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Abstract

During machining process, monitoring of cutting force is one of the important indicators
which can determine di�erent process parameters such as tool wear, the accuracy of
produced parts and tool component failure. This thesis addresses an indirect approach
that can measure dynamic cutting force by using multiple data from the Five-axis milling
machine.

The force at the point of contact of a cutting experiment is transferred to the servo-
motor with the help of ball-screws. As the force that tool exerts on the work-piece varies
at every point of contact, this di�erence in forces is observed as a disturbance in the
closed-loop controller. The controller accommodates this disturbance by providing the
torque required to produce the cutting force along with the torque required to overcome
the inertial and frictional forces acting on the machine. The precise estimation of the
cutting force at the tool tip can be obtained by isolating the inertial and frictional torque
from the motor torque provided by the controller.

The inertial and frictional torque of each feed drive is identi�ed to derive the transfer
function between the cutting force and cutting torque of each axis. As the force estimation
from the transfer function is distorted and consists of the machine dynamics, a Kalman
�lter is used to compensate for the noises due to the dynamics of the milling machine.
The cutting force estimated from the servo measurements are validated by using veri�-
cation tests on each axis for the �ve-axis milling machine. The accuracy of the result is
determined by comparing the estimated cutting force values with the force measurements
from dynamometer.

The static component of the forces from the proposed model in the thesis work could
not be measured due to the drift in servo-current signal measured from the CNC machine.
The accuracy and similarity between the estimated forces and the measured dynamometer
forces are determined by comparing the time and frequency analysis of the dynamic force
measurements. It is determined from the thesis work that the dynamic component of the
estimated forces are in good agreement with the measured dynamometer forces.
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Preface

The master thesis work "Estimation of Cutting force based on multi-sensorial data",
presents the work and research performed by Je�son Francis Kakkassery and Siragiriguhan
Uthayakumar build on the inceptive research interest of our supervisor Stefan Cedergren.

The thesis work is performed as a part of attaining academic degree for the master
program at Chalmers University of Technology. The master thesis work comes under the
Department of Electrical Engineering, Chalmers university of Technology and is proceeded
with the guidance of Yiannis Karayiannidis who was involved in the supervision of the
thesis work. The thesis report gives a brief description regarding the experimental design,
the collection of the data, processing of servo-data and �nally the veri�cation of algorithm
during the master thesis.

The master thesis work "Estimation of Cutting Force based on Multi-sensorial data"
contains the combined description of methodologies described in various manuscripts.
The thesis work addresses the design approaches and methods involved in the process of
estimation of cutting force.

The thesis work was carried out completely in GKN Aerospace Trollh�attan under the
guidance and supervision of Stefan Cedergren, GKN Aerospace Sweden AB, Trollh�attan,
Sweden.
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Chapter 1

Introduction

1.1 Introduction

Manufacturing sector plays a major role in most industries to reform raw material to
speci�c required part. In the market where mass production of material parts are required,
digitizing the manufacturing process is presented as a scope to increase productivity
[6]. Thus the future of the manufacturing industries will require technologies such as
predictive maintenance to improve quality and to keep track on the physical data [7].
Digital Twin is the digital information of the physical system which contains all the
information of the system that can be obtained from the real world. In the future the
implementation of digital twin systems will facilitate manufacturing industries to achieve
predictive maintenance and online-quality control during machining operations [6] [8].

The CNC machine uses cutting tool to remove excess metal in the work piece to
produce parts with required speci�cation and dimension [9]. As the heat generated
during the cutting process has a signi�cant e�ect on surface �nish and tool's durability,
several physical data including cutting force, vibration, temperature are collected during
machining to predict the tool wear and also to monitor machining operations [7] [10].

The cutting force is one of the main process parameters that is to be considered to
produce a work piece with good surface �nish and tool life [11]. Cutting force and the
surface �nish are mainly dependent on the in
uence of feed rate and depth of cut of the
tool. So, a precise control and monitoring of the cutting force is essential during machining
operation as sudden change in force causes vibrations that lead to severe damage to the
work-piece and machine [12] [13].

