MILLING FORCE ESTIMATION BASED ON SPINDLE MODEL

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BATUHAN ALTINEL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
MECHANICAL ENGINEERING

NOVEMBER 2024






Approval of the thesis:

MILLING FORCE ESTIMATION BASED ON SPINDLE MODEL

submitted by BATUHAN ALTINEL in partial fulfillment of the requirements for the
degree of Master of Science in Mechanical Engineering Department, Middle
East Technical University by,

Prof. Dr. Naci Emre Altun
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Serkan Dag
Head of Department, Mechanical Engineering

Assist. Prof. Dr. Hakan Caliskan
Supervisor, Mechanical Engineering, METU

Prof. Dr. Umut Orguner
Co-supervisor, Electrical and Electronics Engineering, METU

Examining Committee Members:

Assoc. Prof. Dr. Ender Yildirim
Mechanical Engineering, METU

Assist. Prof. Dr. Hakan Caliskan
Mechanical Engineering, METU

Prof. Dr. Umut Orguner
Electrical and Electronics Engineering, METU

Assist. Prof. Dr. Ramazan Hakki Namlu
Mechanical Engineering, Atilim University

Assist. Prof. Dr. Orkun Ozsahin
Mechanical Engineering, METU

Date:06.11.2024



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all
material and results that are not original to this work.

Name, Surname: Batuhan Altinel

Signature

v



ABSTRACT

MILLING FORCE ESTIMATION BASED ON SPINDLE MODEL

Altinel, Batuhan
M.S., Department of Mechanical Engineering
Supervisor: Assist. Prof. Dr. Hakan Caligkan

Co-Supervisor: Prof. Dr. Umut Orguner

November 2024, 227 pages

This thesis proposes a real-time estimation method for milling cutting forces, us-
ing intrinsic signals such as motor currents, voltages, and angular encoder feedback.
The approach relies on a spindle model with electrical and mechanical subsystems,
where the electrical subsystem includes an AC induction motor and the mechani-
cal subsystem is represented as a two-inertia system. Unknown motor parameters
are identified through traditional methods, while frequency response tests determine
unknown mechanical subsystem parameters. The Extended Kalman Filter serves as
an observer, estimating forces by integrating system dynamics with geometry-based
tool-workpiece interaction data. Five distinct estimation methods are developed. The
first method uses the entire spindle model; the second addresses asynchronous mea-
surements; the third employs a reduced model focusing only on the mechanical sub-
system; the fourth accommodates cases with unknown cutting geometry; and the fifth
compensates for measurement drift, enhancing robustness over time. The methods
are implemented and validated on a Deckel CNC milling machine setup. Tests are
conducted under various process parameters, with tools of differing diameters and

teeth counts, to evaluate performance and robustness. Results demonstrate the effec-



tiveness and adaptability of these estimation methods for practical cutting operations,
underscoring the proposed approach’s suitability for real-time applications in indus-

trial settings.

Keywords: Real-Time Estimation, CNC Machining, Milling Force, Force Estimation,

Kalman Filter
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0z

FREZE KUVVETININ i$S MiLi MODEL TABANLI KESTIRIMI

Altinel, Batuhan
Yiiksek Lisans, Makina Miihendisligi Bolimii

Tez Yoneticisi: Dr. Ogr. Uyesi. Hakan Caliskan
Ortak Tez Yoneticisi: Prof. Dr. Umut Orguner

Kasim 2024 , 227 sayfa

Bu tez, motor akimlari, voltajlar1 ve acisal enkoder geri bildirimi gibi i¢sel sinyalleri
kullanarak frezeleme kesme kuvvetlerinin gergek zamanli tahmini i¢in bir yontem
onermektedir. Yaklasim, elektrik alt sistemi bir AC indiiksiyon motorunu igeren ve
mekanik alt sistemi iki ataletli bir sistem olarak temsil edilen bir i§ modeli iizerine
kuruludur. Bilinmeyen motor parametreleri geleneksel yontemlerle, mekanik alt sis-
temin bilinmeyen parametreleri ise frekans yanit testleri ile belirlenmistir. Genisletil-
mis Kalman Filtresi, takim-is parcasi etkilesimi hakkindaki geometrik bilgileri sistem
dinamikleriyle birlestirerek kesme kuvvetlerini tahmin eden bir gozlemci olarak kul-
lamlmaktadir. Bes farkli tahmin yontemi gelistirilmistir. IIk yontem tiim ig modelini
kullanmakta, ikinci yontem senkron olmayan 6l¢iimleri ele almakta, i¢iincii yontem
yalnizca mekanik alt sisteme odaklanan indirgenmis bir model uygulamakta, dor-
diincii yontem ise kesme geometrisinin bilinmedigi durumlar: ele almakta ve besinci
yontem zamanla 6l¢iim sapmalarin telafi ederek dayaniklilig: artirmaktadir. Y6ntem-
ler, Deckel CNC freze tezgahi lizerinde uygulanmig ve dogrulanmustir. Cesitli proses

parametreleri altinda, farkli ¢cap ve dis sayisina sahip takimlar kullanilarak perfor-

vii



mans ve dayaniklilik degerlendirilmistir. Sonuglar, bu tahmin yontemlerinin pratik
kesme islemleri icin etkili ve uyarlanabilir oldugunu gostererek onerilen yaklagimin

endiistriyel ortamlarda gercek zamanli uygulamalara uygunlugunu vurgulamaktadir.

Anahtar Kelimeler: Ger¢cek Zamanh Kestirim, CNC 1§leme, Frezeleme Kuvveti, Kuv-

vet Kestirimi, Kalman Filtre
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The study of cutting forces in milling has a rich history, evolving from early empir-
ical methods to modern techniques incorporating advanced sensor technologies and
computational models. In the early stages, Taylor’s pioneering work on the relation-
ship between cutting speed and tool life laid the groundwork for understanding forces
during cutting [1]. Subsequent research expanded to cover the impact of various cut-
ting parameters on tool wear and forces, such as feed rate, depth of cut, and material
properties [2]. Over the decades, advancements in signal processing and modeling
techniques led to more sophisticated approaches in cutting force estimation, which
today includes the use of dynamometers and accelerometers, and in recent years, sen-

sor fusion and CNC intrinsic signals have been explored as cost-effective solutions

[3].

Aligned with the Industry 4.0 concept, contemporary research in machine tool sys-
tems focuses on process identification and optimization. Cutting force estimation is
vital for self-optimizing machine tools, as milling force directly reflects changes in
cutting conditions and the tool-workpiece interaction. The use of dynamometers for
force measurement is common in literature; however, their cost and fixture require-

ments limit their industrial applicability.

An alternative to dynamometers is the accelerometer, which estimates cutting forces
based on sophisticated models [4, 5]. These techniques often require a profound un-
derstanding of the machine dynamics between the cutting tool and the accelerometer

mount [6]. Specialized external sensors, such as electromagnetic spindle bearings [7]



or thin-film sensors embedded in cutting inserts, are also utilized [8]. Accelerometers
are effective for high-frequency force estimations but are less accurate in reflecting
static and low-frequency forces. Sensor fusion has emerged as a promising approach;
for example, Mostaghimi et al. [9] combined accelerometer data with spindle motor
currents for low-frequency reconstruction of both tangential and radial cutting force
components. Since the DC force component is of interest, the relation between spin-

dle current and force is expressed with simple algebraic relations without dynamics.

The use of intrinsic CNC signals requires no additional costs and is advantageous over
external sensors in industrial applications, as it does not involve a complex sensor
setup or data acquisition system. Based on average cutting forces, force coefficients
can be monitored. Liu et al. [10] used nominal spindle motor currents for monitoring
cutting forces, which offers an efficient method for real-time estimation of cutting

forces.

