each axis. However, the desired contour in multi-axis control is not a straight
line, but could be a circular contour, a non-circular contour, or a five-axis
contour that requires orientation to generating the path. So, the tracking
control problem with multiple axes requires a more advanced tracking con-
troller for adaptive and robust control with feed-forward and disturbance
compensation. Khalick et al. [32] proposed nonlinear sliding-mode control
with a nonlinear sliding surface to improve the tracking performance and
energy efficient. Erkorkmaz [5] combined feed-rate optimization, modeling,
and identification of feed drive dynamics and adaptive sliding-mode control
design to achieve fast and accurate control performance. The above ap-
proaches can be applied to effectively reduce tracking errors for uniaxial or
decoupled motion applications. However, they do not guarantee contouring
performance when applied to multi-axis contour-following tasks.

1.4.3 Contouring Controller

In the control of multi-axis feed-drive systems such as machine-tool control,
the position error with respect to each feed-drive axis is generally used as
a feed-back signal. However, with regard to machining, error components
orthogonal to the desired contour curves are more important than errors
related to the individual feed-drive axes. Error components orthogonal to
the contour curves are called contour errors. Reduction of these error com-
ponents is an effective method for contour following in multi-axis machining
tasks. Many studies have proposed ways to estimate contour errors and
design an effective contouring controller. Koren proposed a cross-coupling
controller that calculates contour errors from the drive-axis tracking errors
and applies contour-control gain to those components to improve the contour
performance while restricting the magnitude of the tracking errors [41]. Ho
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et al. decomposed the contour error into a normal tracking error and an ad-
vancing tangential error, after which a dynamic decoupling procedure is ap-
plied to the system dynamics [42]. Cheng et al. [43] proposed an integrated
control scheme that consists of a feedback controller, a feed-forward con-
troller, and a modified contour-error controller (i.e., a CCC equipped with a
real-time contour-error estimator). In addition, they proposed a fuzzy-logic-
based feed-rate regulator to further reduce the contour error. Cheng and Lee
proposed a real-time contour-error estimation algorithm [44]. Tarng et al.
presented a cross-coupled fuzzy-feedrate control scheme [45] that uses a ge-
netic algorithm to optimize the controller parameters. Chin et al. proposed
a fuzzy-logic controller with a proven algorithm in the cross-coupled pre-
compensation method, and using both the position and the contour error
to generate a compensation term [46] for friction. Yeh and Hsu [47] pro-
posed an adaptive federate interpolation algorithm based on the geometric
relationship between chord error and curvature constraints. Jee and Koren
proposed an adaptive fuzzy-logic controller to reduce the contour error [48].
They adjusted both input and output membership functions simultaneously
within a stable range derived from a stability analysis.

Advanced optimal and nonlinear controllers applied to contouring-controller
design have had their effectiveness verified [49], [50]. Nevertheless, they
have a disadvantage that both the contour and tracking errors in the feed-
drive axis are used to calculate the control input, and this compromises the
contour-tracking performance. Considering the contour and tracking errors
simultaneously creates difficulties in adjusting the controller parameters. Lo
and Chung proposed contouring control for biaxial feed drives based on a
coordinate transformation [51], in which the tracking error of the feed-drive
axis is converted to error components that are orthogonal and tangential to
the desired contour curve. This obtains two decoupled single-input/output
systems for the orthogonal and tangential directions, and enables controllers
for each direction to be designed independently, hence simplifying adjust-
ment of the controller parameters. Chiu and Tomizuka proposed a similar
approach in which a task coordinate frame is defined at the desired position
of the feed-drive system. The control-system dynamics are reformulated
with respect to this coordinate frame, corresponding to the orthogonal and
tangential directions of the desired contour curve. The orthogonal error
component is regarded as an approximation of the actual contour error [52].
Although this approach provides control-system stability for any contour
curve, the difference between the actual contour error and the determined
orthogonal error component may result in an increase in the contour error.
Ye et al. proposed a new cross-coupled path pre-compensation algorithm
and fourth-order dynamics for rapid prototyping and manufacturing sys-
tems [53]. Uchiyama et al. designed a contouring control that was focused
on reducing the consumed energy and controlling the input variance [54].

1.4.4 Sliding Mode Contouring Controller

Sliding-mode control (SMC) is a unique class of variable structure control
that has nonlinear feedback that switches discontinuously in time on a spec-
ified sliding surface. SMC is also well known for its insensitivity to distur-
bances and parameter variations [55]. SMC originated in the Soviet Union
in the late 1950s, but was not published outside the Soviet Union until 1976
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FIGURE 1.11: State trajectory during reaching phase and
sliding phase in sliding mode control

when the publications [56] and [57] are released. After these publications,
the list of publications concerning SMC grew rapidly and SMC has been re-
ceiving increasing attention in many control fields such as electromechanical
systems, servo systems and robotic manipulators.

Sliding-mode control has several interesting properties compared with
conventional control methods. These include its relatively simple design, in-
variance to external disturbances and system-dynamics characteristics, con-
trol of independent motion (as long as sliding conditions are maintained),
and wide variety of operational modes such as trajectory control, regulation
[58], model following [59] and observation [60]. Although SMC has been
already addressed in many studies [61]-[64], surveys [65], or books [66]-[68],
many facets of it remain to be studied from theoretical and applied perspec-
tive viewpoints [69].

In order to explain the sliding mode control approach, let us consider the
following first order uncertain system [55]:

(t) = ax(t) + bu(t) + p(x, ). (1.1)

where z(t) € R, u(t) € R are the control variable and control input, respec-
tively. a and b are known nonzero constants. p(x,t) € R refers to unknown
uncertainty and only the bounds of this uncertainty are known. In order to
stabilize the system in (1.1), if the initial value of x(¢) is positive then ()
should be negative and vice versa. Therefore, depending on the sign of x(t),
control law should be altered to ensure stabilization of x(t). Consider the
following control law:

u(t) = —b " (ax(t) + Qsgn(x)). (1.2)
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where sgn(.) denotes the sign function, and @ > 0 is chosen such that

Q > Pmazx- (13)

where ppq, represents the upper bound of the uncertainty p(x,t). With
control law (1.2), system (1.1) becomes

i(t) = —Qsgn(a(t)) + p(a, ). (14)

In order to analyze the above closed-loop system, consider the following
three different cases. Firstly, for an initial condition x(0) > 0, from (1.4) we
can see that #(t) < 0. Therefore, z(t) is decreasing and moving towards the
origin x(t) = 0. Secondly, for an initial condition z(0) < 0, then from (1.4)
we have that & > 0. Therefore, z(t) is increasing and approaching z(t) = 0.
Thirdly, for z(t) = 0, the discontinuous part of the control law is not defined.
However, the moment the trajectory crosses the surface z(t) = 0 from either
direction, again it is forced back on () = 0 according to the aforementioned
two cases. Therefore, in all cases, x(t) is moving toward the point z(t) = 0.
Thus, the control law (1.4) forces the system state x(¢) = 0 regardless of the
initial conditions.

In order to understand more physically what is happening during sliding-
mode control, let us consider the following sliding surface for a second-order
System:

s(z,t) = kx + . (1.5)

where x and & are the states of the system, and k is a positive constant.
Figure 1.11 shows the state trajectories in the vicinity of the sliding surface
s(z,t) = 0. The sliding-mode control has two phases as shown in Fig. 1.11:
the initial phase in which the trajectory is forced toward s(z,t) = 0 this
is known as the reachingphase, and the secondary phase in which when
s(z,t) = 0 (this is known as the slidingphase or slidingmode). During the
reaching phase, external disturbances can affect the system performance,
whereas during the sliding phase the system motion is insensitive to external
disturbances. Because the control law is discontinuous about s(z,t) = 0,
it requires switching at very high frequency to maintain the system on the
desired sliding surface. If this switching occurs at a very high frequency, then
s(z,t) = 0 can be maintained consistently with this discontinuous control
law.

1.5 Friction Modeling and Compensation Methods

In machine tool-control, there are two different types of disturbance force
that can critically affect the tracking performance and the quality of work-
piece finishing quality: friction [70]-[74] and cutting forces. This thesis is
focused on investigating, modeling and identifying friction behavior in the
feed drive of a machine tool.

For simplicity, friction in a feed-drive system is generally described as
resistance to motion when two surfaces slide against each other [75]-[79].
In many cases friction play a useful role (e.g., vehicle movement and brak-
ing), but it can also cause undesirable effects (e.g., wear and tear, increased
energy consumption). For example, in high-precision mechanical systems,
friction can damage high-quality parts and deteriorate the performance of
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the system. Possible unwanted consequences caused by friction are steady-
state errors, limit cycling, and hunting. In motion control, a possible way
to minimize the influence of friction is to reduce and compensate it with a
friction model. In order to be able to compensate the effect of friction, it is
necessary to describe the frictional behavior precisely. Because there is no
exact formula with which to represent a frictional force, friction is normally
described with an empirical model. By canceling the frictional effect, the
nonlinearity in the system (assuming no other nonlinear behavior is present)
is removed. This is beneficial for classic control that is based on linearity
and in which the feedback is therefore not able to compensate for frictional
effects completely.

Conventional friction models usually model friction as being linear at
high speeds and nonlinear at very low speeds or before the onset of sliding.
At high speeds, the friction force depends mainly on the velocity. At very low
speeds or before the onset of sliding, the frictional behavior is nonlinear be-
cause of various nonlinear phenomena (e.g., the Stribeck effect and frictional
lag). Typical friction models contain the Stribeck effect, Coulomb friction
and linear viscous damping [80]-[86]. Some controllers designed with friction
compensation [87]-[89] have been proposed. There are also some adaptive
friction designs that compensate for the nonlinear properties [85], [90]-[93].
In this thesis, the friction is assumed to stem from both linear and nonlinear
friction sources. Two nonlinear friction models are proposed in chapter 2.

1.6 Contributions

This thesis presents work about modeling and identifying nonlinear friction
properties in feed-drive systems. In addition, a contouring controller with
feed-forward nonlinear friction compensation is proposed to achieve accurate
contouring motion control. Such highly accurate motion of the feed-drive
axis will also contribute to high-precision machining. Experimental results
of control with the proposed nonlinear friction-compensation model show
the effectiveness of reducing the contouring errors and the control input
variance. Consequently, this reduces vibrations, energy consumption, wear,
and maintenance costs of industrial machines, thereby contributing to higher
productivity, lower costs, and longer operating life. The main contributions
are listed as follows:

(1) Based on the noted mismatch between conventional models of feed-
drive systems and experimental results, the complicated structure of
feed-drive systems in machine tools is investigated and analyzed fur-
ther. Sinusoidal reference experiments, velocity—friction maps and
position—friction maps are proposed in this thesis to determine the
dynamical properties, especially the friction properties in feed-drive
systems. These approaches reveal that nonlinear friction phenom-
ena appear not only before sliding or at low speeds but also at high
speeds. In addition, the nonlinear properties depend on the type and
structure of the feed-drive system. In a ball-screw feed-drive system,
because of the high transmission ratio, the system is stable and the
nonlinear properties are not appreciable. This thesis proposes a Gaus-
sian augmented friction model of the nonlinear friction properties in
a ball-screw feed-drive system; such a model has Gaussian functions
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incorporated with a conventional static friction model. In lead-screw
feed-drive system, the wear phenomenon is made much more serious
because of low-quality material and insufficient lubrication. This leads
to eccentric motion between the lead-screw and the nut of a lead-screw
feed-drive system, and this motion is a dominant source of nonlinear
friction. Experimental results from a triaxial machine-tool setup con-
firm the hypothesis of this thesis, for which the velocity—friction map
shows the high deviation and repetitive sign of the friction value. This
thesis proposes a friction model that takes eccentricity into consider-
ation in order to compensate for the eccentric friction properties in a
lead-screw feed-drive system. The model uses the sinusoidal compo-
nent combined with the conventional static friction model to describe
the frictional behavior.

(2) Design the tracking controller and the contouring controller using dif-
ferent friction-compensation techniques is proposed to achieve accurate
contour motion. Both simulations and experiments are conducted for
a uniaxial ball-screw feed drive, a biaxial table, and a triaxial machine
tool. Experimental results show that the performance can be improved
by using the proposed nonlinear friction-compensation model.

(3) An adaptive nonlinear friction model is designed to compensate for
the nonlinear friction properties in a triaxial machine tool feed drive.
In addition, we propose a robust sliding-mode contouring controller
with adaptive friction compensation to deal with parametric uncer-
tainties, nonlinear friction sources, and other unknown disturbances.
Furthermore, this reduces control-input chattering, contouring errors,
and energy consumption.