1.2 Five-axis milling machine

CNC machine uses the method of subtractive manufacturing that removes layers of metal
to produce a part of the required shape, dimension. The CNC machine is a �ve-axis
universal machining system that has three linear axes (in X, Y, and Z direction) and
two rotary axes (in A and B axis) as shown in the Fig. 1.1. The number of axis of the
CNC machine denotes the degrees of freedom a CNC machine can move. Servo-motors
are used to control and monitor the measurement parameters of each axis of the system.
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In linear axis drives, the rotary motion of the servo-motor is converted to corresponding
translational motion with the help of the ball screw mechanism of the system. In rotary
axis, this conversion mechanism is achieved directly from the servo-motor of the system
[14] [15].

Fig. 1.1. Five axis representation

One of the important parts of a CNC machining system is the spindle and table. The
spindle is located horizontally along the Z-axis and situated on the X-axis that moves
linearly. The table on the other hand is resting on the Y-axis of the machine and two
rotary axes A and B which also supports the table [14].

1.3 Thesis objective and Structure

The dynamic cutting force of the system is di�cult to calculate mathematically and
using additional sensors such as dynamometers or spindle integrated force sensors for
measuring cutting forces are really expensive. Thus the primary objective of this thesis
work is to establish an indirect estimation method that can estimate the cutting force for
a machine that provides good bandwidth of measurements during the machining process.
As dynamometers and force sensors are expensive, indirect estimation of dynamic cutting
force at the tool-tip of the system is proposed by utilizing servo-controller measurements
from the �ve-axis machine.

There are numerous approaches that are very speci�c to the operation mode of the
machine and machine applications. After considering the approaches available for es-
timating dynamic cutting force, the primary focus of the thesis work is to select an
ideal solution that suits best to our thesis scenario. Finally, the thesis objective is to
determine an indirect method that can accurately estimate cutting forces by only using
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the measurements from the servo-controller of the machine.

The master thesis is fundamentally divided into four main sections and proceeded
gradually, where the �rst and major phase of the thesis work is the literature review that
gives insight to various methodologies for estimation of dynamic cutting forces, which
is presented in Chapter 2. The requirement analysis, experimental setup, and design
of the experimental test for extracting the required data from the CNC controller is
presented in Chapter 4. The experimental tests used in the modeling, identi�cation of
feed drive dynamics are discussed in Chapter 5. A brief analysis of the servo-signals and
the frequency response is described in Chapter 6. The dynamic modeling, disturbance
transfer function of the system model and implementation of Kalman �lter is explained
in Chapter 7. The estimated cutting force values are veri�ed by performing machining
experiments on the �ve-axis machine and results are discussed in Chapter 8 and Chapter
9 respectively. Finally, the conclusion and future research of the thesis are discussed in
Chapter 10.

.

3



Chapter 2

Literature Review

2.1 Background

During machining process, the cutting tool rotates on its own axis and moves in the
three-dimensional space along the work-piece where the cutting process occurs as shown
in Fig. 2.1. The thesis work concentrates on milling operation performed by �ve-axis
CNC machine. So the cutting force measured during the milling process mainly consists
of three parts, the primary cutting force which acts in the direction of the cutting velocity,
the feed force that acts in the direction of the tool feed, and the radial force that acts
perpendicular to the machining surface [9].Fx , Fy, and Fz denotes the force components
during a milling operation as shown in Fig. 2.1.

Fig. 2.1. Components of cutting force during a Milling operation[1].

The three forces shown Fig. 2.1 areFx is the cutting force in X direction, Fy is the
cutting force in Y direction, and Fz is the force in Z direction. For the milling operation
shown in Fig. 2.1,Fx will have higher force values in comparison with the other force
components due to the direction of milling tool [1].
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The CNC machine uses a ball screw mechanism to convert the servo-motor torque
to a translational force for the linear axes and a direct-drive mechanism to convert the
servo-motor torque to rotational force in the case of the rotary axes. The servo-motor
driving the axis has to overcome the opposing forces from the system consisting of the
static and the dynamic loads of the machine. The forces due to the friction of the system
contribute to both static and dynamic forces in the machine, while the dynamic forces
of the system consist of forces due to inertia, acceleration, velocity, and the cutting force
of the system. The dynamic and static forces of the system are balanced by the torque
provided by the servo-motor. The total torque produced by the servo-motor is utilized to
overcome the inertial forces, frictional force, and the cutting force of the �ve-axis machine.