Yamada and Kakinuma [11] introduced a sensorless cutting force estimation method
for full-closed loop ball-screw-driven stages. Their method uses a multi-encoder-
based disturbance observer (MEDOB), which leverages motor current, motor angular
position, and stage displacement data to estimate cutting forces. This dual-inertia
system model compensates for friction and phase lag, achieving force estimation ac-
curacy up to 400 Hz. The authors validated their approach through simulations and
experimental tests, showing that it offers high accuracy over a wide bandwidth, suit-

able for precision machining applications.

Yamamoto et al. [12] propose an enhancement to multi-encoder-based cutting force
estimation by employing a Kalman filter (KF) combined with a multiple inertia model.
This method improves the accuracy of force estimation along the stationary axis in
machine tools, using data from rotary and linear encoders to capture relative position
information. The proposed method is validated experimentally and shows signifi-
cantly improved estimation bandwidth, achieving force estimation up to 1000 Hz,

outperforming traditional current-based and disturbance observer (DOB) methods.



1.2 Research Motivation and Challenges

1.2.1 Research Motivation

The advancement of machining processes is integral to meeting the demands of mod-
ern manufacturing, where precision, efficiency, and adaptability are paramount. As
part of the Industry 4.0 initiative, there is a growing need for self-optimizing machine
tools capable of real-time process monitoring and control. One of the critical aspects
of machining is the estimation of cutting forces, as they directly influence tool wear,
surface quality, and overall productivity. Traditional methods for measuring cutting
forces, such as the use of dynamometers, while highly accurate, are not feasible for
widespread industrial application due to their high cost and limited adaptability to

various machining setups.

The use of indirect methods for cutting force estimation, particularly by utilizing data
from internal sensors such as spindle motor currents and accelerometers, presents an
attractive alternative. These approaches allow for cutting force estimation without
the need for additional expensive sensors, providing a more seamless integration into
existing CNC systems. Consequently, developing methods that leverage internal CNC
signals to estimate cutting forces not only enhances machine performance but also

supports more cost-effective and adaptable solutions for industrial environments.

1.2.2 Research Challenges

Despite the promise of internal CNC signals for force estimation, several challenges

remain. These challenges include:

1. Nonlinear Dynamics and Model Complexity: The interaction between the
tool and the workpiece in milling processes involves complex, nonlinear dy-
namics. Modeling these dynamics accurately to estimate cutting forces reliably
is a significant challenge, requiring sophisticated algorithms like the Extended

Kalman Filter (EKF) to handle nonlinearity.

2. Parameter Identification and Model Validation: Accurate estimation of cut-



ting forces depends on the precise identification of system parameters, includ-
ing tool geometry, material properties, and machine dynamics. Model valida-
tion also poses a challenge, as it requires extensive testing to ensure the relia-

bility of the estimated forces across various machining conditions.

3. Handling of Measurement Noise and Drifting: Real-world data is prone to
noise and sensor drift, particularly in position and velocity measurements. Ac-
curate force estimation relies on mitigating the impact of noise and drift, which
can obscure true force dynamics and affect the reliability of estimation meth-

ods.

4. Asynchronous Data Acquisition: In practice, measurements from various sen-
sors, such as motor currents and accelerometer signals, may not be synchro-
nized. This lack of synchronicity can lead to discrepancies in data interpreta-
tion and reduced accuracy in force estimation. Addressing this issue requires

estimation methods that can handle asynchronous data inputs effectively.

By addressing these challenges, the research aims to develop a practical and robust
approach to cutting force estimation that enhances the efficiency and adaptability of

modern CNC systems.

1.3 Objective of the Thesis

The primary objective of this thesis is to develop and validate a robust method for esti-
mating the tangential cutting torque (7.) during milling operations using an integrated
approach that leverages internal machine signals, such as spindle motor currents and
position data, rather than relying on external force measurement devices. This ap-
proach aims to enhance the adaptability and cost-effectiveness of force estimation in

CNC systems, making it more feasible for industrial applications.

To achieve this objective, the thesis will focus on the following specific goals:

1. Modeling of the Milling Process Dynamics: Develop a comprehensive model

that represents both the electric and mechanical subsystems of the spindle and



tool assembly. This model will incorporate the nonlinear dynamics of AC in-
duction motor currents and the mechanical interactions within the spindle-tool

system.

2. Parameter Identification and Verification: Identify critical parameters in the
developed model, such as inertia, damping, and force coefficients, through
experimental tests. The identified parameters will then be used to verify the

model’s accuracy in replicating real cutting conditions.

3. Implementation of Estimation Methods Using Extended Kalman Filter
(EKF): Implement various estimation methods utilizing EKF to account for
the nonlinearities in the milling process dynamics. The methods will be tai-
lored to estimate cutting forces indirectly from internal machine signals, with

special consideration for cases involving asynchronous data and sensor drift.

4. Simulation and Real-World Validation of the Estimation Methods: Perform
a series of simulations and real-world experiments to validate the developed es-
timation methods. Verification tests will be conducted to compare the estimated
cutting torque with actual force measurements obtained from dynamometer
data, thereby evaluating the accuracy and reliability of the estimation methods

under different cutting conditions.

Through these objectives, the thesis aims to contribute to the field of CNC machin-
ing by advancing methods for cutting force estimation that are more adaptable, cost-
effective, and suitable for modern industrial practices, in alignment with the Industry

4.0 paradigm.






CHAPTER 2

MATHEMATICAL MODELING

2.1 System Definition

The system under investigation is a complex entity composed of three interdepen-
dent components: two distinct subsystems and a milling force model, as illustrated
in Figure 2.1. The electric subsystem establishes the link between electrical and me-
chanical domains, generating electrical torque that drives the mechanical rotation in
the mechanical subsystem. The mechanical subsystem, in turn, defines the mechan-
ical interaction between the motor shaft and the spindle shaft. Finally, the milling
force model describes the interaction between the cutting tool and the workpiece dur-
ing the cutting process. This tripartite structure provides a cohesive framework for

analyzing the system’s behavior.

2.2 Electric Subsystem

The CNC spindle in this system employs an AC induction motor, a widely used elec-
tromechanical device in industrial applications. This motor operates on alternating
current and consists of two primary components: the stator and the rotor. To facilitate
a comprehensive understanding of the motor’s electrical characteristics, an equiva-
lent circuit model is presented in Figure 2.2. While the mathematical model of an
induction motor can be expressed in various reference frames, this study utilizes the
stationary reference frame for its analysis. The operational principle of an AC in-
duction motor is based on electromagnetic induction. When an alternating current is

applied to the stator windings, it generates a rotating magnetic field. This field induces



Figure 2.1: Whole CNC Milling System

currents in the rotor, which is typically constructed of aluminum or copper bars short-
circuited at the ends. The interaction between the stator’s rotating magnetic field and
the induced currents in the rotor produces a torque, causing the rotor to rotate. The
rotor’s speed is slightly less than the synchronous speed of the stator’s magnetic field,
a difference known as slip, which is crucial for the motor’s operation [13]. The mo-
tor’s performance characteristics, including torque-speed relationship, efficiency, and
power factor, are governed by its design parameters and the applied voltage and fre-
quency. In CNC applications, precise control of these parameters through advanced
drive systems allows for accurate speed and position control of the spindle, which is

essential for high-precision machining operations.



o

Figure 2.2: Induction Motor Equivalent Circuit in Blocked Rotor Test

2.2.1 Notation in Induction Motor Mathematical Model

In the mathematical model of the induction motor, a systematic notation is employed
to denote various parameters and variables. This notation utilizes a three-part sub-

script system for precise identification:

1. The first subscript, denoted as i € {d, ¢}, designates the axis of reference:

e (: direct axis component

e ¢: quadrature axis component
2. The second subscript, denoted as j € {s, '}, indicates the motor element:

e s: stator parameter

e 7: rotor parameter

3. The third subscript, denoted as k, specifies the frame of reference. In this

model, £ = s represents the stationary frame.
Thus, a variable in this model is generally represented as X; ; ;, where X is the vari-
able symbol, and ¢, j, and k are as defined above.