1.7 Outlines

The main research in this thesis is concerned with nonlinear friction model-
ing, identification, and application in the design of a contouring controller
with nonlinear friction compensation to improve the contouring performance
of machine tools. The remainder of this thesis is organized as follows. Chap-
ter 2 begin with a literature review about the conventional static friction
model and identification. After that, this chapter proposes a method for
constructing high-density velocity—friction and position—friction maps that
are based on sinusoidal-reference experimental results. This chapter also
presents two nonlinear friction models that describe the nonlinear proper-
ties in ball-screw feed-drive systems and lead-screw feed-drive systems. The
first one, the Gaussian augmented friction model, is proposed to compensate
for the nonlinear friction in a ball-screw feed-drive systems. This Gaussian-
augmented friction model includes a nominal conventional static friction
model and a number of Gaussian functions that approximate sensitive non-
linear friction sources in a ball-screw feed-drive system. The second one, the
eccentric-consideration friction model, is proposed to compensate for nonlin-
ear friction in a lead-screw feed-drive systems. The eccentric-consideration
friction model uses the sinusoidal component combined with the conven-
tional static friction model to describe the eccentric friction between the
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lead-screw and the nut in the lead-screw feed-drive system of triaxial ma-
chine tools. Uniaxial feed-drive control with friction compensation is pre-
sented in section 3.1 of chapter 3. Biaxial table control with friction com-
pensation is presented in section 3.2 of chapter 3. Chapter 4 present two
controller designs for triaxial machine tools. These are contouring control
with eccentric-consideration friction compensation, and robust sliding-mode
contouring control with adaptive friction compensation. Simulations and
experiments are conducted and confirm the effectiveness of the proposed
methods. Conclusions and future work are given in chapter 5.
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Chapter 2

Mathematical Modeling of
Feed Drive Systems with
Friction and Identification

2.1 Introduction

In machine-tool control, understanding and precisely modeling the system
dynamics are important processes for improving the control performance.
Modeling the system dynamics includes modeling the feed-drive dynamics,
the friction, and the cutting force. Although the feed-drive dynamics are
often simplified as a second-order linear system, the friction and cutting
force components are nonlinear and time variant. This chapter is focused on
the identification of a feed-drive system with nonlinear friction properties,
and the method for extracting frictional behavior from the disturbance and
chattering signals.

As defined in Chapter 1, friction is a common physical phenomenon in
mechanical system. It comes from moving parts and results in unexpected
effects on the feed-drive motion, such as stick—slip oscillations, steady-state
errors, and low tracking accuracy and contouring performance. In order to
attenuate these adverse effects and achieve high-precision motion, model-
based friction compensation methods are usually used in the design of mo-
tion control systems for compensating the friction phenomena [26], [94]-[99].
Therefore, suitable friction models are required for motion control design,
and the friction compensation performance mostly depends on the correct-
ness of the selected friction models. In general, a friction model is usually
developed from basic knowledge about the frictional behavior of a mechani-
cal system. However, it is not easy to determine friction model because there
are many factors affecting the friction behavior, such as the surface texture,
material and lubrication of the bodies in contact [100]-[107]. Therefore, a
simpler friction model is preferred, and many simplified friction models have
been proposed for motion control and compensation design [26], [96], [100],
[107], [108]. Optimization methods are often used in the identification pro-
cess to identify the parameters of friction models. For instance, Kim et al.
[109] proposed an experimental identification method that used accelerated
evolutionary programming to identify the parameters of the seven-parameter
friction model presented by Armstrong-Helouvry et al. [26]. Cheok et al.
[110] used the simplex method to optimize the parameters of the Karnopp
friction model [111]. To experimentally obtain the friction--velocity map,
Canudas-de-Wit and Lischinsky [112] also used the simplex method to obtain
the optimal parameters of the LuGre friction model [6].
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Conventionally, for particular experimental setup, the friction and ve-
locity data values are often used for the identification process [108], [112],
[113]. To obtain data values, two experiments are performed: a breakaway
experiment and a constant-velocity experiment. The breakaway experiment
begins by halting the moving parts of a mechanical system at certain po-
sitions for a given duration, and then slowly increasing the driving torque
and measuring it at the point at which the parts begin to move. Therefore,
the breakaway experiment, which involves sampling the static friction at
a suitable frequency, can be utilized to identify static friction and develop
a nonlinear friction model at low speeds for motion reverse friction com-
pensation. In the constant-velocity experiment, data measured during the
constant-velocity motion of a moving part are used to construct a friction—
velocity map at both low and high speeds. Linear or nonlinear optimization
algorithms are then used to identify the parameters of a friction model by
fitting the model to the friction--velocity data map so obtained. Although
velocity control-loop methods can be employed to obtain data values for
friction identification processes, position-dependent perturbations that exist
in mechanical systems can deteriorate the obtained friction--velocity map.
In addition, unmodeled dynamics, usually induced by several flexible and
inertia elements in a mechanical system, increase the uncertainties in the
estimated friction characteristics. Yeh et al. [114] consider the merits of
Disturbance Observer (DOB) feed back control [115] and integrated it into
a velocity control loop to compensate for the speed perturbation induced by
external disturbances and system uncertainties. They developed a friction
extraction method that involves subtracting different torque values measured
at the same position of the moving part.

Besides introducing the conventional approach, this chapter presents a
new experimental method for obtaining a precise friction—velocity map to
further understand the characteristics and nonlinear behavior of friction.
The method based one sinusoidal reference experiment and controller with
DOB. By using some filters and a nonlinear optimization method, a pre-
cise continuous friction—velocity map is obtained. Based on the proposed
method, some nonlinear friction models are proposed to describe the non-
linear frictional behavior in a feed-drive system. To identify the friction in
a feed-drive system, we first need to model the feed-drive system with fric-
tion and deal with its complexity. Details about feed-drive dynamics with
friction will be presented in the next section.

2.2 Feed Drive Dynamics with Friction

The experimental setup used to identify friction models and verify the con-
trol algorithms developed in chapter 3, is a typical biaxial feed-drive system
as shown in Fig. 2.1. A rotary encoder whose resolution for position mea-
surement is 25nm is attached to the end of each servomotor to measure the
actual position of the feed-drive system. The table is instrumented with lin-
ear encoders (100nm). Because there is no velocity sensor, a velocity signal
is calculated by means of numerical differentiation of the position measure-
ments. The system is controlled by the self-developed RmechCNC software
on a personal computer (OS: Windows, CPU: 1GHz) with a sampling time
of bms. The control program is written in C++. In order to provide a fixed
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sampling period in a Windows environment, we employ a timer on a counter
board with four channels of 24-bit up/down counters.

Read Geode Read encoder
Program from counter board
Decode Geode Controller design

1 = PD,SMC

= Fric. Comp

Counter Board
CNT24-4(PCI)H
DA Board
DA12-8(PCI)

Generate trajectory
= Linear

= Circular

= Mathematic curve

= Nonlinear Fric

= Adaptive Fric

|

FIGURE 2.1: Bi-axial table system

Send control signal
to DA board




Chapter 2. Mathematical Modeling of Feed Drive Systems with Friction
and Identification

8 avechcnc 0 .. . - e W TeER. W e

File Edit Record View Help Test
Diagnostc | % Man View | R Programfun | AnalyseGraph |
DSW|f BR[| E| T R Raa 1 M

Current Position (in Work Coord) (mim) [l Machine Coardinate(min] Work0ffset{mm) Rotary Encoder Value Linear E ncoder Value
+0.0000 ] +50000 0. 40,0000
+0.0000 anll 00000 g +0.0000
+0.0000 el +0.0000 g 00000
00000 -_W0.0000 I +0.0000
40,0000 - l0.0000 I +0.0000
+0.0000 - N-00000 g +0.0000

{Dutput Vohage[-5 45 V) |

Lelin i m o
i
Default SimulRef Eaapives]

i
"""' [AMechDateFile.me i
LoadD efault - y —

=

e Commedt To
=

- _

@f P [ e p—— e
FE\Reser... ". SDITabC... E 2denc E CNCCO... |[A " Intemns

FIGURE 2.2: Bi-axial table RmechCNC controller user in-
terface

lfﬁm
12 ] fm+ - 1 w 1 X X

S T
T IrLcu.t.‘ ] 7

v | =

FIGURE 2.3: General feed drive dynamics

Generally, the feed-drive dynamics comprise the motor dynamics and the
table dynamics, as shown in Fig. 2.3. Here, u (V) is the control signal
applied to the input of the current amplifier, whose gain is k, (A/V). The
amplifier produces a current ¢ (A) in the motor armature, resulting in a
motor torque t,, that is linearly proportional to ¢ with the motor torque
constant k; (Nm/A). The motor torque generates a driving force f,, (N) that
is linearly proportional to t,, with the lead screw gain r, (rad/mm). The
feed drive is also subjected to a disturbance force that contains the effects
of friction in the linear guide ways (ff;) and ball screw (ffie), as well as the
cutting force f.. The difference between f, and f. + fr; + frie is used to
actuate the mechanical system consisting of the equivalent axis mass m (kg)
of the corresponding axis. In this case, the amplifier is configured to operate
in current-control mode, the torque loss due to back EMF is compensated by
the current-control loop in the amplifier. Hence, neither the effects of back
EMF nor the electrical armature dynamics are considered in this model. The
lead screw gain 7, is calculated as follows:

(2.1)

where L is the lead of the screw. This gain is used in a lead-screw system
to translate rotational motion to linear motion and motor torque to driving
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force. This model was developed by Erkorkmaz [5]. In this thesis, we imple-
ment the identification method to estimate nominal mass and conventional
friction parameters. This thesis also propose a density velocity—friction and a
position—friction map construction method base on sinusoidal-reference con-
trol. This method figure out the mismatch between convention feed drive
model and actual feed drive response. It can be explained that the friction
is not only came from sliding motion between two simple surface but also
came from nonlinear sources as torque disturbance t4 in Fig. 2.4.

6
1, |« L7y |
Jiiic |
; fn ¥ J 1| X[ |1]x
g I e B R ¢ .| ms s
T<f61/1‘

FIGURE 2.4: Feed drive dynamics with various friction
sources

To model the precise effect of friction on the feed-drive system, we model
the feed drive as shown in Fig. 2.4, where friction come variously from the
motion associate with the motor shaft, the ball-screw nut, and the guide
ways. The torque losses due to back EMF and friction act on the circular
motion of the ball-screw to affect the system through a disturbance torque
ty. The friction from the guide-way motion and the cutting force affect
the system directly through fyric and f.ut, respectively. The general feed-
drive dynamics include the motor dynamics and the ball-screw feed-drive
dynamics. The motor dynamics are represented in Fig. 2.4 as a block
diagram from u to t,,, which translates the control input u to a torque t,,
acting on the ball-screw system.

Fig. 2.5 describe motor dynamics and represent by following equation:

L% +Ri=u—K.0
dy (2.2)

JOty + t = Ky,

where [ is the motor current, L is the armature induction, R is the armature
resistance, K, is the back EMF coefficient, and u is the control input. As for
the physical parameters of the motor, J is the motor inertia, ¢4 is the friction
on the motor shaft, t,, is the torque that results from the active driving force
from the ball screw to the motor shaft, K; is the proportion of the current
i to the motor torque output, and p is the pitch of the ball screw (5 mm).
Although there is a physical current-feedback loop in the motor armature
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FIGURE 2.5: Modeling of DC motor in feed drive systems
Control tutorials for MATLAB and Simulink (CTMS)

circuit, its typical bandwidth is around only a few kiloHertz. This allows
the current amplifier to be model as a linear gain because the discrete-time
sampling frequency in most control systems is around 1--2 kHz. It means:

0= i=—"— ks = (2.3)

di u — Keé 1
dy R R’
Here we concern the torque loss due to back EMF as a friction component
in t4 so we have: .
kK. 0 (2.4)
R )
Fig. 2.7 shows the translation the friction acting on the ball-screw and the
motor to an equivalent friction acting on the feed-drive table. The total
friction acting on the feed drive is as follows:

tg = ZL/fm'c +

ffm'c = tfricrg + fgfm'm (25)
6

. e Lre |¢

fric hl

[ m

FIGURE 2.6: Feed drive dynamics with unified friction

Finally the feed-drive dynamics can be reduced to a simplified model as
shown in Fig. 2.7, where the driving force f, is assumed to be directly


http://ctms.engin.umich.edu/CTMS/index.php?example=MotorSpeed&section=SystemModeling

2.3. Conventional Friction Model and Identification 23

. ]?iv’c

n

T — ms
lfczrr

FicUrRE 2.7: Combined friction sources in feed drive dy-
namics

proportional to the control signal u. Converting between f, and u done
easily with the following relationship:

fu = kaKtu7 (26)

where k, and K; are motor designed parameters as in Fig. 2.6. The simplified
feed drive dynamics is represented as follows:

fu = mi"‘ffric""fcuta (2'7)

The axis position z(s) in uniaxial feed drive systems can be written in terms
of the driving force f,, friction f.;. and cutting force fe. as,

1
 ms?