Experimental tests are conducted which can be used extensively to determine the static
and dynamic force parameters of the system. Measurements such as the commanded
position, actual position, velocity, and the current of each axis can be obtained directly
from the CNC machine. These measured data from the CNC machine along with the
experimental tests can be used in calculating the frictional forces and the equivalent
inertia of the CNC machine.

There are mainly two estimation approaches to determine the dynamic cutting forces
at the tool-tip of the system. Some of the relevant estimation approaches described
in various literature are reviewed in Section 2.2 to provide insight to the thesis work.
Finally, Section 2.2.3 explains the estimation approach that suits best to the �ve-axis
milling machine in the current thesis scenario.

2.2 Approaches to determine Cutting force

The estimation methods for determining the cutting force are classi�ed into Direct esti-
mation and Indirect estimation of the cutting force depending on the measurement from
the tool-tip of the CNC machine.

2.2.1 Direct Estimation

Direct estimation of the cutting force involves measuring the cutting force directly from the
tool-tip by utilizing external or internal sensors on the machine. The following literature
reviewed below analyzes the advantages and disadvantages of using the direct method of
estimation of cutting force.

Y. Altintas (I) and S.S. Park studied the measurement of cutting force in CNC ma-
chines which were performed by using Spindle-Integrated Force Sensors (SPIFS) mounted
inside the tool. The SPIF sensors use the piezoelectric force sensor that is mounted in
the spindle housing to directly measure the cutting force. Two pairs of force sensors are
used to measure the shear force in the X and Y axes and a pair of compression sensors are
used for Z-axis (shown in Fig 2.2). The authors obtain high accuracy by implementing
a Kalman �lter that could eliminate the disturbance caused by the structural dynamic
model of the system [2].

Jeong-Du Kim and Dong-Sik Kim investigated the use of a dynamometer to measure
the dynamic cutting force and a strain gauge to measure the static cutting force of the
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system. The authors measured the dynamometer forces and implemented �lters in the
static force component to minimize the noise in the estimated cutting force [16].

Fig. 2.2. Image from the paper 'Dynamic Compensation of Spindle-Integrated Force
Sensor'[2] showing sensor arrangement.

J.H. Kim and H.K. Chang investigated the use of a Cylindrical Capacitive Displace-
ment Sensor (CCDS) mounted on the spindle to measure the displacement of the spindle
during the cutting operation. The CCDS used by the authors are highly sensitive but
has lesser sensor coverage. The study shows the usage of CCDS for high-speed machining
and measuring higher resolution of the cutting force [17].

Fritz Klocke and Stephan Kratz studied a method to monitor the position and force
while doing the complex freeform cutting operation by using dynamometers. The study
showed that the improvement in the analysis of the complex machining techniques can be
achieved by the use of dynamometers [18].

Rizal and Ghani studied a direct estimation approach which is carried out with the help
of a rotating dynamometer that uses a piezoelectric sensor. Similarly, Nuawi and Rizal
studied a multi-sensor system using a rotating dynamometer for measuring the cutting
force. The studies used an integrated rotating dynamometer and design a speci�ed tool
holder to measure cutting forces. Both the studies show the use of a rotating dynamometer
for measuring the thermal e�ects, temperature 
uctuations, and tool monitoring in the
CNC system [19] [20].

By reviewing the above literature, it is observed that even though the direct measure-
ment methodologies have higher bandwidth in the measurement of the cutting force, the
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experiments require a special type of arrangement or speci�c sensor integrated tool to
measure the cutting forces. The experiment performed by using SPIF sensor, CCDS sen-
sors, rotating dynamometer has a high accuracy of measurement but has the limitation of
high cost and requirement of speci�c sensor integrated tool for cutting force measurement
[19] [17].