This notational convention enables a clear and unambiguous representation of the mo-
tor’s electromagnetic variables and parameters, facilitating a comprehensive analysis

of its behavior under various operating conditions.

The structural equations of the induction motor are given as:



‘/dss - Rs]dss + ).\dss (21)

‘/qss = Rs[qss + )'\qss (22)
0= Rrjdrs + ).\drs + wr/\qrs (23)
0= Rr[qrs + }\qrs - wr)\drs (24)

The continuity equations of the induction motor are given as:

Lr/\dss - Lm )\drs

I = =755 (2.5)
Iyss = Lz"L__LZ‘;q (2.6)
o
= quL__LZ‘; ass (2.8)

T, = 22 LonLglirs = Lasaly) 2.9)

The motor’s electrical system is represented by two interconnected circuit models,

each described by its own set of equations:

e Induction Motor Stator Dynamic Model

e Induction Motor Rotor Dynamic Model

These models are mathematically coupled, reflecting the electromagnetic interaction
between the stator and rotor. Using the differential equations that describe these mod-
els, a comprehensive dynamic model of the AC induction motor was developed and
implemented in a simulation environment. The structure of this simulated model is

illustrated in Figure 2.3 and Figure 2.4.
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(a) Stator Direct Axis Dynamic Model

(b) Stator Quadrature Axis Dynamic Model

Figure 2.3: Stator Dynamic Model
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(b) Rotor Quadrature Axis Dynamic Model

Figure 2.4: Rotor Dynamic Model

o |

In order to exclusively employ the stator currents I, 1455 and rotor currents /g,

I

mulated as follows:

: L.R, L2w, LR, Lo Ly, Lr
Idss = - ]dss + e Iqss + ]drs + —Iqrs + _‘/dss
Y v v v
: L% w, L, R, L Lyw, LR, Lr
[qss = ——= [dss - Iqss - Id’rs + —Iqrs + _‘/qss
v v v v g
LmRs LsLm r RrLs Ler T L
Idrs = Idss - ~ Iqss - Idrs - “ Iqrs - _m‘/:iss
v Y g g
LyL,w, L, Ry L, Lsw, R, L, Lm
Iqrs = —]dss + Iqss + Idrs - -[qrs - _‘/:135
g Y g Y
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qrs as state variables in subsequent sections, the differential equations can be refor-

(2.10)

(2.11)

(2.12)

(2.13)



where v is defined as v = L,L, — L?,.

2.3 Mechanical System

The mechanical subsystem comprises the electric motor shaft, belt drive, gearbox,
transmission, and spindle shaft. A physical representation of the mechanical system

is depicted in Figure 2.5.

Figure 2.5: Transmission between motor and spindle in CNC

The entire subsystem is modeled as a two-inertia system, as illustrated in Figure 2.6-
(a). The parameters .J,,, and .J; represent the equivalent lumped inertias on the motor
and spindle sides, respectively. Two separate damping forces are introduced, char-
acterized by the damping coefficients b,, and b;. The transmission is modeled as a
single gear reduction with ratio n, stiffness k, and damping coefficient b;. The subsys-
tem inputs consist of the electric torque 7., acting on the motor side, and the cutting

torque 7T, acting as a disturbance on the spindle side.
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Figure 2.6: Two Inertia Model and Block Diagram Representation

The complete system can be represented by the torque continuity equations formu-

lated for the inertias on the motor and spindle sides, as follows:

T, — nT; = Jpwm + bpwm, (2.14)

E - Tc = Jows + bsws (215)
where 7, is the transmitted force defined as
Ti = by(nwy, — ws) + k(nb,, — 0s) (2.16)

Using the above three structural equations the block diagram representation of the
system is constructed as shown in Figure 2.6-(b). Note that each continuity equation

corresponds to a summation block.

The corresponding state space representation of the mechanical subsystem is stated

below:
. (b+n24bm) (kng) (bing) 1
wm - j’m - J?’: ‘t]Tng wm m O
Or | = ng 0 -1 O +10 0 Te (2.17)
o) |-t e el ] o 2] LT
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2.4 Milling Forces

The milling process is characterized by an intermittent cutting operation, where a
rotating cutter with one or more teeth is used. The cutter is attached to a spindle, while
the workpiece remains securely clamped on the table and moves linearly towards the
cutter. Each tooth of the milling cutter traces a trochoidal trajectory [14], which leads
to a periodically varying chip thickness during each pass [14]. The instantaneous
chip thickness in milling changes as a function of time-varying immersion, and can

be described as follows [14]:

h(¢) = esin(9) (2.18)

Here, c represents the feed rate in mm/rev-tooth, and ¢ denotes the instantaneous
immersion angle. The tangential cutting force, F;(¢), and the radial cutting force,
F,(¢), are defined based on the varying uncut chip area, ah(¢), and the edge contact

length, a, as follows:

Fy(¢) = Kicah(9) + Kiea (2.19)
Fo(¢) = Kycah(¢) + Kyea (2.20)

Here, K;. and K, represent the cutting forces due to the shearing action in the tan-
gential and radial directions, respectively, while K. and K,. are the edge constants.
The cutting coefficients are considered constant for a given tool-workpiece material
pair. The conversion between the tangential-radial and feed-normal directions force

components can be carried out using the following equations:

F.(¢) = —F; cos(¢) — F,.sin(¢) (2.21)
F,(¢) = F;sin(¢) — F, cos(¢) (2.22)

It is important to note that cutting forces are generated only when the cutting tool is
within the cutting zone. The forces Fy(¢), F;.(¢), F(¢), and F,(¢) are greater than
zero when ¢y < ¢ < ¢.,. It is also important to mention that multiple teeth may
be engaged in cutting simultaneously, depending on the number of teeth on the cutter

and the radial depth of cut. The tooth spacing angle, ¢,, is defined as:

_27T

Op = N (2.23)
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Here, N represents the number of teeth on the cutting tool. For a helical end milling
tool, the helical geometry of the flutes results in a progressively increasing chip load
along the cutting edges. Given a helix angle 3 on the cutter, any point along the
cutting edge will exhibit a phase lag relative to the tool’s end point. The lag angle,

denoted as v, at an axial depth of cut z, is determined by the following expression:

2z tan(p)
= —" 2.24
b= (2.24)
At an axial depth of cut z, the lag angle is given by ¢ = kgz, where kg = Qtag(ﬂ ).