JI(S) (fu(s) - ffm’c(s) - fcut(s))7 (28)
In the next section, we present two conventional methods for identifying the
feed-drive dynamics with a conventional friction model.

2.3 Conventional Friction Model and Identification

2.3.1 Conventional Friction Model

The conventional friction-compensation method [27] is based on the typical
characteristics of lubricated metallic surfaces, which are described by the
Stribeck curve. It models the total friction (friction in the linear guide ways
and ball screw) in the feed-drive system by the Coulomb—viscous—Stribeck
friction model as shown in Fig. 2.8. The mathematical equation is given as

fr(v) = frii + frie = |ao0 + (1 — ap) 6_(W0_1)6 sgn(v) + agv, (2.9)

where f., v, ap,a1,and ag represent the total friction force, motion veloc-
ity, the Coulomb, static, and viscous friction coefficient, respectively. The
Stribeck friction model parameters are the Stribeck velocity vy and the
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FIGURE 2.8: Coulomb-viscous-Stribeck friction model

Stribeck sharp-factor 4.

2.3.2 Identification Method by Unbiased Least Squares Scheme
and Kalman Filter

This subsection presents identification of feed drive dynamics in Fig. 2.2 by
using eq. 2.7 with friction model as in eq. 2.9. Firstly, the feed-drive dynam-
ics is changed to discrete time and transform the identification of nominal
mass and viscous and Coulomb friction to be a LS problem. Secondly, a
PD controller is used with DOB to identify non-viscous and to correlate the
viscous coefficient. Finally, the velocity constant in the Stribeck effect is
identified by testing a range of values to choose the value that result in the
lowest value of the cost function.

The feed driving force is generated from the control signal u through a
D/A converter. Hence, the velocity expression in Eq. 2.8 can be rewritten
in the discrete-time domain with a zero-order hold at the input stage as [27],

:E(k‘) - T z (fu(k) - ffm'c(k) B fcut(k)> (2'10)

S
z—1 m ’

where k is the sample counter, Ts (seconds) is the discrete sampling pe-
riod, m is the normalized weight, and z is the forward shift operator. The
discrete-time feed-drive dynamics given by Eq. 2.10 have friction and cut-
ting disturbances, but we conduct no cutting identification experiments in
using the LS identification technique so feu:(k) = 0. The disturbance due to
friction fy,;. considering a simple Coulomb-viscous friction model is of the
following form:

frric(k) = agsgn(dy) + asdy, (2.11)

where the Stribeck effect is eliminated. Because the Stribeck effect appears
at low speeds or then the velocity is reversed, a dead-band v, is introduced
that is above the low speed region. This also avoids undesirable ringing in
the friction model due to velocity measurement noise while the axis is at
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rest. Defining the signum function with a deadband:

1 if & > vy,
o) =0 i ] < v, (2.12)
-1 ift < —yy.

The friction model in Eq. 2.11 is written as,

firie = PV(i)ag + NV (&)ay + ast, (2.13)
where,
iy . . .
PV : Positivevelocity = —o(z).(1 + o(z))
2 (2.14)
NV : Negativevelocity = _50@)'(1 —o()),

The friction model in Eq. 2.13 is combined with the discrete axis model in
Eq. 2.10, resulting in the difference equation:

#(k) = ik — 1) 4 7, JuB =D = PV(k = Lag = NV(k = L)ag — agi(k 1))

m

(2.15)

where PV (k — 1) = PV(z(k — 1)) and NV(k — 1) = NV(z(k — 1)), or
separating the signals from the parameters:

(k) = [&(k — 1) fu(k — 1) — PV(k — 1) — NV(k — 1)][] (2.16)

Considering the available measurements of the driving force f,, = k. Kyu =
[fu(1) fu(2)... fu(N—1)], and feed-drive velocity & = [£(2)%(3)...#(N)]. Defin-

3 . _ T. + T .o~
ing the vector of parameters to be estimated as § = [™ nT;O‘Q % 5’50 STZO ,

the parameter estimation is given as an LS problem. The output prediction
for all measurements is written as,

Y = ¢0+ E, (2.17)

where FE is the vector of output prediction error, and ¢ is the regressor
matrix, defined as,

ia(l) A1) —PVQ)  —NV(1

) fu(2) —PV(2) —NV(2) (2.18)

a'cm(}\‘f.— 1) fo(N—-1) —PV(N—1) —NV.(.N ~1)

The objective is to find the optimal set of parameters # which minimizes the
sum of squares of prediction errors,

nﬂn%ETE::nﬂn%@’—éﬂTﬁf—¢6L (2.19)

which is solved as [116],

0=(0"0) 'Y, (2.20)
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The feed-drive normalized mass, viscous coefficient and Coulomb friction
are extracted from the parameter vector 8. Prior to the identification tests,
both axes are driven by RHS-14-6003 DC brush motors, for which the torque
gain is given as Ky, = Ky = 8.9[Nm/A]. The ball-screw pitch length
for both axes is L = 5 [mm], resulting the in a ball-screw gain ratio of
rg = (2m)/L = 1.256 [rad/mm].

Identification Trapezoidal Signal
1 T T T T T T T

o
()]

o

Control Signal Input [V]

-0.5

Time [s]

FIGURE 2.9: Input signal used in identification tests
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o

1 ' '
A W N

!
O(h
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FIGURE 2.10: Input signal used in identification tests

Identification tests were conducted on the z and y axes of the biaxial
feed-drive system, which involved trapezoidal inputs, as shown in Fig. 2.9.
For each different test, the amplitude of the input signal was scaled with the
factors K,=1,1.5,3,4,5,6,7,8,8.5, and 9, which are represented in Fig. 2.10.
In addition, the parameters m, as, 043 and « were estimated for the cases
in which sufficient excitation was achieved to overcome static friction and
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Ficure 2.11: X and Y axes parameters - Use simple least
squares and unbiased least squares identification techniques

TABLE 2.1: Estimated feed drive dynamics with conven-
tional friction

m (Kg) ap (N)  «a1(N)  «@(Ns/mm) vy ¢
x| 087.65  1255.38 1255.38 105.54 0.0 0
y | 5893 1066.05 1066.05 138.86 0.0 O

the Stribeck effect (i.e. K, =4) (Fig. 2.11). The velocity deadband was set
to 0.5 [mm/s], to exceed the noise level when the axes were in the low speed
regime. Because Stribeck friction and the pre-sliding effect are less significant
at higher control-signal scalings, the parameter estimates corresponding to
the case of K,, = 4 have been chosen, resulting in Table. 2.1.

Following the identification of the feed-drive dynamics by least square
method, friction model verification tests were conducted by jogging the axes
back and forth at various speeds by using a PD controller. No cutting was
done during these tests, leaving the feed-drive friction as the only source
of disturbances to the feed-drive system. The friction was observed using a
DOB designed for the dynamic model in Eq. 2.21. A PD controller with
a disturbance observer is designed based on the dynamics in Eq. (2.10) as
follows:

~

F=mg(F — kyé — kqe) + d

e=T—7T

(2.21)

where my, kp, kq, € and r are the nominal mass, proportional gain, derivative
gain, tracking error and reference position, respectively. The disturbance
force d is estimated from a disturbance observer design [117] as follows:

ﬁ:

LA+ k(o — )
My (2.22)

d = kea( — )

where 7 is the estimated velocity, and ke, and kg are DOB gains.
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FIGURE 2.12: Input signal used in identification tests
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FIGURE 2.13: Observed and original modeled friction of the
X axis

The friction was observed while jogging the axes at constant speeds ranging
from 0.1 [mm/s] to 10 [mm/s]. More tests were conducted in the lower speed
region (i.e. £0.1,£0.2,4+0.3,40.5 [mm/s|) to accurately capture the transi-
tion from static to sliding friction regions. Six high-speed points (+1, +2, +4, +£6, +8, +10
[mm /sec]) were sufficient for characterizing the viscous friction range. Typ-
ical observed friction profiles for the x at axis speeds of 4 [mm/s] and 9
[mm/s] are shown in Fig. 2.12. As can be seen, the friction estimates are
not significantly position dependency. By computing the average friction
values for the positive and negative directions of motion in each test, and
scaling them in terms of the friction torque (Ty = K;K,dy), the plots of
observed friction versus axis velocity were obtained, as shown with the ’o’
marks in Fig. 2.13.

This identification technique involves two steps to identify a conven-
tional static friction model. The first step involves reducing the friction
model to Coulomb and viscous friction and incorporating it in the feed-drive
dynamics, then designing a vector of parameters and changing the param-
eter estimation to be a LS problem. The second step involves using the
disturbance-observer technique to observe the non-viscous friction value. It
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shows a slope in the observed values and correct the extra viscous effect.
The velocity constant is estimated based on the curve fitting Nelder-Mead
downhill simplex method [118]. This identification method give us a good
understand of using the LS method to deal with the identification of fric-
tion parameters, and of using a Kalman filter to correct the mismatched
viscous friction parameter. However, this method is somewhat complicated
and requires a deep understanding of feed-drive systems, sensor resolution,
DAC, and error distributions. In next section, we apply a simpler method
that uses a simple PD controller with a DOB to conduct various velocity
joggings, measure friction values and use nonlinear optimization algorithms
to identify the parameters of a conventional friction model.

2.3.3 Identification Method by Velocity Control and Distur-
bance Observer

The method in this subsection is somewhat different from the previous
method when we use an inverse identification technique. Firstly, a PD con-
troller with a DOB is used to conduct the constant-velocity experiments.
Nonlinear optimization algorithms are then used to identify parameters of
nonlinear friction sources. Secondly, the identified friction model is used in
sinusoidal-velocity experiments to estimate the nominal feed-drive mass.

This identification method is applied to the feed drive dynamics of biax-
ial table in Fig. 2.2. When the feed drive in Fig. 2.2 with dynamics as in Eq.
2.7 is operated at a constant velocity, the driving force equals the friction
force. Hence, constant velocity motion is enforced using a PD feed drive
controller Eq. 2.21 with a disturbance observer Eq. 2.22. This experiment
is repeated for the constant velocities of 0.01, 0.04, 0.08, 0.15, 0.2, 0.4, 0.5,
1.0, 1.5, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0
mm/s. A controller with PD feedback gains k, = 1600s™2 and kg = 80s !,
and disturbance gains k., = 40s™! and k.q = 20kgs*1.
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FIGURE 2.14: Observed and original modeled friction of the
X axis use velocity control method
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Fig. 2.14 shows the measured and the fitted friction force represented
by Eq. 2.9. The Stribeck effect does not clearly appear in the experimental
results, and it is assumed to be zero. The least square method is used to
optimally obtain the friction model parameters. After that, the identified
friction model are used in sinusoidal velocity experiment to estimated nom-
inal feed drive mass. The obtained parameters are present in Table. 2.2

TABLE 2.2: Estimated feed drive dynamics with conven-
tional friction

m (Kg) ap (N) a1(N) ao(Ns/mm) vy 0§
x| 56.61 1352.63 1185.45 113.54 00 0
y | 59.03 1162.05 1066.23 111.86 0.0 O

2.4 Gaussian Augmented Friction Model and Iden-
tification Method

2.4.1 Tracking Controller with Disturbance Observer

Stric

T — ms
fcuf

FI1GURE 2.15: Simplified Feed drive dynamics with unified
friction

The feed drive dynamic in time domain,

—d=mz,
fumd= (2.23)
Ju=mi +d,
The tracking error of the feed drive system:
e=x—r, (2.24)

We design a PD feedback controller for non-cutting experiment as following:

fu = m(r - kvé - kpe) + ffm'm (2'25>
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Where k,,, k, are velocity and position feedback gain. The following relations
are derived from Eq. 2.24:
ée=1%—7,

L (2.26)
E=1—7,
Substituting Egs. (2.6), (2.7) into (2.3) yields
m(F — kvé — kpe) + frric = mid +d, (2.27)
Assumed d ~ 0 we have
— (& = F) — kyé — kpe = 0, (2.28)
Error dynamics for error e
€+ kpé+ kpe =0, (2.29)

So by assigning feedback gain kv and kp appropriately, e —0 as t —o0o is
conduced to be achievable.

In order to robust to parameter uncertainty, nonlinear disturbance we
add a disturbance observer in controller as,

fu = m(r - kvé - kpe) + ffm'c + CZ; (230)
Disturbance d is estimated as,

v=m 1(fu_m7.;fric+dA)7 (231)
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FIGURE 2.16: Controller design with disturbance observer
for feed drive systems
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2.4.2 Gaussian Augmented Friction Model

Although the friction model in Eq. (2.9) can be applied widely, it considers
only three terms with fixed structures, and therefore the predicted perfor-
mance of the friction behavior is limited. Based on experimental results
with the biaxial table, the velocity—friction map in the x axis are shown
in Fig. 2.16 demonstrates that the conventional model is not sufficient to
capture the nonlinear friction properties in the high-velocity regime. So, we
presents a new friction model that considers a number of friction sources
with complicated and nonlinear properties as follows:

n N2
Fr(v) = nosgn(v) + mv + ngexp [ <V_gw> ] (2.32)

i—1 Yic

where 19(> 0) and 7;(> 0) are the nominal Coulomb force and the nominal
viscous coefficient of the feed drive, respectively. The nonlinear properties
of friction are defined by the sum of n Gaussian equations in which g;4, gip
and g;. denote the height of the Gaussian curve’s peak, the position of the
center of the peak, and the width of the "bell”, respectively. The number n
of Gaussian functions depends on the nonlinear properties of the estimated
friction, as is explained in the next section.