2.2.2 Indirect measurement

The indirect method for estimation of cutting forces uses external sensors or multi-sensor
signals that are readily available from the CNC machine to accurately determine dynamic
cutting force. It is observed that the variation of armature current in the feed drive motor
depends on the load provided by the system. This principle is used for the estimation
of cutting forces by the authors in various literature [21] [22]. Few authors also use an
additional sensor on the tool holder to estimate the cutting forces of a CNC system [23].

Deniz Aslan and Yusuf Altintas described a method for identifying the cutting forces
from the armature current measured from the axis feed drive motor. Friction, inertia, and
Frequency Response Function (FRF) of the structural dynamics of each axis are identi�ed
and the cutting torque is determined by subtracting the friction and inertia from the total
torque of the servo-motor. The authors also implement a Kalman �lter to eliminate the
disturbance caused by the structural modes of the machine. Finally, the kinematics of
the machines is modeled to get accurate cutting force [24].

Fig. 2.3. Schematic representation of sensors used in 'Model-based broadband estimation
of cutting forces and tool vibration in milling'[3]

Albertelli and Goletti used external sensors for cutting force measurement and tool
condition monitoring. In this paper, an in-process model-based estimator and tool-tip
vibration were designed to estimate the cutting forces. The author attached a tri-axial
accelerometer which is mounted on spindle housing and an inductive sensor to measure
the radial displacement of the tool. The sensor placement is shown in Fig. 2.3. The
observer relies on Kalman �ltering for estimating both cutting force and vibrations in the
system. The study also uses sensor fusion which increases the frequency bandwidth of the
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cutting force estimation [3].

Andreas, Yusuf, and Gunter explained the measurement of cutting forces by measuring
the displacement of rotating spindle shafts. The paper discusses using a capacitance
displacement sensor �xed into the spindle to measure the radial displacement of the
rotating shaft that occurs during the cutting operation. A disturbance Kalman �lter
is used for the compensation of the spindle dynamics and to recover the distorted signal
from the sensor. The disadvantage suggested by the author is due to temperature variation
which increases 
ange diameter that yields the wrong cutting force [25].

The indirect approach by using servo-motor signals or attaching external sensors is
used to monitor the tool condition and to accurately estimate the dynamic cutting forces
of the system. Even though the sensor measurements can be compensated by using a
Kalman �lter, the main disadvantage of indirect estimation of the cutting force is the low
bandwidth of the model when in comparison with direct estimation methods [26] [27] [25].

2.2.3 Our Approach

The literature studied above concludes that the direct estimation techniques are costly
and cannot be e�ectively utilized while manufacturing commercial products in an indus-
trial environment. So the method proposed in this master thesis work uses an indirect
estimation technique combining the methodologies described by authors Albertelli and
Goletti [3] and Deniz Aslan and Yusuf Altintas [24].

The suggested approach primarily utilizes motor drive current as well as multiple
servo-controller measurements available from the CNC machine to predict the cutting
forces at tool-tip of the machine. The measured data including the actual position, speed,
torque, and the servo current readings are collected from each axis and are used in the
indirect estimation of cutting force.

Fig. 2.4. Block diagram of the proposed system
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The general proposed idea of the work is to determine the actual cutting torque during
the machining process. The actual cutting torque is calculated by removing the in
uence
of servo-torque used to overcome the feed-drive dynamics of each axis of the CNC machine.
The block diagram Fig. 2.4 shows the generalized idea of the indirect estimation approach
performed in the master thesis work.

Experimental machining tests are designed to determine the inertial and frictional
torque of each axis. Constant velocity experiments are performed by running circular
machining tests on the CNC machine to determine the feed drive dynamics of the system.
The torque used to overcome the frictional forces are captured by using a suitable friction
model. The inertia tests are carried out by adding known weights to measure the
corresponding change in the current and torque of each axis. Finally, impact tests are
performed on the CNC machine to capture the modes due to the structural dynamics of
the CNC system.