Consequently, the immersion angle for the ;" flute at an axial depth of cut z is ex-

pressed as: [14] expressed force integration as following:

bi(2) = O+ jobp — kpz (2.25)

The tangential force, dF; ;, and the radial force, dF; ;, exerted on a differential flute

element of height dz, can be represented as:
dFy (9, 2) = (Kichj(;(2)) + Kie)dz (2.26)
dF;(9,2) = (Krchj(94(2)) + Kye)dz (2.27)

Here, the chip thickness can be expressed as :

hi(¢, 2) = csin(¢) (2.28)

The elemental forces are decomposed into the feed () and normal (y) directions

through the following transformation:
dF, (¢, z) = —F; jcos(¢;(z)) — F,;sin(¢;(2)) (2.29)
dFy (9, 2) = Fyjsin(¢;(2)) — Fr;j cos(¢;(2)) (2.30)

The differential cutting forces are analytically integrated over the in-cut portion of

flute 5 to obtain the total cutting force generated by the flute, as follows:

R = [ @R ) @31)
/ 7 (dFL(0(2)))dz (2.32)
:/Z” AF,(6;(2)))dz (2.33)
/ 7 A (6(2)))d> 2.34)
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The procedure for computing the tangential cutting force, F}, and the tangential cut-
ting torque, 7., is provided in Algorithm 1. Detailed explanation of the steps in

Algorithm 1 is provided as follows:

1. Inputs:

e ¢ : Spindle angle, rad

e ¢ : Starting (entry) angle, rad

e ¢, : Exit angle, rad

e [ : Helix angle of the cutter, rad
e D : Diameter of the cutter, mm

e N : Number of teeth on the cutter

e a : Axial depth of cut (a,), mm

2. Outputs:

°
>

: Tangential cutting force, NV

[ ]
S

: Radial cutting force, N

[ ]
.

: Feed cutting force, N

°
e

: Normal cutting force, N

°
&3

: Tangential cutting torque, N m
3. Calculation Steps:

e Determining number of axial integration steps, L

e Calculating pitch angle, ¢,

e Calculating integration of height, da

e Initializing geometry matrix for the tangential cutting force, h;
e Initializing geometry matrix for the radial cutting force, h,

e Initializing geometry matrix for the feed cutting force, h,

e Initializing geometry matrix for the normal cutting force, h,

e Loop for the contributions of all teeth to the cutting forces

e Calculation for the immersion angle for the tooth £, ¢,

17



Loop for the calculation of integration along the axial depth of cut
Updating immersion angle due to helix, ¢

Starting conditional statement to control whether immersion angle is in

the cutting zone

Calculating chip thickness at this point,h

Calculating infinetisimal part of geometry matrix for tangential force, dh;
Calculating infinetisimal part of geometry matrix for radial force, dh,
Updating geometry matrix for the tangential force, h;

Updating geometry matrix for the radial force, h,.

Updating geometry matrix for the feed force using transformation, 5,
Updating geometry matrix for the normal force using transformation, h,
Ending conditional statement

Updating integration step ,j

Ending loop for the integration

Updating the tooth, k

Ending loop for the teeth contributions

Calculating the tangential cutting torque, 7.

18



Algorithm 1 Calculation of Cutting Force and Tangential Cutting Torque

Reqllil‘e: gb, ¢st7¢ex’/B5D’N’a/p’KtC’Kte’KT‘C’KTB
Ensure: F, I F, F,T,

1. L =25

2 ¢p = %ﬂ

3 da=F

4 hy =10,0]

5: h, =0,0]

6: h, =[0,0,0,0]
7: hy, =[0,0,0,0]

8: while £ < N do

9: =0+ (k—1)p,
10 while j < L do

1 02 = 1 + 2252 (jd,)

12: if ¢ < mod(pa,2m) & ¢ > mod(py, 27) then
13: h = csin(¢s)

14: dhy = [dah, dal

15: dh, = [dah, dal

16: hy = hy + dhy

17: h, = h, + dh,

18: hy = hy — dhy cos(¢s) — dh, sin(¢s)
19: hy = hy, + dh; cos(¢2) — dh,. cos(¢p2)
20: end if

21: j=7+1

22: end while

23: k=k+1
24: end while

25: T, = 2F,
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CHAPTER 3

IDENTIFICATION AND VERIFICATION OF THE MODELS

3.1 Identification of the System Model

In this chapter, the identification of unknown subsystem parameters employed in the
mathematical modeling of the system will be addressed. A comprehensive discussion

of the tests and methods used for parameter identification will be provided.

3.1.1 AC Induction Motor Parameter Identification

Most modern electric motors provide the necessary parameters for constructing an
accurate mathematical model. The CNC milling machine is equipped with updated
axis motors and drivers; however, the spindle motor has not undergone an upgrade.
Although a datasheet exists for the spindle motor, as shown in Figure B.1, it lacks
sufficient information to determine all the necessary parameters for the equivalent
circuit. Consequently, the equivalent circuit parameters, as depicted in Figure 2.2, are

identified through the application of three distinct test methods.

3.1.1.1 DC Test for Stator Resitance

In this test, a DC voltage is applied to any two of the three-phase windings of the AC
induction motor. The applied voltage and the resulting currents are then measured,
after which Ohm’s law is used to determine the equivalent resistance. Since the motor

is assumed to be delta-connected, the per-phase resistance of the stator is calculated
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from the equivalent resistance value.

Vie = LacR (3.1)
R, = 15R (3.2)

Measurement for the DC test and results for the equivalent resistance are depicted in

Table 3.1.

Table 3.1: DC Test Data

VaelV] | la[A] | R[]
0.6 12 |05
0.9 18 |05
1.6 32 |05

3.1.1.2 No-Load Test

R, Xis
Inp
Vive
R XN{

—_—- M essaaas

Figure 3.1: Induction Motor Equivalent Circuit in No-Load Test

Another method used to determine the stator circuit parameter L;; + L,, and the
parameter representing the loss due to rotational movement and core loss, R,, is the
"No-Load Test." This test is referred to as no-load because, during the test, the motor’s
rotor moves freely without any external load, causing the motor’s slip to approach
zero. Consequently, the rotor circuit branch in Figure 2.2 can be neglected, as under
near-zero slip conditions R,/s &~ oo, leading to I ~ 0. As a result, the circuit

behaves as an open circuit, as illustrated in Figure 3.1.
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In this test, the input power Py, input voltage Vy, and phase current [y of the
motor must be measured. The measured input power can be assumed to represent
the total losses, which include stator copper loss, core loss, rotational friction, and
windage losses. These losses can be modeled in the equivalent circuit as R, and R;.
Since R is determined from the DC test, 1. can then be calculated by using the

following equations

Imeas

Iy = 3.3

NL= TR (3.3)

PNL = SINL<RC + RS) (34)
Pnp

R.= —— 3.5

312, 33)

Additionally, the equivalent reactance Xy = X, + X,, can be determined using the

following equations.

Vi
Inp = —% (3.6)
INL
PNL
Ry = —— 3.7
=g (3.7)
Xnp =1/Z3%, — R%, (3.8)

The measurements of the No-Load test are presented in Table 3.2.

Table 3.2: No-Load Test Data

Via[V] | Vas[V] | Lh[A] | L[A] | PrlkW]
327 326 13.23 | 12.71 | 0.75
330 329 13.78 | 12.78 | 0.73
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3.1.1.3 Locked Rotor Test

I

Va o §

[=2

Figure 3.2: Induction Motor Equivalent Circuit in Blocked Rotor Test

The locked rotor test is performed to determine the remaining parameters of an induc-
tion motor’s equivalent circuit that were not found in the no-load test. Specifically, it
helps calculate the sum of the leakage inductances of the stator and rotor (L;s + L)
and the rotor resistance ([?,). During this test, the rotor is physically locked to pre-
vent any rotation which leads slip (s) to be 1. This allows for the omission of the

magnetizing current branch, reducing the equivalent circuit to a short circuit.

I
[ — meas 3.9
B/ (3.9)
Py = 3I3(R, + R,) (3.10)
Pg
=B 3.11
Re= 5 (3.11)
Vi
Zy = 3.12
5= AL (3.12)
Xp =1/Z% — (R + R,)? (3.13)
Xp =X, + X, (3.14)
Xis = Xpp = 05X5 (3.15)

Table 3.3: Locked-Rotor Test Data

Via[V] | Vas[V] | Lh[A] | [A] | PilkW]
324 333 18.73 | 19.52 | 0.767
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3.1.1.4 Results of the Tests

Equivalent circuit parameters of the motor resulting from the conducted tests are

shown in the Table 3.4.