2.4.3 Identification Method with Continuous Velocity-Friction
Map

Because the conventional friction model has a relatively simple structure,
it describes the friction properties poorly in both the low-speed and high-
speed regimes. To obtain the friction property more precisely, we propose
an identification method for the proposed friction model in Eq.(2.32) with
sinusoidal tracking results. A PD controller and a DOB as shown in Fig.
2.19 are used for this control, and the driving forces are measured. Next,
the friction force at each sampling time is estimated.

We explain the method for the z axis case, which is similar to that applied
to the y axis. The following sinusoidal reference is used for the identification

experiments:
r = —20 + 20 cos(0.475t)

t= [0.0, 4'0”] s (2.33)
0.475

where 7 is the reference position of the X axis. The reference sinusoidal signal

is repeated several times to eliminate the uncertainty. The controller gains

for the PD control are k, = 1600s~2 and kg = 80s~!, and the disturbance-

observer gains are k., = 40s™! and k.q = 20kgs_1.

Although the reference signal is well tracked in Fig. 2.17, a tracking error
with a maximum magnitude of around 5 m still remains. The measured
driving force is shown in Fig.2.18, in which chattering exists. In order to
avoid the noise effect in the identification, we assume that 7 ~ ¢ and 7 ~ ¢,
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FIGURE 2.18: Driving force

and then the disturbance force is estimated as follows:

d=f—mgfF (2.34)

The fluctuating green line in Fig. 2.20 denotes the disturbance force ob-
tained by using Eq. (2.34). We assume that the estimated disturbance in
the z axis comprises only friction and white noise with zero mean value. The
LS method is used to eliminate this noise and to obtain the friction property
as shown by the blue dotted line. From Fig. 2.20, we can see that the ac-
tual friction force is non-linear in not only the low-speed regime but also the
high-speed one. Therefore, the conventional friction model is not sufficient
for describing the actual friction property in feed-drive systems. Hence, the
nonlinear static friction model Eq. (2.32) is proposed. The Gaussian func-
tion is used in this model because it can consider multiple nonlinear effects
(e.g., gear and ball-screw friction) simultaneously. The number of Gaussian
functions used is equal to the number of peaks of the estimated friction (cir-
cles in Fig. 2.20). For curve fitting in Fig. 2.20, the Nelder-Mead downbhill
simplex method [118] is employed, and the result is represented by a red line.



a4 Chapter 2. Mathematical Modeling of Feed Drive Systems with Friction
and Identification

Inertia Feed-forward

x?" A~
> s? NI
T T T T T T m T 1
Friction Feed-forward ! Feed drive system :
. |
Xrl . I ) !
» S |—p ffric H | L]?rtc !
| 1
X + ! _ : :
"+ usl IO NN RN
— ky+ ks — - T
X i — ms S !
- ; T ;
i f !
. < cut
Lt m i mimim i mimimim i m e !
p B PD position control loop
——
> ¢ < 5 |«
p S X,

FIGURE 2.19: PD Controller with disturbance observer for
feed drive systems

TABLE 2.3: Estimated Gaussian augmented friction model

parameters
Esimated X Axis Y Axis
parameters xX=0 X <0 y=0 y<0
No. N1 0 768.6 | 102.48 3 -768.6 | 102.48 3 640.5 | 140.91 3 -640.5 | 140.91 3

Sia, Gib. e 517.4 1.763 | 3.091 | -378.2 | -2.163 | 2.265 | 518.0 | 1.766 | 1.986 |-371.34 | -1.963 | 2.997
Sia, Sib. Cle 509.3 5.806 1.825 | -547.5 | -5912 | 1.761 | 852.0 | 5872 | 2.733 | -236.1 | -5.804 | 1.223
Sia, G1b. G | 19959 | 10.668 | 1.876 | -4472 | -13.99 | 3.659 | 1059.1 | 10.27 | 1.744 | -354.97| 9311 | 0475

The parameters in Eq. (2.32) for the z and y axes are estimated in Table 2.3.

2.5 Eccentric Consideration Friction Model and Iden-
tification Method

2.5.1 Triaxial Machine Tool and Frictional Properties

The experimental system used in this section is a desktop triaxial machine
tool as shown in Fig. 2.21. It consists of three axes driven by DC servo
motors (15 ~ W, 24 ~ V DC) that are coupled to and drive three lead
screws. It has a spindle that is attached to z axis and a table is attached
to y axis. In addition, a linear encoder (resolution 0.1~ pm) is attached to
each feed-drive axis to measure the real position of the feed-drive system.
Modeling the feed drive on each axis shown in Fig. 2.24 involves a linear
guide and a lead-screw/nut system to translate the rotation of the motor
into the linear motion of the feed drive.
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FIGURE 2.20: Measured and estimated non linear static
friction model

The friction model discussed in Section 2.4 has better described nonlinear
friction behavior in the high-speed regime with suitable Gaussian functions
than conventional one. However, from the velocity map of the y axis of
the triaxial machine tool in Fig. 2.23, we can see that the friction—velocity
map is somewhat more complicated. If we use the friction model discussed
in Section 2.4, numerous Gaussian functions are needed. This results in
problems with the identification time and in practical applications. Instead,
we used the friction—position and friction—velocity maps to help clarify the
friction sources. We reason that there are eccentric friction effects in our
experimental feed-drive system, so we propose a sinusoidal function to model
this eccentric friction. The model and the identification are presented in the
next subsection.

2.5.2 Friction Model Considering Eccentric Property

Although the friction model in Eq. (2.9) has been used widely, little con-
sideration has been given to the development of nonlinear friction associated
with the lead screws (Fig. 2.24) and the linear guide-ways under continuous
working conditions, in particular insufficient lubrication. Bui and Uchiyama
[119] have proposed a nonlinear friction term consisting of Gaussian func-
tions from the assumption about the existence of several nonlinear friction
sources in the feed-drive system and coupling effects between feed-drive axes.
However, they only consider nonlinear properties based on friction-velocity
map, and their proposed model becomes complicated for high-speed machine
tools. In the present thesis, we assume that the nonlinearity arises mainly
from the eccentricity between lead screw and nut as shown in Fig. 2.25.
In a precise machine-tool system under continuous use, an infinitesimal gap
between the lead screw and the nut results in an uncertain friction value.
Based on this assumption, we propose a spring-like model to describe the
friction behavior inside the screw/nut system. The normal force N varies
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FIGURE 2.21: Triaxial machine tool

when the screw rotates, and the friction caused by this normal force varies
depending on the angular position € of the screw. This variation of the nor-
mal force results in a sinusoidal friction term that is described as follows:

fee(8) = ksin(6 — 6y), (2.35)

where fe., k, 8 and g are the eccentric friction, the maximum absolute value
(amplitude) of the eccentric friction in the lead screw, the current angular
position, and the initial angular position, respectively. From the relationship
between 0 and x as 6 = 227 /L, Eq. (2.35) becomes:

fec(x) = masin(a2m /L — n3)
ne =k
n3 = Op.

(2.36)
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From the assumption about the eccentric friction part, we proposed a
nonlinear friction model that includes Coulomb—viscous friction and the non-
linear friction term f.. as follows:

fT‘(V) = ffl’L + ffle = ’I’]Ong(V) +mv+ fec(x); (237)

where 7o(> 0) and 7; (> 0) are the Coulomb force and the viscous coefficient
of the feed drive, respectively. Equation (2.37) does not include the Stribeck
effect since it only affects the low-speed regime, and we add the eccentric-
friction part to describe more precisely the frictional behavior of the lead
screw in the high-speed regime. Eccentric friction is concerned with part of
the lead-screw friction ff;.. The eccentric friction and its estimation method
are explained in the next section.

2.5.3 Identification Method with Velocity-Friction Map and
Position-Friction Map

Because the conventional friction model has a relatively simple structure, it
can be identified easily by the previous method. To identify the proposed
friction model, a sinusoidal tracking controller is applied [119]. The following
sinusoidal reference is used for the identification experiment:

r = 10sin(t) mm

t =10.0,2.07] s. (2.38)

We explain the method for the y axis case because this axis contains
the machining table for the mass the brings an unstable property in our
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experimental setup as shown in Fig. 2.21. A similar method is applied to
the feed drives of the x and z axes.

The reference for the y axis motion and the observed friction values are
shown in Figs. 2.26 and 2.27, respectively. We assume that the effect of the
eccentric friction includes high-frequency noise, and a low-pass filter elimi-
nates this effect. The LS method is used to identify the nominal Coulomb
force ny and the nominal viscous coefficient n; as in [119]. The estimated
values are shown in Table 2.4. After obtaining the values of ng and 71, the
observed eccentric friction value is calculated as follows:

fec(y) = fob — ﬁoSgn(V) —mrv, (239)

where f,; is the observed friction force in Fig. 2.27.

The observed eccentric friction is shown in Fig. 2.28. It consists of very
high-frequency chattering that results mainly from the unstable system and
the analog-to-digital converters, and a lower frequency sinusoidal profile that
results from the eccentric friction. We can see that this friction term has a
sinusoidal shape and a period of roughly 2~ mm, which corresponds to the
lead of the screw. This agrees with our proposed spring-like behavior model
with a sinusoidal function. The Nelder-Mead downhill simplex method with
the MATLAB function “fminsearch ”is used to identify the parameters in
Eq. (2.36), and the result is shown as the red line in Fig. 2.28. Finally,
the total friction model from Eq. (2.32) is shown as the red line in Fig.
2.29. In addition, the conventional friction model is shown as the blue line
for comparison purposes. From the identification result, we confirm that the
proposed friction model describes the friction behavior well. The parameters
in Eq. (2.32) for the z, y and z axes are shown in Table 2.4.

TABLE 2.4: Estimated nonlinear friction model parameters

no(N) m(Ns/mm) np(N)  n3(rad)
x| 18 45 42 0.28
y| 15 3 1.2 -0.27
z | 24 4 25 4031

2.6 Verification Experiment

We summarize the method for identifying the feed-drive dynamics as follows,

(1) Model A: Feed-drive dynamics with friction model from the unbiased
LS parameter estimation and viscous-coefficient correlation.

(2) Model B: Feed-drive dynamics with friction model from velocity jog-
ging and nonlinear optimization method.
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FIGURE 2.28: Observed eccentric friction

(3) Model C: Feed-drive dynamics with friction model including nonlinear
Gaussian functions.

(4) Model D: Feed drive dynamics with friction model including eccentric
friction.

Both the unbiased LS parameter estimation and the velocity-jogging tech-
nique explained above were used to allow comparison with the nonlinear
friction model proposed in section 2.4. The experimental results of verifica-
tion on the x axis of the biaxial feed drive show the effectiveness of proposed
model.

For the triaxial machine tool, identification on our experimental setup
represents the dominant effect of eccentric friction, so a friction model with
nonlinear eccentric friction is proposed in section 2.5. Same verification
method as in biaxial feed-drive system, both the unbiased LS parameter
estimation, as well as the velocity jogging technique explained in previous
sections was used to allow comparison with proposed eccentric friction model
in section 2.5. The experimental results of verification on the y axis of the
triaxial machine tool show the effectiveness of the proposed model.

2.7 Conclusions

This chapter discusses the characteristics of the friction force considered in
this thesis. Three friction models are discussed: the widely known static
friction model, the Gaussian-augmented friction model, and the eccentric-
augmented friction model. Unlike the conventional static friction model, the
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proposed friction models concern about the system structure and mechanical
effects and therefore accurate describe the nonlinear friction behavior. The
proposed friction model is somewhat complex and is difficult to identify. The
identification of the three friction models for the uniaxial ball screw, the
biaxial table, and the triaxial machine tool of the experimental test setup
considered in this thesis is presented in detail. Simulation and experimental
validation of controllers using these friction model are discussed in Chapter

3, 4,
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Chapter 3

Uniaxial Feed Drive and
Biaxial Table Control

3.1 Uniaxial Feed Drive Control

3.1.1 Introduction

FIGURE 3.1: Ball-screw feed drive system

A ball-screw-driven mechanism actuated by servo drives is commonly used in
many industrial applications (e.g., CNC machines, precision assembly equip-
ment, and industrial robots) to provide high-speed motion and positioning
accuracy. The main issue in servo applications is position control, which is
essential for many mechanical motion systems. A positional servo system
in a high-performance industrial application must respond quickly, prefer-
ably without overshoot. It must also have high steady-state accuracy, good
external-disturbance rejection, and be robust to parameter perturbations
[29]. Therefore, accurate modeling and identification of the dynamics of the
feed drives is an important step in designing a high-performance controller.