Fig. 2.5. Axis representation of the machine

The force from the impact hammer during the tests are measured and synchronized to
obtain the disturbance torque for each axis. Impact force from the hammer and the
corresponding disturbance torque measured from servo-drives are utilized to determine
the transfer function of the CNC system. The transfer function is mapped to a state-space
model and is expanded using a Kalman �lter to estimate the dynamic cutting force.
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2.2.4 Comparison between di�erent approaches

Approach Method Sensors used Pros Cons
Using SPID
Force sensor
[2].

Direct method Piezo-electric
force sensors is
used

Higher
bandwidth of
frequency

Special
arrangement
required to
mount sensors.

Combined-
type tool
dynamometer
[16].

Direct method Strain Gauge,
Piezo-�lm type
accelerometer
are used

Static and
dynamic forces
can be
measured
using two
sensor

Complex signal
processing,
special
arrangement
required to
mount sensors

Estimation
using Spindle
Displacement
Sensor [17].

Indirect
method

Cylindrical
capacitive
displacement
sensor is used

Sensor has
high resolution
measurement
of cutting force
and capable of
measuring high
speed cutting.

Force can be
measured in
two axis,
Sensitive to
centrifugal
forces.

Using Feed
Drive Current
signal [24].

Indirect
method

Machines
internal
sensors are
used (Servo
data)

Do not require
additional
setup, suitable
for production,
good accuracy
in prediction

Complex
modelling,
very speci�c,
narrow
approach

Using model-
based tool
vibration [3].

Indirect
method

Accelerometer,
Inductive
relative
displacement
sensor.

Cutting force,
tool tip
vibration can
be estimated
and fused to
increase
bandwidth

Complex
modelling,
very speci�c,
narrow
approach.

Using
capacitance
displacement
sensors [25].

Indirect
method

Capacitive
displacement
sensor

Used for
production
environment.

E�ect of
Temperature
change,
Complex
compensation
techniques
required.

Suggested ap-
proach in the
Master thesis

Indirect
method

Measurements
from the servo-
controller

Simpler
approach, No
additional
setup required.

Lesser
bandwidth,
Less Accuracy.
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Chapter 3

Theory

This chapter provides the theoretical background and de�nition to the frequently used
terms with regards to the Five-axis CNC machine.

3.1 Torque

The torque of a CNC machine is de�ned as the measure of the dynamic rotational driving
force that a servomotor can generate.

In CNC machine, the torque produced from the axial servo-motor is used to overcome
the static and dynamic loads of the machine. At constant velocity, the static load of the
CNC machine includes the load due to the feed drive kinematics such as friction due to
the ball screw. The dynamic load of the CNC machine includes the load due to dynamic
parameters such as forces due to the acceleration, velocity, and the dynamic cutting force
[24]. The total torque produced by the motor can be given by,

� m = K t i (3.1)

where the � m is the torque produces by motor,K t is the torque constant andi is the
current. The total torque generated by the servo-motor is also de�ned by,

� m = Je� + � f + � c (3.2)

where � f is the frictional torque, � c represents the cutting torque,Je denotes the inertia
of the axis and� represents the angular acceleration of the axis respectively.

When machining operations are carried out by a CNC machine, the cutting force at
the tool-tip is re
ected in the servo-motor as a disturbance torque. During the cutting
operation the cutting forces are seen as disturbance in the torque values on the respective
axes. So monitoring of the disturbance motor torque produced from servomotor can be
used to accurately estimate the cutting force at the tool-tip of the CNC machine [24].
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3.2 Feed drive system

Ball Screw Feed System (BSFS) is the transmission widely used in feed-drive system of
CNC machines which provides smooth motion and low wear of feed drive by reducing the
slack-slip in feed drives [4]. The feed drive system in the CNC machine uses ball screw
mechanism shown in Fig. 3.1 that converts the rotational motion of the motor to the
linear motion.

Fig. 3.1. CNC machine linear axis Feed drive mechanism [4].