Table 3.4: Equivalent Circuit Parameters

RO | R[Q) | LnjmH] | Ly[mH] | Li[mH]
0.75 1.35 113.9 2.8 2.8

3.1.2 Mechanical Subsystem Identification

The mechanical subsystem, defined in Section 2.3, includes unknown parameters
such as J,,, Js, k, by, b, and bs. The identification of these parameters is discussed

in detail in this section.

A system identification test is performed to determine these unknown parameters. In
this test, sinusoidal reference motor velocity signal is applied as input to the closed-
loop system. The sinusoidal signal varies from 1 Hz to 50 Hz with decreasing ampli-
tudes, as illustrated in Figure 3.3. A mean motor velocity of 1000 rpm is selected to
avoid the field weakening effect, with amplitudes set to decrease in order to prevent

saturation in the electrical system.

EJ
N

Figure 3.3: Reference velocity test signal

T

i

20 40 100
Time (5)
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3.1.2.1 Parameter identification

For the identification test, a Fast Fourier Transform is performed on the steady-state
portion of the signals at each frequency to derive the magnitude and phase relationship
between two selected signals. Specifically, the two selected signals are electrical
torque and motor speed, as well as motor speed and spindle speed. Consequently,
Bode diagrams for the electrical torque versus motor speed and motor speed versus
spindle speed are generated. Using this experimental data, transfer functions are fitted

employing optimization methods and system identification tools.

To facilitate the independent identification of these parameters, it is proposed to de-
velop sub-functions that utilize only measurable quantities. Additionally, for the pur-
pose of analytical parameter identification, the order of the transfer function is con-
strained to two. In this analysis, it is assumed that the damping coefficients on both
the motor and spindle sides, b,, and b, are negligible. By manipulating the block
diagram in Figure Figure 2.6-(b), the resulting representation is provided in Figure
2.6-(c). The transfer function between the input electric torque, 7, and the motor

velocity, w;,, can thus be formulated as:

0(s) 1 Zes? + s 41
G, g) =" — . k k 3.16
myTe( ) Te(s) Jm + n2JS k(Jié;L];{LQJS)SZ + %S + 1 ( )

Similarly, the transfer function relating the input motor velocity, w,,, to the output

spindle velocity, wy, is expressed as:

bg+1
oo (5) = ) sl (3.17)

Q,(s) Jag? b5 41

It is important to note that both transfer functions are measurable. Once identified
using a sine sweep, the parameters can be readily derived through analytical methods.

The identification procedure, based on the transfer functions, is outlined as follows:
e Determine the spindle-side natural frequency, wy, s, from G, . (s) or from the
numerator of Gy, 1.(5).
e Determine the motor-side natural frequency, wy, ,, from G, 7. (s).
e Calculate the total equivalent inertia, J,,, +n2.J,, from the DC gain of G, 1.(5).
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Estimate the gear ratio, n, from the DC gain of G, .,, ().

Derive J,,, and J; based on w,, 5, Wy, . and the gear ratio n.

Independently identify .J,,, and .J, from the expression .J,, + n?J;.

Compute the stiffness constant, £, from w, ;.

Determine the damping coefficient, b, from the numerator of G,,, ., ().

It can be concluded that the resonance and anti-resonance frequencies, along with the
DC gain of the transfer function G, 7.(s), are of critical importance. Once these
are identified, the remaining parameters can be derived and validated through cross-
checking. It is reasonable to neglect the motor damping, b,,, by consolidating all
frictional losses into the spindle side, denoted as b;. The damping coefficient b, can
be independently extracted from the transfer function G, ,, (s). The second term in
the denominator corresponds to b, = b, + b, and once b, is determined, b; can be

easily obtained.

It is worth noting that the gear ratio can be determined by measurements from both
spindle and motor side encoders, and will serve as a control parameter to verify the

identification process.

A transfer function is established between motor velocity w,, and spindle velocity w;
to identify the mechanical subsystem, as illustrated in Figure 3.4, where the dots on

the experimental data line represent the derived values.

Thus, the fitted transfer function between the input motor velocity w,, and the output

spindle velocity w; is given by

0.0009259s + 1 bhs+1

G w. () =0.789 - -
cwm (5) 0.00007752 + 0.003335s + 1 Zeg2 + kg1

(3.18)

A transfer function is derived between the electric torque, 7., and the motor velocity,
Wm, to characterize the mechanical subsystem, as depicted in Figure 3.5. The markers

on the experimental data curve correspond to the computed values.
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Figure 3.4: Fitted Transfer Function from Motor Velocity to Spindle Velocity
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1 deg? 4 hs 41

G (s) = , 3.19
1 , 2 4+0.001 1
G 2.(5) 0.000077s* + 0.00168s + (3.20)

~0.0322  0.00006852 + 0.00161s + 1

Given equations 3.18 and 3.20, parameters are identified as given in Table 3.5.

Table 3.5: Mechanical System Parameters

Jslkg.m?] | Jnlkg.m?] | K[N/m] | b[Ns/m] | bs[Ns/m] | n
0.0061 0.0284 79.2 0.0733 0.1908 0.789

3.2 Identification of the Force Coefficients and Verification of the Force Model

In this section, both the identification of the force coefficients and verification of the

Force Model are discussed.

The identification of force coefficients is essential because, in the test setup, only the
forces in the feed direction (£7;) and the normal direction (/) can be measured using
the dynamometer. Since the focus of this thesis is on the tangential force (F}) or
the tangential cutting torque, which are crucial for the verification of the estimation
methods, transforming F, and F into F; and F; requires calculating the forces using

the i1dentified force coefficients.

Verification of the force model is also necessary because the geometry matrix h; will
be utilized in certain estimation methods, with the assumption that this matrix can be

calculated during the cutting processes.

For both identification and verification, cutting tests with varying process parameters

are conducted.

For the purposes of identification and verification, the simulation setup remains un-
changed. To recall, the tool angle, or immersion angle, is calculated from the spindle

encoder data recorded during the cutting tests, as shown in Figure A.1. To calculate
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the entry and exit angles for both the transient and steady states, the simulation block
shown in Figure A.2 is utilized, following the algorithm described in Algorithm 3.
To calculate the forces F,, F,, F;, and I, the force model algorithm discussed in
Algorithm 1 is used, along with the simulation model that implements this algorithm,

as shown in Figure A.3.

For all verification tests, the real-time recorded spindle position data, which is a nec-
essary input for calculating the forces, as well as the real-time recorded F), and F),

forces, which are crucial for verification and identification, are utilized.

3.2.1 Force Model Verification Test 1

The first test can be described with the process parameters that are depicted in Table
3.8

Table 3.6: Test 1 Process Parameters Table

Process Parameters Unit Value

Feedrate, F mm/min | 1500

Spindle Speed, w, rpm 2000
Axial Depth of Cut, a, mm 2
Radial Depth of Cut, a, mm 12
Number of tooth on Cutter, N - 3
Diameter of the Cutter,D mm 12
Helix angle, 3 ° 45

In this test, the spindle position data is recorded at a sampling rate of 1,000 Hz, while

the forces F), and F), are recorded at a sampling rate of 12,800 Hz.