In this chapter, we propose an simple PD controller based on the linear
feed-drive dynamic models A, B and C discussed in chapter 2 for the uniaxial
feed drive shown in Fig. 3.1. The experimental results are compared between
controllers. A PD controller with a DOB based on model C is also presented
and shows very good tracking performance.

3.1.2 Uniaxial Feed Drive Dynamics and Identification

The unbiased LS technique [27] is used to identify the system dynamics
and to construct a velocity—friction map as in Fig. 3.6 and Table 3.1. The
observed velocity—friction map and the identified conventional friction model
show that the conventional friction model only approximates the friction—
velocity map roughly.
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3.1.3 Tracking Controller Design
3.1.4 Simulation Results

To verify the effectiveness of the PD controller, a simulation is conducted in
MATLAB for the following reference trajectory:

r = 10cos(0.85t)[mm], (3.1)

In order to consider the vibration of the ball screw and the effects of the
disturbance force due to the change of the load, we consider the following
real feed-drive system:

myZ + ¢ + feousign(d) + dr = u[V], (3.2)

Where m, = 0.045[Vs?/mm], ¢, = 0.10Vs/mm, feu = 0.60V, d, =
random(—0.2,40.2)V. Coulomb friction of 0.88V equivalent magnitude is
added in simulation equation. PD contouring controller design:

Ju = m(i — kyé — kpe), (3.3)

where m = 0.055V 52 /mm, c = 0.21Vs/mm. Controller gain is assigned as
follows:
K, =2w, K, = w?, w = 30.

In discrete time, we use the Rungle-Kutta method to simulate the dif-
ferent equation 3.2. The simulation control results are shown in Fig. 3.2.

Position [mm]
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——Control input
“o 1 7 3 i 5 3 7
Time [s]

Tracking error [um]

Velocity [mm/s]

L
3

L L L
5 6 7

4 4
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FIGURE 3.2: Simulation results, w = 30

We can see that the error in the simulation results comes from a mismatch
between parameters m, ¢ and actual one. From a lack of Coulomb-friction
compensation in the design of the PD controller.

3.1.5 Experimental Results

The PD feedback controller was verified experimentally with a ball-screw
feed-drive system driven by a DC servo motor as shown in Fig. 3.1. A
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rotary encoder with a resolution of 0.025 ~ um was attached to the feed
drive to measure the actual position of the feed-drive system. The control
law given in Eq. 3.3 was implemented using the C++ programing language
on a personal computer (OS: Windows Me, CPU: 1 GHz) with a sampling
time of 5~ ms. In order to provide a fixed sampling period in a Windows
Me environment, we employed a timer on a counter board of 24-bit up/down
counters. The design of the PD feedback controller are setting similar with
PD feedback contouring controller in Chapter 2.

fu =m(¥ — kyé — kpe) + cx, (3.4)

where m = 0.055V s%/mm,c = 0.21Vs/mm Controller gain is assigned as
follows: K, = 2w, K, = w?,w = 30. The parameter of table mass m and
viscous friction ¢ are identified by simple least square (LS) method which
are present in chapter 2.
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FIGURE 3.3: Simulation results, w = 30

From the experimental results, we can see that the input voltage and tracking
error are slightly different in comparison with the simulation results. I prove
that simulation equation of feed-drive system have good define actual feed-
drive system but still remain some small difference. These come mainly from
the mismatched parameters, the nonlinearity of the real feed-drive system,
the effect of the Coulomb force, and the phase lag. Therefore, accurate
modeling and identification of the dynamics of the feed drives is an important
part and is presented in chapter 2. We will compare the experimental results
between PD controller use three type controllers in Eqs. ??7. We conduct
experiments with the following reference trajectory:

r=10cos(0.85t) (mm)

Control gains are selected following:

K, = w2, Ky = 2w
w =40rad/s (3.5)
Ky=5,K, =10

Experimental results are shown in Fig. 7.3.
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From Fig. 3.6, we have tracking error use Coulomb and viscous friction have
better performance than control performance use only viscous friction in
friction definition. However, the proposed nonlinear friction and DOB clearly
reduce the tracking error and give the best control performance overall. We
increase the control gain to w = 60rad/s to verify the proposed method, and
we obtain the following experimental results,
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As with the results from the previous experiment, this result demonstrates
the effectiveness of our proposed friction model. In addition, our proposed
friction is used to identify the feed drive in the biaxial feed-drive contouring
control.

3.1.6 Conclusions

In this section, we design PD feed-drive tracking control with the Gaussian-
augmented friction model. The experimental results confirm clearly that
our proposed controller with the Gaussian-augmented friction model and
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the DOB gives better control performance and reduces the error. Exper-
iments have been conducted to examine the effectiveness of the proposed
Gaussian-augmented friction model. In sinusoidal reference following tasks,
the effectiveness of our proposed methods has been confirmed in both sim-
ulation and experiments. The controller based on our proposed Gaussian-
augmented friction model has a tracking error of less than 0.3m.
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3.2 Bi-Axial Table Control

3.2.1 Introduction

Friction in mechanical systems such as machine-tool feed drives is the main
disturbance that reduces tracking accuracy and machining surface quality.
Therefore, friction compensation is generally required in the design of con-
troller for high-precision motion. A controller that compensates for friction
without using high-gain control loops is inherently i need of a suitable fric-
tion model, and hence such as a controller is known as a model-based friction
compensator. A good friction model is also necessary in order to analyze
the stability, predict the friction behavior, and perform simulation.

Many simple and advanced friction models have been proposed in the lit-
erature. Most existing model-based friction compensators use conventional
static friction models that describe the static map between velocity and fric-
tion force [107]. The conventional static friction model does not describe the
friction behavior in the pre-sliding regime and is insufficient for represent-
ing the friction behavior at very low speeds. A dynamical model has been
proposed in order to compensate for this shortcoming [120]. The LuGre
friction model is widely applied because of its simplicity and relatively good
performance [6]. Swevers et al. have improved the LuGre model to yield
the Leuven integrated friction model [73], which has been modified further
by Lampaert et al. [80]. Recently, Al-Bender et al. developed the so-called
generalized Maxwell-slip (GMS) friction model [81].

Various model-based and non model-based friction compensation schemes
have been proposed thus far. Armstrong have carried out a survey on fric-
tion models and compensation methods for the control of machines with
friction [26]. Canudas and Lischinsky utilized their LuGre friction model for
adaptive friction compensation [112]. Tjahjowidodo et al. have shown that a
nonlinear gain-scheduled controller based on the Maxwell-slip-model-based
yields fast responses and low steady-state errors for friction compensation
in electro-mechanical systems [121]. Tung et al. applied a non model-based
friction compensation approach in the form of a repetitive controller, and
demonstrated improved tracking performance and the compensation of quad-
rant glitches [82]. Lampaert et al. compared model-based and non model-
based friction compensation for a tracking application on a dedicated test
setup (a tribometer), and concluded that a combination of a GMS friction
model based feed-forward and DOB yields the best performance [72].

Regarding machine-tool control, Erkorkmaz et al. proposed an unbiased
identification method and demonstrated the effectiveness of static friction
compensation [27]. Jamaludin et al. used a dynamic friction model (GMS
friction model) for friction compensation and evaluated it experimentally on
a linear-drive zy table [78], [122]. However, the GMS friction model or other
dynamics friction model provides better results than those of the conven-
tional static friction model only at low speeds.

This thesis focuses on a static friction model and assumes that nonlin-
ear friction phenomena appear not just at very low speeds but also at high
speeds. We propose a new nonlinear friction model that includes a nominal
linear friction model (Coulomb friction and viscous friction) and a number
of nonlinear friction sources represented by Gaussian functions. In addition,
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this study presents a controller design that consists of a feed-forward com-
pensation term with the proposed friction model and a DOB. Experiments
are conducted to compare the control performance between the proposed
and conventional static friction models. The proposed controller largely im-
proves the control performance with a maximum contouring error of less
than 1.6pm.

Y DC Servo motor

‘- R pa e BT Lsoan ¥y LY

FI1GURE 3.10: Biaxial feed drive system

The parameters of the friction model given by Egs. (2.9) and (2.32) are iden-
tified experimentally. The experimental setup is a typical biaxial feed-drive
system as shown in Fig. 3.10, which consists of two axes driven by DC servo
motors that are coupled to drive two ball screws. We assume that the friction
on each feed drive is the sum of many friction sources, such as ball bearings,
gears, and ball-screws nuts. A rotary encoder whose resolution for position
measurement is 0.025pm is attached to each feed-drive servomotor to mea-
sure the actual position of the feed-drive system. Because of the absence
of a velocity sensor, the velocity signal is calculated by means of numerical
differentiation of the position measurements. The system was controlled by
a personal computer (OS: Windows, CPU: 1GHz) with sampling time of
5ms. The control program was written in the C++ language. In order to
provide a fixed sampling period in a Windows environment, we used a timer
on a counter board with four channels of 24-bit up/down counters. The
equivalent-mass parameter values for the x and y axes of the experimental
setup are m, = 57.65kg and m, = 58.93kg, respectively.
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3.2.2 Identification of Bi-Axial Table Dynamics
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The Gaussian augmented friction model is used to describe nonlinear be-
havior in ball-screw feed drive systems of bi-axial table, comparison with
conventional friction model and observed friction is shown in Fig. 3.12 . The
estimated conventional friction model and the Gaussian augmented friction
model parameters are shown in Table. 2.1 and Table. 2.3, respectively.

3.2.3 Contouring Control of Bi-axial Table
3.2.3.1 Estimation of Two-Dimensional Contour

In machining, the contour error is an important criterion for the quality of the
machining surface. This thesis applies the proposed friction compensation
to a contouring controller [123], [124].
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FIGURE 3.13: Definition of Contour Error

Figure 3.13 explains schematically the relationship between the tracking
errors in each feed-drive axis and the contour error. The coordinate frame
>w, whose x and y axes correspond to the feed-drive axes, is a fixed frame.
The curve C' in the figure is the desired contour curve of the point of a
machined part driven by the feed-drive system. The symbol r = [ry,7,]7
is the desired position of the point of the machined part at time ¢, and de-
fined in ¥,,. The actual position of the feed-drive system is assumed to be
q = 4z, qy]T, which is also defined in X,,. The contour error is defined as the
shortest distance from ¢ to the desired contour C' and is represented by the
symbol e., the contouring controller is concerned with reducing this error. A
local coordinate frame ¥; is also defined, the origin of which is at the desire
position r and with two axes T, N, as shown in the figure. The T axis is in
the tangential direction of ¢ at r, and the direction of IV is perpendicular to
T at r. The tracking error vector e,,, which consists of the tracking errors
of both feed-drive axes, is defined as follows:

ew = [ewz, ewy]T =x—7r (3.6)
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This error vector can be expressed with respect to ¥; as follows:
er = [ew, em]” = R ey
(3.7)

cos) —sind
sinf  cosf

where the inclination 6 of ¥; to X, is shown in Fig. 3.13.

3.2.3.2 Contouring Controller Design for Bi-axial Table
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We have the following improved contouring controller, where a DOB and
feed-forward friction compensation are included in the controller [124]:

F = M{i — R(Kyué; + Kyey) — 01.e, + 62T, — 201.¢,} + D + Fy

I = |:_01 (1):| = [fwafy]TaM = diag{mxamy}aD = [dx,dy]T (3.8)

Ff = [foany]T7Kvl = [kvlhkvln]Tprl = [kpltykpln]T

where F, M, I, and 7 are the driving force vector, the table mass matrix,
a 2x2 identity matrix, and the reference acceleration vector of the desired
contour, respectively. The symbols K,; and K are the velocity and position
feedback-gain matrices. They are assumed to be diagonal matrices with
positive elements. The disturbance d, and d, are estimated as in Eq.(2.22).

3.2.3.3 Experimental Results

Here, we compare experimental results between PD controller use three type
feed drive controller in Egs. (7.7), (7.8), and (7.9). We conduct experiments
with the following circular reference trajectory:

ry = 10c0s(0.85t)(mm)r, = 10sin(0.85t)(mm) (3.9)

Controller gains are set as Kvl = 2w, Kpl = w?,w = diagwy;,i = t,n,wy =

40rad/s,wy, = 60rad/s We have following experimental results.