The ball screw mechanism includes a screw which is assisted by bearings in the end
and a nut that is attached to the table. The end of ball screw is attached to the rotary
motor directly or through gear mechanism [28]. This mechanism in
uences the transfer
of cutting force measurement from the tool to the motor with an observable disturbance
in motor torque [4] [24].

3.3 Inertia

The inertia is one of the component present in the motor torque that constitutes to the
dynamic load of the machine. It is required to determine inertia of each axes and subtract
from the motor torque to accurately estimate the dynamic cutting force generated at the
tool tip of the CNC machine [24].

The inertia of the each axis is identi�ed using the equation given by Newtons second
law of rotation.

� inertia = Je� + Tconst (3.3)

where the� inertia is the torque in N:m, Je is the moment of inertia inkg:m2 and the � is
the angular acceleration given inrad=s2 and Tconst is the constant [29].
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3.4 Friction Models

Friction in general is the opposing force provided by an object when an external force
is applied on it. Frictional force exists in all mechanical moving parts with contact and
depends on factors such as the weight of the part, surface smoothness, area of contact
between two surfaces.
To estimate the cutting force accurately, we have to eliminate the force utilized to
overcome friction from the measured torque of each axis. There are various approaches
to model frictional behaviour of a system. Some of the model are described below [30].

Coloumb Friction Model

Coulomb friction model can be represented by the equation

F =

(
FC (Sgn( _x)) if _x 6= 0

Fapp if _x = 0 and Fapp < Fc

whereFC is given by,
FC = �F n (3.4)

whereF is the frictional force, Fapp is the applied force, _x is the sliding speed,FC is the
Coulomb friction, � is the Coulomb friction coe�cient and Fn is the load between two
surfaces.Sgn is the sign function that denotes the _x is positive or negative with relative
to the speed [30].

Viscous Friction Model

Viscous friction expresses the frictional force as linearly related to the sliding speed _x.
Viscous friction model can be expressed by the equation as

FV = kv _x (3.5)

wherekv is viscous coe�cient and _x is the sliding speed [31] [30].

Integrated Coloumb and Viscous Friction Model

This model is the integration of both Coloumb and viscous model given by Andersson,
S•oderberg and Bj•orklund [31] [30] incorporated the frictional force when sliding speed is
closer to zero. The equation for the integrated friction and inertia model is given by,

FInt = FC (Sgn(V)) + FV V (3.6)

where V denotes the velocity of the machining,sign function returns the sign of the
number andFC , FV denotes the Coulomb and viscous friction respectively.

Stribeck Friction Model

Stribeck Friction Model can be expressed as

F = ( FC � (FS � FC )e( i
vs

)
i

)Sgn( _x) + kv _x (3.7)
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In the above equation theF represents the total Frictional force,FC is the Coulomb
friction, FS is the static friction, vs is the Stribeck velocity, kv is the viscous friction
coe�cient, i is the exponent and _x represents the sliding speed [30].

Dahl's Model

Dhal's model of friction is used to deteremine the friction parameters at pre-sliding phase
of a system. The model equation for Dhal's friction model is given by,

dF
dx

= � 0

�
1 �

F
Fc

Sgn( _x)
�

(3.8)

F is the Frictional force � 0 is the sti�ness coe�cient and _x is the sliding speed [30].

Lugre Model

Lugre model provides a good estimate for determining frictional parameters. The equation
for Lugre model is given below,

F = � 0z + � 1 _z + � 2 _x

_z = _x � � 0
_x

g( _x)
z

g( _x) = Fc + ( Fs � Fc)e
� _x

vs

j

(3.9)

whereF is the total friction force, � 0 is the contact sti�ness, z is the average de
ection
of the contacting blisters, � 1 is the damping co e�cient of the bristle, � 2 is the viscous
friction coe�cient, x is the relative displacement,Fc is the Coulomb friction, Fs is the
static friction force _x is the sliding velocity, g( _x) is the stribeck e�ect, j is the stribeck
shape factor [32] [30].