During the identification of the unknown force coefficients K., K., K,., and K.,
the built-in Simulink tool, ’Parameter Estimation’, is employed to determine these

parameters using the following identification options:

e Optimization Method: Nonlinear Least Squares
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e Algorithm: Trust-Region Reflective

e Parameter Tolerance: 0.001

e Function Tolerance: 0.001

e Maximum Iterations: 100

e Number of Experiment Inputs: 2
e Input 1: Real data of F), from the dynamometer

o Input 2: Real data of F}, from the dynamometer

e Number of Experiment Outputs: 2

e Output 1: Calculated force, F}., from the Force Model

e Output 2: Calculated force, [, from the Force Model

The cutting force coefficients, determined through optimization methods, are pre-

sented in Table 3.7.

Table 3.7: Force Coefficients Results from Parameter Estimation Tool

Ktc [#] Kte [m_]\rfn] Krc [%] KTe [g_m]
593.53 43.13 112.36 35.11
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Figure 3.6: Verification of the Force Model for F; - Test 1

Verification of F), is conducted by comparing the simulation data, calculated using
the identified force coefficients, with the collected force data from the dynamometer.

The detailed results are shown in Figure 3.6.

It can be concluded that both the identified parameters and the force model perform

accurately in this test for the feed force direction, F.
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Figure 3.7: Verification of the Force Model for £, - Test 1

Verification of F}, is performed by comparing the simulation data, calculated using
the identified force coefficients, with the collected force data from the dynamometer.

The detailed results are presented in Figure 3.7.

It can be concluded that both the identified parameters and the force model demon-

strate accurate performance in this test for the normal force direction, F,,.

3.2.2 Force Model Verification Test 2

The second test can be described with the process parameters that are depicted in

Table 3.8

In this test, the spindle position data is recorded at a sampling rate of 1,000 Hz, while

the forces F), and F), are recorded at a sampling rate of 12,800 Hz.

During the identification of the unknown force coefficients K;., Ki., K., and K.,
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Table 3.8: Test 2 Process Parameters Table

Process Parameters Unit Value

Feedrate, I’ mm/min | 1000

Spindle Speed, w; rpm 2400
Axial Depth of Cut, a, mm 3
Radial Depth of Cut, a, mm 16
Number of tooth on Cutter, N - 3
Diameter of the Cutter,D mm 16
Helix angle, ° 45

the built-in Simulink tool, ’Parameter Estimation’, is employed to determine these
parameters using the following identification options:

e Optimization Method: Nonlinear Least Squares

e Algorithm: Trust-Region Reflective

e Parameter Tolerance: 0.001

e Function Tolerance: 0.001

e Maximum Iterations: 100

e Number of Experiment Inputs: 2

e Input 1: Real data of F), from the dynamometer

e Input 2: Real data of F}, from the dynamometer

e Number of Experiment OQutputs: 2

e QOutput 1: Calculated force, F., from the Force Model

e Output 2: Calculated force, [, from the Force Model

The cutting force coefficients for the tool, determined through optimization methods,

are presented in Table 3.9.
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Table 3.9: Force Coefficients Results from Parameter Estimation Tool

Ktc [ N Kte [% Krc

mm?

N
oni?)

Kre [%

682.27 30.22 106.96 34.652
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Figure 3.8: Verification of the Force Model for F, - Test 2

Verification of F), is conducted by comparing the simulation data, calculated using

the identified force coefficients, with the collected force data from the dynamometer.

The detailed results are shown in Figure 3.8.

It can be concluded that both the identified parameters and the force model perform

accurately in this test for the feed force direction, F,.
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Figure 3.9: Verification of the Force Model for F, - Test 2

Verification of F, is performed by comparing the simulation data, calculated using
the identified force coefficients, with the collected force data from the dynamometer.

The detailed results are presented in Figure 3.9.

It can be concluded that both the identified parameters and the force model demon-

strate accurate performance in this test for the normal force direction, F,.

3.2.3 Force Model Verification Test 3

The first test can be described with the process parameters that are depicted in Table

3.10

In this test, the spindle position data is recorded at a sampling rate of 1,000 Hz, while

the forces F), and F), are recorded at a sampling rate of 12,800 Hz.

During the identification of the unknown force coefficients K;., Ki., K., and K.,
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Table 3.10: Test 3 Process Parameters Table

Process Parameters Unit Value

Feedrate, F’ mm/min | 3000

Spindle Speed, w; rpm 1500
Axial Depth of Cut, a, mm 1
Radial Depth of Cut, a, mm 8
Number of tooth on Cutter, N - 4
Diameter of the Cutter,D mm 16
Helix angle, 3 ° 45

the built-in Simulink tool, ’Parameter Estimation’, is employed to determine these
parameters using the following identification options:

e Optimization Method: Nonlinear Least Squares

o Algorithm: Trust-Region Reflective

e Parameter Tolerance: 0.001

e Function Tolerance: 0.001

e Maximum Iterations: 100

e Number of Experiment Inputs: 2

e Input 1: Real data of F), from the dynamometer

e Input 2: Real data of F}, from the dynamometer

e Number of Experiment Outputs: 2

e QOutput 1: Calculated force, F}., from the Force Model

e Output 2: Calculated force, [, from the Force Model

The cutting force coefficients for the tool, which has a diameter of 12 mm, determined

through optimization methods, are presented in Table 3.11.
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Table 3.11: Force Coefficients Results from Parameter Estimation Tool

Kic [5]

Kte [%] Krc

mm2 ]

e [ ]

716.38

28.71

112.31

32.92

The cutting force coefficients for the tool, which has a diameter of 16 mm and three

teeth on the cutter, determined through optimization methods, are presented in Table

3.11.
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Figure 3.10: Verification of the Force Model for F), - Test 3

Verification of F), is conducted by comparing the simulation data, calculated using

the identified force coefficients, with the collected force data from the dynamometer.

The detailed results are shown in Figure 3.10.

It can be concluded that both the identified parameters and the force model perform

accurately in this test for the feed force direction, F,.
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Figure 3.11: Verification of the Force Model for £}, - Test 3

Verification of F}, is performed by comparing the simulation data, calculated using
the identified force coefficients, with the collected force data from the dynamometer.

The detailed results are presented in Figure 3.11.

It can be concluded that both the identified parameters and the force model demon-

strate accurate performance in this test for the normal force direction, F;,.

3.3 Verification of the System Model

In this section, the verification of the system model, which encompasses both the
electrical and mechanical subsystems, is discussed by testing the mathematical model

using the identified unknown parameters. Two verification tests are performed.

In the first verification test, the system is evaluated using the inputs Vi, and Vi,

which are the transformed values of the recorded driver data, V. and V., without
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any external load or disturbance torque. This test is referred to as the "Open Loop

Verification Test without Disturbance Torque."

In the second verification test, the system is subjected to similar inputs, Vs and Vs,
but with an added disturbance torque. Consequently, this test is termed the "Open

Loop Verification Test with Disturbance Torque."

3.3.1 Open Loop Verification Test without Disturbance Torque

In this verification test, the voltages Vy,. and V., measured by the driver, are trans-
formed into Vs and V.. These transformed voltages are then applied to the sys-
tem as inputs. During this verification, both the electrical and mechanical subsystem
models are evaluated. Additionally, the results of the identification methods and tests

discussed in Subsections 3.1.1 and 3.1.2 are similarly validated.

For verification purposes, the currents /4., and I .., which are transformed from the
simulation data /45, and /., are compared with the simulation results. Addition-
ally, the recorded motor velocity data, w,, 1s also compared with the corresponding

simulation output.

The general schematic for this verification process is illustrated in Figure 3.12.