Reference Contour r
—Viscous friction
—Coulomb and viscous friction
—Nonlinear friction and DOB

FIGURE 3.16: Reference and real circular contour



3.2. Bi-Axial Table Control 57
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FI1GURE 3.17: Tangential error profile

10 . .
I —Viscous friction
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Normal error e, [um]

FIGURE 3.18: Normal error profile

From Figs. 3.20,3.21, our proposed friction model and DOB archived about
1 pm precise and a mean contour error of less than 0.5um. We increase the
control gain to wit = 60rad/s,w;n = 70rad/s to verify the proposed method,
and we obtain the following experimental results,



58 Chapter 3. Uniaxial Feed Drive and Biaxial Table Control
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FiGURE 3.20: Maximum contour error

From Figs. 3.26,3.27, our proposed friction model obtains better control
performance with high feed-back gain. Contouring control using our pro-
posed method has a bigger range of feed-back gain and therefore obtains
better control performance with high control gain. We conducted experi-
ments with a non-circular curve to confirm the efficiency of our proposed
method. First, we present experimental results for eight curve tracking.

Second is trifolium curve experimental results.
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FIGURE 3.21: Mean of contour error in 10 times experiment

Reference Contour r
—Viscous friction
—Coulomb and viscous friction
—Nonlinear friction and DOB

20 10 0 10 20
X [um]

FIGURE 3.22: Reference and real circular contour

We conduct other experiment to compare the proposed method.

Table 3.1 summarizes the average contour error from 10 trials of each
controller at a tangential tracking velocity of 3mm/s. We can see that the
maximum contour error often occurs at a quadrant, and therefore its value
equals the maximum quadrant glitch. However, for controller (c), the max-
imum contour error does not occur at a quadrant because of the modeling
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error of the nonlinear friction. The DOB compensates for the modeling
error of the friction model. The controller with the DOB and the conven-
tional static friction model provides slightly better performance in that the
maximum contour error is reduced to only 3.71pm. However, by comparing
the results in (b) and (c) for which only feed-forward compensation is ap-
plied, the nonlinear static friction model shows better performance. At the
lower tracking speed region, although the maximum contour error and the
quadrant glitch for (c) are the smallest, controller (f) that includes a DOB
provides a better root mean square (RMS) error and standard deviation. We
conclude that a controller that uses both feed-forward friction compensation
and a DOB will reduce the contour error steadily.

The benefit of the proposed nonlinear friction model is evident in the
high speed regime, as shown in Table 3.2, which summarizes the average
results from 10 trials at a speed of 9.5mm/s. Figures 3.34 and 3.35 show
the contouring-error results from applying controllers (a)—(f). In Table 3.2,
we can see that the maximum contour error in (b) and (e) is greater than
the maximum quadrant glitch because the nonlinear property of friction is
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FIGURE 3.26: Maximum contour error

dominant in the high speed regime. Controller (f) clearly provides the best
contour-error performance, where the maximum contour error is reduced to
only 1.56um. The RMS of the contour error and its standard deviation are
also improved to only 0.49pm and 0.94pm, respectively.

3.2.4 Conclusions

The nonlinear friction properties in a mechanical feed drive system are an-
alyzed. Because the contour error is important in machining applications,
a contouring controller with Gaussian-augmented friction compensation is
proposed to improve the contouring performance. Comparative experiments
with several friction-compensations models in both the low-speed and high-
speed regimes are conducted, and it is shown that the proposed controller
is effective for high speed motion, the maximum contour error is reduced by
58% compared to that with a conventional static friction model.

The contouring performance would be improved further with a combi-
nation of the LuGre dynamic-friction model and the proposed Gaussian-
augmented friction model. This extension is left for future research.
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TABLE 3.1: Contour error in different friction compensation
strategies at 3mm/s

Friction Compensation Techniques Max Contour Error Quadrant Glitch Root Mean Square Standard Deviation

(a). No Friction compensation 15.72pum 15.72pum 7.73um 11.21pm
(b). Conventional friction compensation 7.36um 7.36pum 1.14pum 1.56pum
(c). Proposed friction compensation 3.54pum 3.32um 0.85um 1.34pm
(d). Disturbance observer only 13.81pum 13.81um 2.98um 3.04pum
(e) .Disturbanc:: observer+ conventional 3.71 um 3.71 um 0.43um 0.58um
friction model

(t) .Dlsturbauce observer+ Proposed 543 um 543 um 0.55um 0.73um
friction model

TABLE 3.2: Contour error in different friction compensation
strategies at 9.5mm/s

Friction C tion Techniq Max Contour Error Quadrant Glitch Root Mean Square Standard Deviation

(a). No friction compensation 12.74pum 12.74pum 6.88um 9.73um

(b). Conventional friction compensation 5.38um \4_98;1111] 2.23um 3.19um

(c). Proposed friction compensation 3.08pum 2.99um 1.29pum 1.81um

(d). Disturbance observer only 16.72pum 16.72pum 3.98um 3.38um

(e). Disturbance observer+ conventional -

friction model 3.82 pm 1.01um 1.38um

isturbance observer+ Propos <

(ﬂ ]?1srurb1m.e observert Proposed 1.56 pm 1.56 pm 0.491um 0.94pm
friction model
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Chapter 4

Triaxial Machine Tool
Control

4.1 Introduction
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FIGURE 4.1: Triaxial machine tool

Friction is the dominant component that degrades machine-tool motion ac-
curacy. There are many research methods for friction-compensation control
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to improve the motion performance of machine tools [11], [26]. Variations on
the structure of feed drives and the coupling between them result in highly
nonlinear and time-invariant friction behavior [125], [126], and therefore
implementation of friction-compensation control is challenging. Friction-
compensation control methods can be categorized according which friction
model they use [26]. Generally, friction-compensation techniques are di-
vided into two categories: model-free methods and model-based methods.
In model-free methods such as robust control and adaptive control, friction
is considered as part of the disturbance [127], [128]. Yan et al. [129] proposed
a combined two-degrees-of-freedom controller with a DOB to compensate for
nonlinear friction, cogging effects, and external disturbances. Lin et al. [130]
presented a robust controller that combines a variable-structure controller
(VSC) with a DOB-based compensator, and compared the performance to
that of a typical disturbance-compensation controller. Tung et al. applied a
non model-based friction-compensation approach in the form of a repetitive
controller, and demonstrated improved tracking performance and quadrant-
glitch compensation [131]

On the other hand, model-based methods exactly cancel out the effect of
the friction force on the feed drive by an additional driving force equivalent to
the estimated friction [95], [132]. A friction model is incorporated into a feed-
back or feed-forward loop to estimate the friction. Armstrong have carried
out a survey of friction models and compensation methods for the control
of machines with friction [26]. Canudas and Lischinsky utilized the LuGre
friction model for adaptive friction compensation [112]. Tjahjowidodo et al.
have shown that a nonlinear gain-scheduled controller based on the Maxwell-
slip- model yields a fast response and a low steady-state error for friction
compensation in electro-mechanical systems [121]. Regarding application to
real machine-tool control, Erkorkmaz et al. proposed an unbiased identifica-
tion method and demonstrated the effectiveness of Coulomb-viscous-Stribeck
friction compensation [27]. Jamaludin et al. used a dynamic friction model
(GMS friction model) for friction compensation techniques and evaluated it
experimentally on a linear-drive xy table [78], [122]. However, the GMS fric-
tion model or other dynamic friction models provide better performance than
that of the conventional static friction model only at low speeds. Although
the effect of friction can be suppressed effectively, model-based methods
are difficult to apply to actual machine tools because the performance of
the friction compensator is highly dependent on the accuracy of the fric-
tion model [133]-[135]. Therefore, a precise friction model of feed drives in
machine tool is required, which considers not only linear guide friction but
also friction behavior inside the lead-screw drive, for example. A Suitable
friction model is necessary to improve the performance of the system. Ba
and Uchiyama [119] have proposed a nonlinear friction model that includes a
nominal Coulomb-viscous friction model and a number of nonlinear friction
sources represented by Gaussian functions for describing precise nonlinear
behavior. They also designed a contouring controller that consists of a feed-
forward compensation term with the proposed friction model and a DOB.
Experiments were conducted on a biaxial feed-drive system through which
the performance was verified. However, they did not give a corresponding
explanation about of the nonlinear part of the model, nor did they identify
parameters that are complex in high-speed machine tools. There has been
some other research on contouring control of multi-axis systems [136]—-[141].
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Contouring control with five axes is proposed in [11], [142]-[148]

This paper is based on the assumption of Bui and Uchiyama that fric-
tion in the feed drive of a machine tool is from many friction sources with
complicated and nonlinear properties. In particular, we focus on the prop-
erties of a lead-screw drive with insufficient lubrication. We show that this
acts like a spring, and we propose a nonlinear friction model that includes
the typical Coulomb-viscous friction and a nonlinear sinusoidal friction term
for to describe the lead screw. In addition, this study presents a controller
design with feed-forward friction compensation using the proposed friction
model. Experiments are conducted to compare the control performance be-
tween the proposed and conventional static friction models. The proposed
controller largely improves the control performance with a 26 % reduction
in the mean contouring error.

The experimental system used in this study is a desktop triaxial machine
tool as shown in Fig. 2.21. It consists of three axes driven by DC servo
motors (15 W, 24 V dc) coupled to, and driving three lead screws. It has a
spindle attach to z axis and a table attach to y axis. In addition, a linear
encoder (resolution 0.1 pm) is attached to each feed-drive axis to measure
the real position of the feed-drive system. Modeling of the feed drive on each
axis shown in Fig. 2.21 includes a linear guide and a lead-screw/nut system
to translate the rotation of the motor into linear motion of the feed drive.

4.2 Identification of Triaxial Machine Tool

The linear dynamics of the feed drive can be represented as shown in Fig. 4.2.
Here, u (V) is the control signal applied to the input of the current amplifier,
whose gain is k, (A/V). The amplifier produces a current ¢ (A) in the motor
armature, resulting in a motor torque t,,, that is linearly proportional to
i with the motor torque constant k; (Nm/A). The motor torque generates
a driving force f, (N), that is linearly proportional to t,, with the lead
screw gain r4 (rad/mm). In addition, the feed drive is also subjected to a
disturbance force that contains the effect of friction in the linear guide ways
frii, ball screw fp., as well as the cutting force f.. The difference between
fu and fe+ fri + frie is used to actuate the mechanical system consisting
of the equivalent translational-axis mass m (kg) of the corresponding axis.
The lead screw gain r, is calculated as follows:

(4.1)
where L is the lead of the screw. This gain is used in a lead-screw system

to translate rotation into linear motion and the motor torque into a driving
force. The other parameter values of the machine are given in Table 4.1.

4.3 Tool Position Contour Error Estimation
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FIGURE 4.2: Linear dynamics of a feed drive

TABLE 4.1: Triaxial machine tool parameters

T axis Yy axis z axis
m (Ns?/mm) | 1.0 0.8 0.8
L (mm) 2 2 2
ko (A/V) 0.21 0.21 0.21
k: (Nm/A) 38.2 38.2 38.2

In machining, the contour error is an important criterion for the quality
of the machining surface. Figure 4.3 explains the relationship between the
tracking and contour errors schematically. The coordinate frame ¥,,, whose
x,y and z axes correspond to the feed drive axes, is a fixed frame. The blue
contour represents the desired path of the feed drive of the triaxial machine
tool. The symbol qq = [¢dz, Gdy, qa-)T denotes the desired position at time ¢,
and is defined in X,,. The real position of the feed drive is assumed to be
q = [z, @y, ¢z]*, which is also defined in %,,. The contour error is defined as
the shortest distance from ¢ to the desired path and represented by symbol
ec. The contouring controller is concerned with reducing this error. The
tracking error vector e,,, which consists of the tracking errors in the three
feed-drive axes, is defined as follows:

€y = [ewma Cwy» ewz]T =q—4q4- (4.2)

The approximated contour error is defined in a local coordinate frame
>.;. Its origin is at the desired position gy and with the three axes t,n, b, as
shown in the figure. The ¢ axis is in the tangential direction of desired path
at qg, the direction of n axis is perpendicular to ¢ at gz and the b axis is
the bi-normal component normal to ¢ and n. For the parametric trajectory,
the tangential, normal, and bi-normal vectors are denoted as t,n and b,
respectively, and are calculated at a time ¢4 as follows:

Ntemp = (ﬁ,\ﬁm #0)Or((1,0,0),Gg = 0,¥t # (1,0,0))
Or ((0,1,0), 4 = 0, = (1,0,0)),t = 4 (4.3)

gl
b=1 X ngemp,n =bxt,

where nepmp is the vector to find a plane that contains vectors ¢t and n. The
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FIGURE 4.3: Definition of contour error

normal vector n is calculated from vectors b and ¢. The error between the
real position and the desired position can be expressed with respect to X; as
follows:

T T
e; = [ew, em, ep)” = R ew,

R = [t’ n, b]’ (4.4)

|2 . 2
€c RN/ €n T €l

where RTR = I and I is the identity matrix. The contour error e, is used
in the design of the contouring controller.