3.5 Tooth Passing Frequency

During machining operations, the main constituent of cutting forces is a periodic frequency
called tooth passing frequency. Tooth passing frequency is linearly dependent on the
angular velocity of the spindle and the number of teeth in the tool. For milling operations
where the tool contains more than one number of teeth, the tooth passing frequency is
considered as a multiple of spindle speed. Depending on the sti�ness of the tool, if the
values of the tooth passing frequency is close to a natural frequency of the system, it
results in resonance which leads to very high amplitude of vibration and chatter in CNC
system [33] [34].

These high amplitude vibrations will result in instability of system during cutting
process. The equation for tooth passing frequency is given by,

FT p = !N (3.10)

where theFT p is the Tooth passing frequency,! is the angular velocity of the cutter and
N is the number of teeth in the cutter [24].
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3.6 Discrete Kalman Filter

Kalman �lter works as a recursive �lter that calculates the current state from the previous
estimated state and the current measurement. The Kalman �lter is designed based on
the requirements of the system. The current value of system can be accurately estimated
using Kalman �lter by the help of,

� The details regarding the model and dynamics of the system.
� The knowledge of uncertainty in measurement such as the disturbances in system

and errors in measurement.

The transfer function observed from the system consist of the structural dynamics of
the machine. So the inversion of the transfer function cannot be implemented to accurately
calculate the cutting forces as it can lead to ampli�cation of noises and instability of
the system. To accurately estimate the cutting forces, the obtained transfer function is
converted to a state space form. The state space representation of the system is denoted
in system block of Fig. 3.2. A disturbance Kalman �lter is implemented to reconstruct
the actual cutting forces of the CNC system [24] [35].

The system are represented by the equations,

xkjk� 1 = Ax k� 1jk� 1 + Buk

Pkjk� 1 = APk� 1jk� 1AT + Q
(3.11)

The Kalman �lter for each time step k = 1,2,3.. is given by the equation,

K k = Pkjk� 1CT (CPkjk� 1CT + R)� 1

xkjk = xkjk� 1 + K k(Tck � Cxkjk� 1)

Pkjk = (1 � K kC)Pkjk� 1

(3.12)

Fig. 3.2. Block diagram of Kalman �lter
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where A is the state matrix, B is the input matrix, C is the output matrix, Q is the
system covariance matrix,K is the Kalman gain, P is the covariance matrix, R is
the measurement covariance matrix,Tc is the cutting torque measurement. The state
matrices (A; B; C ) of the system are derived from the transfer function obtained from the
frequency response function of each axis. The equation (3.11) represents the prediction
step of state and covariance matrices and the equation (3.12) shows the Kalman gain
calculation and update of state and co-variance matrices[36].

The predicted step is calculated based on the prior value and the model. The updated
step is calculated by comparing this value to the current measurement, this iteration is
carried out in a recurring manner to produce �ltered output [37]. Fig. 3.2 shows the block
diagram for implementation of Kalman �lter.

3.7 Piezo-electric Dynamometer

The cutting forces at the tool-tip of CNC machine are measured directly by using piezo-
electric dynamometers. Usually the dynamometer system is mounted on the table along
with the work piece. The cutting forces are measured by the piezoelectric sensors which
gives voltage output corresponding to the force measurement. The work piece on which
the cutting operation takes place is mounted on top of the dynamometer.

The cutting forces varies depending on the type of material and also on the machining
process. An increase in cutting speed results in decrease in the cutting force component.
The measured forces using dynamometer are higher by 10 percent when milling operation
is performed parallel to the rolling direction than perpendicular direction [38]. Fig. 3.3
shows a Quartz three-component dynamometer type 9257B used for the measurement of
the cutting forces in a CNC system [5].