Vdss
Te
Vqss AC Induction Motor “*),.J
B n
m

Figure 3.12: General Schematic for the Open Loop Verification Test without Distur-

bance Torque

The recorded driver data, V. and V., are transformed into Vg, and Vs using the
"Inverse Park Transform" within the simulation. The corresponding Simulink block

and its inputs are depicted in Figure 3.13.
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Figure 3.13: Inverse Park Transform for Input Voltages

The following mathematical relationship is utilized for the Inverse Park Transform of

the voltages:

Viss _ cos(f.) —sin(fe)| | Vase (321)
Viss sin(f.)  cos(6.) Vise

The electrical angle, 6., is obtained from the motor shaft angle, 6,,,, using the fol-
lowing mathematical relationship, with the assumption that the slip angle is approxi-
mately zero. This assumption holds due to the use of slip compensation in the driver

controller, a method aimed at minimizing slip during operation.

0 = Omp (3.22)
0, ~0, (3.23)

In the simulation, the block for induction motor that incorporates the stator dynamic
model, as shown in Figure 2.3, and the rotor dynamic model, as depicted in Figure

2.4, is presented in Figure 3.14.
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Figure 3.14: Electric Motor Block Simulation

In the simulation, the block for mechanical subsystem which uses block diagram, as

shown in Figure 2.6-(b), is presented in Figure 3.15
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Figure 3.15: Electric Motor Block Simulation

For the Open-Loop Test, reference motor velocity input w,,, ,.r is given to the driver

starting from 1000 rpm to 3750 rpm.

Figure 3.16 presents a comparison between the simulation results and the collected

driver data for the direct axis synchronous reference frame current, /..

Open Loop Verification - Idse Current Comparison

T T

14

Collected Data From Driver
Simulation Data

Current [A]

2 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Time [s]

Figure 3.16: Simulation and Driver /;,, Data Comparison

Figure 3.16 demonstrates that the simulation results and the collected driver data for

145 show similar trends across different velocity references. As expected, the sim-
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ulation data appears clearer, as noise from current sensors and other sources is not
modeled in the simulation. During the onset of field weakening, the absolute magni-
tude of the error between the simulation and driver data increases, which is noticeable
between 10 and 15 seconds in the figure. However, beyond this region, the error be-

tween the mean values of the driver data and the simulation data decreases.

Figure 3.17 presents a comparison between the simulation results and the collected

driver data for the quadrature axis synchronous reference frame current, /.

T T T T

Collected Data From Driver
Simulation Data

Current [A]

1

0 5 10 15 20 25 30 35 40
Time [s]

1

Figure 3.17: Simulation and Driver /,,. Data Comparison

Figure 3.17 illustrates that the simulation results and the collected driver data for
I,s. exhibit similar behavior across different velocity references. It is also observed
that the driver data contains some noise, which is not accounted for in the simula-
tion model. Since I, is more closely related to the torque than I, it is expected
to increase as the velocity reference increases and to approach nearly zero after the
system reaches steady-state velocity, depending on the friction in the mechanical sub-
system. A more detailed investigation of this trend, as shown in the zoomed region of
the figure between 18.8 and 19.6 seconds, reveals that both datasets yield comparable

results.

Figure 3.18 presents a comparison between the simulation results and the collected
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driver data for motor velocity, w,,.
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Figure 3.18: Simulation and Driver w,,, Data Comparison

Figure 3.18 demonstrates that the simulation results and the collected driver data for
w,, exhibit similar behavior across different velocity references. It is also observed
that the driver motor velocity data contains some noise, which is not modeled in the
simulation. In this comparison, particular attention should be given to the transient
state, where the reference signal is increasing, as it highlights the effect of acceleration
on the inertia of the mechanical subsystem. From zoomed area between 6.5 and 7.5
seconds in the Figure, it can be concluded that these trends are consistent with each

other.

Figures 3.16, 3.17, and 3.18 illustrate the performance of the mathematical model in
representing the real system and the accuracy of the identified unknown parameters.
Figures 3.16 and 3.17 depict the performance of the electrical subsystem, and it can
be clearly stated that the electrical subsystem is modeled with an accurate mathe-
matical representation and precise parameter identification. Figure 3.18 demonstrates
the performance of the mechanical subsystem model and the accuracy of the identi-
fied unknown mechanical parameters. Consequently, it can be concluded that, in the

absence of disturbance torque, the system model yields accurate results.
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3.3.2 Open Loop Verification Test with Disturbance Torque

In this verification test, the voltages V.. and V., measured by the driver, are trans-
formed into Vg, and V5. These transformed voltages are then applied to the system

as inputs.

The verification assesses the performance of both the electrical and mechanical sub-
systems under disturbance torque. Additionally, this evaluation tests the accuracy of

the identification methods discussed in Subsections 3.1.1 and 3.1.2.

For verification purposes and generating input data for the simulation, voltages and
currents that are represented in synchronous reference frame are transformed into

stationary reference frame by using the same method discussed in Subsection 3.3.1

The general schematic for this verification process is depicted in Figure 3.19.

(Process Parameters)

> Milling Dynamics

¢ ap, acc N BD

Vdss

Viss AC Induction Motor

Figure 3.19: General Schematic for the Open Loop Verification Test with Disturbance

Torque

As shown in Figure 3.19, the disturbance torque applied to the system is computed
using the milling force dynamics model and corresponds to the tangential cutting

torque, 7.

The same simulation blocks depicted in Figures 3.14 and 3.15 are utilized for this

verification test as well.
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In this verification test, the disturbance torque, calculated from the milling force dy-
namics, is applied to the system. The process parameters for the cutting operation,
used to calculate the tangential cutting torque 7. (applied as the disturbance torque

T),), are presented in Table 3.12.

Table 3.12: Process Parameters

ws[rpm] | Flmm/min] | ap[mm] | a.[mm]

2000 1500 2 12

The calculated tangential cutting torque, 7., is shown in Figure 3.20.

I I

HJL‘

2.5 B HH' H!“\” M H\‘ H“‘IH “ ‘\ ‘\ A \’“\” “\

Torque[Nm]
o

227 i i i i
22 222 224 226 228 23

.

0 0.5 1 1.5 2 25 3
Time[s]

Figure 3.20: Calculated Tangential Cutting Torque 7.

Figure 3.21 presents a comparison between the simulation data and the collected

driver data for the direct axis synchronous reference frame current, /..
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Figure 3.21: Simulation and Driver /;,, Data Comparison

Figure 3.21 shows that the simulation results and the collected driver data for [,
exhibit similar trends in both regions, with and without the disturbance effect. As
expected, the simulation data appears clearer, as noise sources are not modeled in the

simulation.

Figure 3.22 presents a comparison between the simulation data and the collected

driver data for the direct axis synchronous reference frame current, /..

It should also be noted that in Figures 3.21 and 3.22, the initial results of the sim-
ulation display some oscillatory behavior. This occurs because the initial values of
variables are assumed to be unknown, and all simulation variables are initialized to

zero, which leads to this oscillatory response.

48



w

Collected Data from Driver
2.5 Simulation Data i
2 ]
1.5 i

Current[A]

, v’"’ VA MM

Al ,',' I _

0 0.5 1 1.5 2 25 3
Time[s]

Figure 3.22: Simulation and Driver / ;. Data Comparison

Figure 3.22 illustrates that the simulation results and the collected driver data for /.
exhibit similar trends in both the disturbance-free and disturbance-affected regions.
As expected, the simulation data appears clearer, as noise sources are not modeled in

the simulation.

Upon closer inspection, it can be observed that the error between the real and sim-
ulation data is negative prior to the disturbance effect and positive afterward. This
suggests there may be minor inaccuracies in the identified parameters of either the
mechanical or electrical subsystem. However, given the small magnitude of the error,

it can be considered negligible.