4.4 Contouring Control Design with Eccentric Con-
figuration Friction Model

4.4.1 Identification of Conventional Friction Model

When the feed drive in Fig. 4.1 is operated at constant velocity without
machining, main disturbance is the friction force. Based on the estimation
method in [119], a feed drive tracking controller with a disturbance observer
is used to actuate the feed drive at constant velocities of 0.01, 0.04, 0.08,
0.15, 0.2, 0.4, 0.5, 1.0, 1.5, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5,
8.0, 8.5, 9.0, 10.0, 11.0, 12.0, 13.0, 14.0 and 15.0 mm/s. Fig. 4.4 shows the
observed and the fitted friction force represented by Eq. (2.9). The Nelder-
Mead downhill simplex method with the function "fminsearch” in MATLAB
is used to identify friction model parameters. The obtained parameters are
shown in Table. 4.2.
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FIGURE 4.4: Observed friction and approximation by a con-
ventional friction model

TABLE 4.2: Estimated conventional friction model parame-

ters
ap (N)  a1(N)  ao(Ns/mm) vy 6
b 20 35 5.0 0.6 2
y 15 30 3.0 09 2
V/ 25 40 5.0 04 2

4.4.2 Identification of Eccentric Configuration Friction Model

Similar as in single-axis feed drive systems and bi-axial table, observed time-
friction map and identified conventional friction model show high deviation.
But not like as in bi-axial table system, observed friction-velocity map in
triaxial machine tool is more complex with repetitive sinusoidal properties.
Therefore, the Gaussian augmented friction model is not suitable to model
this friction behavior because it will increase the number of Gaussian func-
tion and friction model complexity. For this reason, other friction model
should be used. Beside velocity-friction map, position-friction map is pro-
posed to support to figure out the cause of repetitive friction component.
Position-friction map confirm the appearance of eccentric friction as as-
sumption in chapter 2. Therefore, eccentric consideration friction model
in chapter 2 are chosen to model friction in triaxial machine tool.

Fig. 4.7 show that the proposed model is better describe friction behav-
ior than the original one. Estimated eccentric configuration friction model
parameters are shown in Table. 4.3
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FIGURE 4.6: Convention friction model and observed fric-
tion on y-axis
Contouring Controller Design

We have the following improved contouring controller in which a feed-forward
friction compensation is included in the controller [123], [149]:

F,=M {qd —R <Kvlél + Kplel + RTew + QRTe'w)} + F
F, = [fu:pafuy»fuz]TaM = diag{mzamyamz}a

Fr = [fr:pa f?‘ya frz]Ta Kvl = diag{kvlta kvh’w kvlb}y
Kpl = diag{kpltv k:plny k:plb}a

(4.5)

where F,,, M and ¢y are the driving force vector, the table mass matrix and
the reference acceleration vector of the desired contour, respectively. The
symbols K,; and K, are the velocity and position-feedback gain matrices,
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FIGURE 4.7: Eccentric configuration friction model and ob-
served friction

TABLE 4.3: Estimated eccentric configuration friction model

parameters
no(N) _m(Ns/mm) np(N) n3(rad)
X 18 4.5 4.2 0.28
y 15 3 11.2 -0.27
z 24 4 2.5 +0.31

respectively. They are assumed to be diagonal matrices with positive con-
stant elements.

4.4.4 Experimental Results

The proposed nonlinear friction model is verified experimentally with the
triaxial machine tool in Fig. 2.21. Here, the feed-drive motion is verified
on its own without machining a workpiece. We used C++ to implement
a controller program that connect to the experimental system through a
16 bit DA board and a 32 bit pulse counter board. Figure 4.8 shows the
graphical user interface for the experiment. The friction-compensation per-
formance is verified based on tracking control results with a circular and
non-circular reference. The maximum and RMS contour errors are used to
validate the friction compensation performance, which is compared for the
following different controller configurations (All the controllers are based on
the contouring controller in Eq. (3.8) ):

(a). Contouring controller without friction compensation

(b). Contouring controller with conventional friction model compensa-
tion

(c). Contouring controller with proposed friction model compensation

For comparison purpose, the same controller gains are used in all con-
trollers as K,; = diag{60s™!,60s7140s 7!}, K,; = diag{3600s2, 3600s 2, 1600s~2}.
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FIGURE 4.8: Graphical user interface for experiment

4.4.4.1 Experimental Results of Circular Contouring

Firstly, the following three dimentional desired circular contour is used in

the experiment:
10 cos 47
=10 cos | —t | mm,
dz 15

10 '(@%)
=10 sin | —¢ | mm,
b 15 (4.6)

4
q. = 10 sin (1—7;75) mm,

t=1[0.0,15.0] s

Figures 4.9, 4.10, and 4.11 show the contouring controller results by applying
the controllers (a), (b), and (c), respectively. Figures 4.12 compares the
maximum contour error for 10 trials and Fig. 4.13 is for the mean contour
error. In Figs. 4.12 and 4.13, the contouring controller without friction
compensation exhibits larger contour errors than those of the contouring
controllers that use friction compensation. The contouring controller that
uses the proposed friction model results in a smaller maximum contour error
than that with the conventional model. Furthermore, the average mean
contouring error and the maximum contour error are reduced by about 26%
and 9.3% in comparison with conventional ones, respectively.
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FIGURE 4.10: Circular contour tracking results for con-
troller (b)



4.4. Contouring Control Design with Eccentric Configuration Friction

Model m
2
—Reference Contour gq(mm) 16 —Contouring error e;(mm)
15 —Real Contour g(mm) 12 —— Contouring error e, {(mm)
10 = : | . 08 Contouring error e;,(mm
£ CEC .
=N — 0 i i i :;/./ e
N e 04
) o Wogg
e -1.2
10 1% 45
10455 10 012345678 9101112131415
y [mm] x [mm] Time [s]
250 2
200 —X axis driving force (N) 16 —Tracking error e, (mm)
Y axis driving force (N) 12 Tracking error e, (mm)
_ 150.'\ —7 axis driving force (N) | __ o8 —Tracking error e,(mm)
Z, 100 \ - M,\ E 0.4
g 50 M%ﬁ ) ;.r, M‘, = 0 Sp( e
Lo L / R
¥V 0.
'50H M;’MWJ B 192
-100 16
-150 2

012345678 9101112131415

Time [s]

012345678 9101112131415

Time [s]

FiGURE 4.11: Circular contour tracking results for con-
troller (c)

3
*

= 833 I No friction compensation
£ 0 4l * Conventional friction compensation ||
:u 0_5;5 L #  Proposed friction compensation I
s 0.32r .
E 0.28} .
L 0.244 .
o 0.2t -
€ 0.16} .
8 0.12} ) ]
= 0.04} .

D 1 1 | 1 1 | | 1

1 2 3 4 3] 6 7 8 9

Trial

FIGURE 4.12: Maximum contour error results in circular
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4.4.4.2 Experimental Results of Non-Circular Contouring

The following three-dimentional non-circular contour is used in the experi-

2 2
qz = 10 cos <17T—Ot> <4 sin (%) — 1> + 10 mm,

ment:

qy = 10 cos (%t) sin (

11015) (4 sin (

2
1) — 1) mm,
10

T 2 T2
q. = 10 cos <Et> (4 sin (E) — 1) + 10 mm,

t =1[0.0,10.0] s.

(4.7)
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FIGURE 4.14: Non-circular contour tracking results for con-
troller (a)

Figures 4.14, 4.15, and 4.16 show the contouring-controller results of apply-
ing controllers (a), (b), and (c). Fig. 4.17 compares the maximum contour
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FIGURE 4.15: Non-circular contour tracking results for con-
troller (b)
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FIGURE 4.16: Non-circular contour tracking results for con-
troller (c)

error for 10 times trial, and Figs. 4.18 is for the mean contour error. Similar
results are obtained for the circular-contour cases. The mean contouring
error and the maximum contour error have average reductions of 16% and
35.4%, respectively, in comparison with the conventional ones. Although
the mean contour error reduction is lower than that in a circular case, the
maximum contour error reduction is much better.
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4.5 Sliding Mode Contouring Controller Design with
Adaptive Friction Compensation

4.5.1 Sliding Mode Contouring Controller Design

In general, triaxial machine-tool dynamics are represented by the following
differential equation:

Jfu= [fuma fuyafuz]T = Kyu,

Ky = diag{ku }, v = [ug, uy, us]”, (4.8)

M = dlag{ml}al =T,Y,%,

ff = [ffxv ffy7 ffZ]T’ g= [gxa 9y, gz}Tv
where fyi, kii(> 0), and wu; are the driving force, the force-control input co-
efficient, and the control input voltage in drive axis i, respectively. Further-
more, m;(> 0), fri, and g; are the equivalent mass, the friction force and

the gravitational force in the drive axis 4, respectively. The symbol diag{a;}
denotes a diagonal matrix with the elements «; at the ¢th diagonal position.

We design the sliding surface vector based on the transformed error e; as
follows:

s = é; + ey,
T (4.9)
s = [St78n78b] )

where A = diag{\;} (i = t,n,b) is a 3x3 matrix in which X;(> 0) is a positive
constant. From Eqgs. (3.7) and (4.9), we have

&= R"ey + R'éy,

¢, = RTey +2RTé, + RTé,,

€w =4 — qd, (4.10)

5 =€+ A\,
= RTey +2RTéy + RT(§ — g) + AR ey + ART €,

From Egs. (4.8) and (4.10) we have

$=Rey+ 2Ry + RT{M " (fu — fr — 9) — da} (411)
+ AR ey, + AR ¢, '
The best approximation driving force fu in a continuous control law that

achieves § = 0 is thus
fu=M{is— ROR ey + AR ¢y + RTey, + 2RT¢,)} 41
+fr+4.

where M, ff, and ¢ denote the estimated values of real parameters in dy-
namics system in Eq. (4.8). There exists an error between estimated and
real parameters, and therefore, in order to satisfy the sliding condition, we
add discontinuous terms across the surface s = 0 and a continuous controller
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term as follows:
fu=fu— MRAs — MRLE, (4.13)

where k = [k, kn, k)7 is a positive gain vector, A = diag{a;}(i = t,n,b) is
a 3x3 matrix of positive diagonal elements, and L = diag{sgn(s;)} is a 3x3
matrix with the sign function defined as follows:

1 if s; > 0,
sgn(s;) =4q0 ifs; =0, (4.14)
—1 otherwise.

To prove the stability of the control system, we choose the following
Lyapunov function candidate:

1
V = 5sTs. (4.15)

From Egs. (4.8), (4.12), and (4.13) we have

G=MM{Gs— RO\RTe, + ARTé,, + RTe,
+2RTé,)} + fr + G — MRAs — MRLE]
= Gg— ROORT ey, + ART ¢y, + RTe,, + 2RT¢,,)
— RAs — RLk + M ' [M{js — ROR e, + AR ¢é,,
+ R%e, +2RT¢,)} + fy + 3 — MRAs — MRLK]
M:M—M,ffof*ffh@:@*gv

(4.16)

where M, ff, and ¢ denote the parameter estimation errors. From Egs.
(4.11), (4.15), and (4.16) we have

V=353

= sT[RTey, + 2R ¢, + RT{—R(ARTe,, + ART¢,,

+ RTe, +2RT¢,) — RAs — RLk + MY (M{iy

— RART ey + ART ¢y + BT ey + 2RTé0)} + ff + 3§

— MRAs — MRLE)} + ARTe,, + ART¢,)] (4.17)

= —sTAs+sTRTM~*MRAs

—sTL[k — L*RT{M~Y(M{j; — RIART e,

+ ART ey + RTey + 2RTé0)} + fr + )]

+sTRTM~'MRLE.

Estimation errors on parameter M, f;, and g are assumed to be bounded,
and the case sgn(s;) = 0 is not considered. (i.e., L = L™1). We have

L*RT (MY (M {j; — ROR e,
FARTéy + R ey + 2RTE,)} + f7 + 9)
< LY RT|M (M {Gs — ROR e, (4.18)
+ ART ¢y + BTey + 2RT¢0)} + fr + 7))
= h,
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where |I'| denotes the maximum element of the matrix I", M(> 0), ff(>
0), and §(> 0) denote the upper bound of the maximum values of the esti-
mated parameter error M, f t, and g, respectively. M~ is a diagonal matrix
whose diagonal elements are greater than those of M ~!. Letting

k=~+h, (4.19)

where 7 is a 3x1 positive gain vector, from Eqs. (4.14), (4.17) and (4.19),
we have ) ~
V=sTs<-s"TAs+s"RTM'MRAs — s" Ly

5 4.20
+s"RTM-'MRLE. (4.20)

Assuming that the estimated parameters m; € M is not so far different
from the actual parameter m; € M( i.e m; € M < m; € M), we have:

—sTAs+ sTRTM™'MRAs < 0
T T T 4 r—17 (4.21)
—s' Ly+s " RPM "MRLEk <0,

and hence V = s7$ < 0 is achieved.