Fig. 3.3. Kistler Dynamometer [5]
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3.8 Aliasing

In digital signal processing, if the frequency of the signal components in a signal is greater
than the Nyquist frequency, the components are re
ected back to the baseband of the
signal. This is known as aliasing. Due to the e�ect of aliasing in signal, the signal
undergoes distortions and disturbance in its harmonic property [39].
In signal processing aliasing is considered as a disturbance in signal. A signal can be
reconstructed pro�ciently from the samples if the sampling rate is twice the maximum
frequency present in the signal. Thus there is a need for applying low-pass �lter or anti-
aliasing �lter to minimise the aliasing e�ect observed in the signal [40] [41]. Nyquist
frequency helps us to �nd the maximum signal frequencies that are detectable with
respective to the sampling time. Nyquist frequency can be found out using the formula,

Fn =
1
2t

(3.13)

whereFn is Nyquist frequency andt is the sampling time [40].
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Chapter 4

Experimental Procedure

This chapter focuses on explaining the outline of design-tests and methodology adapted
to determine the friction, inertia and disturbance torque parameters of the CNC machine.

4.1 Experimental Setup

The experiments are run on a �ve-axis CNC machine consisting of an industrial PC, a DSP
based servo-controller, motorised spindles and servomotors for each axis. The measured
signals are sent to encoder which consist of a 64-bit as well as a 32-bit D/A converter in
the DSP system.

The �ve axis CNC machining essentially consists of a moving part and three axis
drives, where the movement of each axis is controlled by a servo-controller as seen in the
Fig. 1.1. Referring to Fig. 1.1, the Y axis drive of the machine supports both the A
and B axis (rotary axes) of the milling machine. The support of the rotary axes by the
Y-axis induces a deviation both in rotary and Y axis measurement while operating the
CNC machine. This deviation can be observed plotting and comparing the Y-axis servo
measurement with the other linear axis. The X and Z axis drives of the CNC machine
are independent of other axis [14].

4.2 Design of Tests

The total motor torque of the feed-drive system consists of the torque used to overcome
the frictional, inertial forces and also the cutting torque which is exerted by the tool on
work-piece. So the total motor torque of the feed-drive system can be represented by the
equation (3.2). So to accurately estimate the cutting torque (� c) exerted by the feed-drive
system, it is required to have an accurate measurement of the frictional torque� f and
torque due to inertia (Je� ).

The purpose of the experimental tests design is to utilize the velocity, position and
torque measurements from the servo-controller of the �ve-axis milling machine, to deter-
mine the friction, inertia and disturbance torque parameters of the CNC machine.
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4.2.1 Frictional Tests

Friction is the resistance to the motion of the system relating to nearby surfaces (see
section 3.3). The friction of a CNC machine depends on various factors including the
temperature of the surroundings, the surface of the material, the dimension of the ball
screw and the feed drive velocity.

The frictional torque experiments of the CNC machine is designed by moving the table
part of the CNC machine and measuring the corresponding position and torque values
from the encoders of the CNC machine. A constant velocity experiment is performed to
measure the frictional torque in the CNC machine.

Constant Velocity Experiment

The velocity-dependent friction is estimated by performing a constant velocity experiment
for each axis of the �ve-axis milling machine. The test is used for determining the e�ect
that varying feed-drive velocity has on the frictional torque of each axis. Before running
the experiments, the servomotor is switched to the position control loop and is warmed
up for a few minutes to avoid the dwell time e�ect.

After avoiding the dwell time measurements, the CNC is operated in the position
control loop which results in each position commands to move the CNC machine table.
The table is moved in order of a ramp signal so as to produce a constant velocity while
moving from position A to position B and a negative ramp of same intensity which moves
the table back to position A. The test is repeated with di�erent positional ramp slopes
and is averaged to �nd the averaged velocity-dependent friction of the CNC machine [42].

4.2.2 Test for determining Inertia

Along with the friction forces, the motor torque of each axis is also dependent on the
inertia forces of each axis. The torque due to inertia of each axis of the CNC machine is
estimated by loading the CNC machine with known weights considering the initial torque
set point of each axis. Weights of 25 kg, 20 kg, 10 kg, 5 kg, 2.5 kg, 0.5 kg are loaded on
each axis to observe and determine the e�ect of inertia on the motor torque.

Static Load on Linear and Rotory Axis

In order to determine the torque due to inertia on the linear and rotary axis, a static
loading experiment is performed on the linear and rotary drives of the �ve-axis milling
machine.
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