Note that in this sliding-mode contouring controller, the switching gain
k is not fixed, its value depends on the tracking error e, as in Eq. (4.18).
This nonlinear switching gain makes the controller robust to parameter un-
certainties and non-linear friction properties. However, a higher switching
gain leads to chattering in control input. To reduce the switching gain k&, in
the next section, we propose adaptive friction compensation to have better
friction-compensation performance.

4.5.2 Friction Model Design for Adaptive Control
We propose an adaptive friction compensation design as follows:
fr=Tsgn(d) + 5 + Ad

I' = diag{~;}, (4.22)
A= dlag{)‘l}al = (l‘,y, Z))

where B is an adaptive nonlinear friction term and estimated as follows:

/Be = Kc{Mil(fu - Fsgn((j) - Aq - g) - 66 + ch}

/8:/86 _KCQ7

(4.23)

where K. = diag{k} is a 3x3 matrix of adaptive friction-compensation
gains. The important point of the proposed method is that it compensates
for the nonlinearity in the viscous friction force. In the conventional friction
model, the viscous friction force is calculated based on the steady-state fric-
tion behavior that changes slowly. However, in a real system with parameter
uncertainty and nonlinear friction, chattering in the velocity occurs and dif-
ferences exist between the real velocity and the desired velocity. Therefore,
adaptive friction compensation is regulated to compensate for the difference
and reduce the error and the magnitude of sliding surface s. The parameter
Be is included in Eq. (4.23) for the boundedness of (., and therefore the
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TABLE 4.4: Machine tool parameters

X axis |yaxis |z axis
m (Ns*’mm) | 1.0 0.8 0.8

2 (N) 0.0 0.0 10.0
ki (N/V) 25 25 25

TABLE 4.5: Controller gains

Controller
parameters (a) (b)

(Ae. An, £6) (20.40.40) (20.40.40)
(a.. an. ap) (10.20.,20) (10.20.20)
(M, My, ;) | (0.1,0.1,0.1) | (0.1,0.1,0.1)
(Ve Vn- ) (10.20,20) (5.10.10)
(kex. key. kez) (10,20.,20)

bounded adaptive friction term B is achieved. The estimation of B conver-
gences when 3, = 0, which leads to 8 = f, — My — I'sgn(q) — Ag — g that
compensates for the difference between the model controller force and the
actual required force f,.

4.5.3 Experimental Results

The machine tool in Fig. 2.21 consists of three axes driven by DC servo mo-
tors coupled to, and driving three ball screws. In addition, a linear encoder
whose resolution is 0.1 pm is attached to each feed-drive axis to measure
the real position of the feed-drive system. The estimated parameter values
of the machine are given in Table 4.4. The value of k; is calculated from
the motor data-sheet and the lead-screw coefficient. The nominal weight m
is obtained from identified experiments under constant acceleration. The
nominal gravitational force g is estimated from the difference between the
forward and backward feed-drive force at constant speed. The proposed
controller is verified by means of a circular contour and non-circular con-
tour. The RMS contour error and power consumption are used to validate
the proposed controller. The effectiveness is compared with the following
two different controller configurations (both controllers use the same X in
designing the sliding surface):

(a) Sliding-mode contouring controller with conventional friction com-
pensation

(b) Sliding-mode contouring controller with adaptive friction compensa-
tion

Controller gains are given in Table 4.5.
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First, the following three-dimentional desired circular contour is used in
the experiment:

qr = 15 cos (%t) mm,
g, = 15 sin (%t) mm, (4.24)

q. = 15 sin (%t) mim.
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FiGURE 4.19: Circular contour tracking results for con-
troller (a)

Figures 4.19 and 4.20 show the contouring-error results obtained by ap-
plying controllers (a) and (b). Figure 4.12 compares the mean contour errors
for 10 trials, and Fig. 4.22 is for the power consumption. From Figs. 4.19
and 4.20, we can see that sliding-mode contouring controller with adaptive
friction compensation gives better contour-error performance despite having
a lower switching gain. Reduced chattering in the driving force results in
lower power consumption. The mean contouring errors from 10 trials in
Fig. 4.12 and the power consumption in Fig. 4.22 are reduced by about
28.6% and 7.1%, respectively in comparison with the conventional ones on
the average.
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FIGURE 4.20: Circular contour tracking results for con-
troller (b)

Next, the following three-dimentional non-circular contour is used in the
experiment:

3
gz = 10 sin <7Tt + 1.256) min,
10 (4.25)
T 7r
gy = 15 sin <Et) mm, g, = 15 sin (Et) min,

Figure 4.23 and 4.24 show the contouring-error results obtained by ap-
plying controllers (a) and (b). Figure 4.25 compares the mean contour errors
for 10 trials, and Figs. 4.26 is for the power consumption. Similar results
are obtained with those from the circular-contour cases. The average con-
touring error and power consumption are reduced by about 34.2% and 2.5%,
respectively, in comparison with the conventional ones.

The sliding-mode contouring controller (a) is implemented with the as-
sumption of parameter uncertainty, and the switching gain is set to high
values to keep the tracking and contouring errors low. In controller (b),
adaptive friction compensation is used with a smaller switching gain, and
better contouring performance is confirmed. The smaller switching gain pro-
vides smaller chattering in the control input, and therefore better energy-
saving performance is achieved.
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FIGURE 4.22: Power consumption results

4.6 Conclusions

The dynamics of the lead-screw feed drive in the triaxial machine tool are
analyzed, and a nonlinear friction model is proposed that concerns the ec-
centricity between the lead-screw and the nut. Because the contour error
is important in machining applications, a contouring controller with feed-
forward friction compensation is designed. Experiments with out cutting
were conducted based on a circular and a non-circular reference contour.
Comparative experiments with different controller configurations show that
the proposed method is more effective than both the contouring controller
without friction compensation and that with conventional friction compen-
sation. On average, the mean and maximum contour errors were reduced by
about 26% and 9.3%, respectively, in the circular trajectories in comparison
with the contouring controller that uses the conventional friction model.
This study shows how eccentricity between lead screw and nut lead to
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FIGURE 4.23: Non-circular contour tracking results for con-
troller (a)

friction variations over one revolution of the screw. This effect may not
be significant in brand-new machines manufactured by leading companies,
which would have more stable and better lubrication condition. However,
for machine tools that have been in operation for a long time, and are not
well lubricated (i.e., where the effect of friction is dominant), the proposed
method is effective. In addition, we can improve machining accuracy at low
cost by simply updating the controller using the proposed nonlinear friction
model.

The effectiveness of the proposed method is confirmed for non-cutting
experiments. For cutting experiments, design of a cutting-force observer is
required. In addition, the proposed method can be extended to other in-
dustrial machines such as a coordinate measurement machine (CMM). This
extension is left for future research. In addition, a robust sliding-mode
contouring controller with adaptive friction compensation is proposed with
experimental verification. This chapter proposed a nonlinear switching gain
and a stability proof for robust sliding-mode contouring control. In addition,
an adaptive friction component was presented and its effectiveness was ver-
ified experimentally. It was shown that the proposed controller is effective
in reducing contour error by about 28.6% and power consumption by about
7.1% in circular-contour tracking experiment.
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Chapter 5

Conclusions and Future
Research

5.1 Conclusions

This thesis considers nonlinear friction properties, identification, and com-
pensation for feed-drive systems in machine tools. Design for tracking con-
trollers and contouring controllers with the proposed nonlinear friction-
compensation model were presented in order to reduce the tracking error
in a uniaxial feed drive, the contour errors in a biaxial table and a triaxial
machine tool. In addition, we proposed a robust sliding-mode contouring
controller with adaptive friction compensation to further reduce the contour
error and power consumption.

Compensation of friction forces acting on the feed-drive system is critical
for high-speed, high-precision machine-tool control. The nonlinear friction
properties in a feed-drive system were analyzed, and investigation of the ex-
perimental results showed that nonlinear friction phenomena appear at both
low and high speeds. A nonlinear friction model that includes a conventional
static friction model (Coulomb friction and viscous friction) and a number
of nonlinear friction sources represented by Gaussian functions was proposed
in order to model the nonlinear friction properties of high speed motion. In
uniaxial feed-drive system control, a simple PD tracking controller design
with feed-forward friction compensation and a DOB was proposed. Compar-
ative experiments with several different friction-model configurations were
conducted at both low and high Speeds. It was shown that the proposed
controller with nonlinear friction compensation is effective at reducing the
tracking error in high speed experiments; the mean tracking error was re-
duced by 37% compared to that with a conventional static friction model.

In multi-axis feed-drive system, the combination of the tracking motion
of each feed drive generates the contour motion. A biaxial table generates
two-dimension motion of the work piece. In triaxial machine tool, the cut-
ting tool is attached to the spindle on the z axis and three feed drives move
the cutting tool in a three-dimensional contour motion for the cutting pro-
cess. Therefore, besides the tracking error, there is a contour error that is
defined as the component orthogonal to the desired contour curve; this is an
important factor in the evaluation of surface machining.

We extended the proposed nonlinear friction-compensation model to con-
sider the contour-following performance in biaxial table control. A contour-
ing controller with feedforward friction compensation and a DOB was pro-
posed. The friction compensation performances of the proposed methods
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were compared based on the mean and maximum contour errors of circu-
lar and non-circular experimental results. The friction compensation based
on the conventional static friction model and a number of nonlinear fric-
tion sources modeled by Gaussian functions. Comparative experiments with
several different friction-compensation methods were conducted at both low
and high speeds. It was shown that the proposed controller is effective in
high speed control applications, for which the maximum contour error was
reduced by 58% compared to that of a controller using the conventional
static friction model. This can be explained by the ability of the nonlinear
friction model to accurately describe the nonlinear friction properties of high
speed motion.

For the triaxial machine tool, we found a repetitive nonlinear friction
component from experiments on high-speed motion of the lead-screw feed-
drive systems. This friction property appeared clearly in lead-screw feed
drives that had been in operation for a long time or that were poorly lu-
bricated . We presented a friction model that combines the conventional
Coulomb-viscous friction model and a nonlinear sinusoidal component in or-
der to fully describe the eccentric friction behavior of feed-drive systems.
In addition, we presented a contouring-controller design with feed-forward
compensation based on the proposed friction model to improve contour-error
performance. Experiments with out cutting were conducted based on a cir-
cular and a non-circular reference contour. Comparative experiments with
different controller configurations showed that the proposed method is more
effective than the contouring controller without friction compensation or
that with conventional friction compensation. In detail, the mean and max-
imum contour errors were reduced by about 26% and 9.3%, respectively,
in circular trajectories in comparison with the contouring controller that
used the conventional static friction model. The proposed eccentric friction
model shows how eccentricity between lead screw and nut lead to friction
variations over one revolution of the screw. This effect may not be signifi-
cant in brand-new machines manufactured by leading companies, which are
likely to be more stable and better lubricated. However, for machine tools
that have been in operation for a long time, or that are poorly lubricated
(i.e., for which friction is dominant), the proposed method is effective. More-
over, we can improve machining accuracy at low cost by simply updating the
controller using the proposed nonlinear friction model.

For further improvement, we proposed a robust sliding-mode contouring
controller with adaptive friction compensation to compensate for parameter
uncertainty and friction-model inaccuracy and to reduce power consumption.
A nonlinear switching gain and a stability proof for robust sliding-mode con-
touring control were presented along with an adaptive friction design. The
effectiveness was verified experimentally. It was shown that the proposed
controller is effective in reducing contour errors by about 28.6% and power
consumption by about 7.1% in circular-contour tracking experiments.
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5.2 Future Research

The nonlinear friction model, identification and compensation method de-
veloped in this thesis are directly applicable to current tracking and con-
touring controllers of single- and multi-axis feed-drive systems. Extension of
the model to more complex systems such as industrial robots and five-axis
machine tools is possible, and would realize the benefits of increased produc-
tivity, reduced energy consumption, and the maintenance of long operational
lives.

The proposed nonlinear friction model can be combined with dynami-
cal friction models such as the LuGre and GMS models to fully describe
nonlinear friction behavior in the pre-sliding regime, and the low speed and
high speed sliding regimes. We also expect to conduct experiments with
advanced controllers for adaptive sliding-mode control and model predictive
control (MPC) to increase the feed-drive limiting bandwidth and achieve
better contouring performance.

The proposed methods for triaxial machine-tool control can be extended
to other industrial machines such as a coordinate measurement machine
(CMM) in order to improve measurement precision. Because the simulation
and experimental results for the non-cutting process verified that employing
a sliding-mode contouring controller with adaptive friction compensation re-
duces the control-input variation and hence reduces vibrations and increases
stability, we would like to conduct actual cutting processes to confirm the
effectiveness of proposed model in future work.
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