Figure 3.23 presents a comparison between the simulation data and the collected

driver data for the motor velocity, w,,.
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Figure 3.23: Simulation and Driver w,,, Data Comparison

Figure 3.23 shows that the simulation results and the collected data for w,, exhibit
similar trends in both the disturbance-free and disturbance-affected regions. As ex-
pected, the simulation data appears clearer, as noise sources are not modeled in the

simulation.

Upon closer examination, it can be observed that the motor velocity in the simulation
is more affected by the disturbance torque than the real data. This discrepancy may
be attributed to slight inaccuracies in the identification of mechanical subsystem pa-
rameters, such as the inertias .J,,,, J,, or the stiffness k. However, since the error in

this region is less than 1%, it can be considered negligible.
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CHAPTER 4

CUTTING TORQUE ESTIMATION

This chapter will address the estimation of cutting torque, which constitutes the cen-
tral focus of this thesis. Various estimation algorithms utilizing the Kalman Filter,
each adapted to specific scenarios, will be analyzed. The system model, as outlined
in Chapter 2 and validated in Chapter 3, will serve as the foundation for these es-
timation methods. Additionally, the verification process for these methods and the

conditions under which the verification tests are conducted will be discussed.

Five distinct methods are selected for examination. All estimation methods, with the
exception of Method 3, utilize the complete system model encompassing both electric
and mechanical subsystems, whereas Method 3 exclusively employs the mathematical

model of the mechanical subsystem.

For methods utilizing the full system model, the Extended Kalman Filter (EKF) is
applied in place of the standard Kalman Filter to manage the nonlinearities intro-
duced by the interdependencies between the variables in the electric and mechanical
subsystems. The EKF, designed for nonlinear systems, linearizes the system around
the current estimate at each iteration, enabling real-time parameter estimation even
amidst noise and uncertainties within the model. This approach proves particularly
effective for handling nonlinearities in the cutting process while still delivering accu-

rate and recursive state estimations.

The reduction of the system model to a linear form for the application of the Kalman

Filter will also be explored in Method 3.

For all methods except Method 4, which is specifically designed to directly estimate

the tangential cutting torque 7., the primary focus is on estimating the force coeffi-
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cients K. and K. rather than the torque itself. These coefficients are directly related
to the tangential cutting force that generates the torque. This approach incorporates
the geometric relationship at the cutting instance into the estimation process by utiliz-
ing the geometric matrix h,, which is derived from the force model detailed in Section

2.4 and validated in Section 3.2.

4.1 Estimation Methods

In this section, the estimation methods will be discussed in detail.

4.1.1 Method 1

In Method 1, the comprehensive system model, which requires the voltages Vs and
Vyss as inputs and integrates both the electrical and mechanical subsystems, is em-
ployed as the mathematical framework. This estimation technique calculates the tan-
gential cutting torque 7, by evaluating the tangential cutting force coefficients K.
and K;.. This method is selected as it enables the integration of the geometric rela-
tionship into the estimation process by determining the geometric matrix h; utilizing

a force model grounded in process parameters and spindle position.

Given that the tangential cutting torque can be represented as 7, = r(Khiw(d) +
Kiohie(9)), the nonlinear differential equations governing the complete system are

expressed as follows:

x =f(x,u,0) +w 4.1

where the state matrix, x, is defined as follows:

T
X = [[dss [qss [drs [qrs Wm et ws} (42)

where the input matrix ,u, is expressed as follows:

w= Vi, V| (4.3)
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Here, w is the process noise matrix.

where f(x, u, ¢) is expressed as follows:

L LZw L L L L
— LR, Idss + wfy eIqss + WfYRT Idrs + m,yTwGIqrs + TT‘/dss

~
L2 w L:R L L LmR L
—— e[dss - Ty SIqss - mvaeIdrs + W,Ly T[qrs + TT‘/éss
LR LsLmw R,.L LsLyw L
n:{ S]dss - %]qss - 7,7 sId’rs - %]qrs - Tm‘/;lss
— LsL LR LsL Ry L L
f(Xv u, ¢) - SmeeIdss + %Iqss + STTWEIdrs — ty SIqu - Tm‘/qss
1 2
E[Kt<[qssjdrs - [qrsIdss) - (ngbt + bm)wm - knget + btngws]
NgWm — Ws

L Jis[ngbtwm + kat - (bt + bs)ws - T<Ktcht6(¢) + Ktehte(¢))] i
4.4)

As this estimation method primarily estimates the coefficients, these coefficients should
be incorporated as additional state variables by augmenting the equations in Equation

4.1. This can be expressed as follows:

x' = f'(x',u,¢) + W 4.5)

where the augmented state matrix, x’, is defined as follows:

T
X/: Idss Iqss [drs Iqrs Wm (9,5 Ws Ktc Kte] (46)

where f'(x/,u, ¢) is expressed as follows:
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f(xu,¢) =

L+Rs L%n.we mR'r‘ LerUJe Ly
- P Idss+ ]ss+ Irs+ I'rs—i__v;iss

LZm w I Lom l ¢ l m
- e[ TRS Iqss T e[ drs + RT[ qrs Vqss
mA . ds ’;VL < qgss 6 drs ’YT' . qrs ~ dss

LsLpwe Ly R. LsLywe Ry L L
g,;n Pldss—i_ wfyg[qss—i_ Q,YT ders_ > qurs_Tm‘/qss

ﬁ[Kt([qssIdrs - [qrsIdss) - (ngbt + bm)wm - knget + btngws]

NgWm — Ws
Jis[ngbtwm + kO — (b + bs)ws — 1(Kiehie(d) + Kiehie(9))]
0
0

4.7)

Equation 4.5 can be discretized using the Forward Euler method, as shown in Equa-

tion 4.8

X1 = Xg + Ts(£(xp, ug, ) + W) (4.8)

— T
where X = [Idss,ka ]qss,k’a ]drs,ka ]qrs,kv Wm, k> 9T,k7 Ws ks Ktc,k7 Kte,k‘] represents the

augmented state vector, and uy = [Vss k, Vqss,k]T denotes the input vector.

f(xy, ug, @) is represented by the following equation:

f<Xk7 Uy, ¢k) =

where T¢ , =

L’!‘RS Lgnw(i LmRr Lerwe LT T
- Idss kT v qss,k + y Idrs,k + Iqrs E+ _‘/dss k

L mWe LR Ly Lyw R
]dssk T,Ys qss,k m,},r e]drsk+ o Tlrsk+ ‘/;15519

L R _ LsL L L L
%Ids mwe Iqss k — T,y SIdrs === Twe Iqrs kE— ’y ‘/dss,lc

%Ids&k + WTRSIQSSJC + %[dm,k — % qrs,k Lvaqssvk
ﬁ [Te,k _ (ngbt + by ) Wik — kngO i + btngws,k]
NgWm k — Ws k
Jls [gbiwm ke + KOp 1. — bjws i — 7(Kiephier(0r) + Kie ghie k(O1))]
0

0

(4.9)

Iqss,kIdrs,k - Iqrs,kldss,k:) and b:: = bt + bs
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Algorithm 2 Calculation of Geometry Matrix Components
ReqUire: ¢’ ¢st7¢ex’/B’D’N’ap

Ensure: h;.(¢),h(9)
1. L =25
2 gy =2
3 d, =
4: hye(¢) =0
5: hie(¢) = 0
6: while £ < N do
7: ¢ =0+ (k—1)p,
8: while j < L do

=Rz

0 62 = 61+ 250 (jd,)

10: if ¢ < mod(pa, 2m) & ¢er > mod(pa, 27) then
1: h = c¢sin(¢s)

12: dhie(@) = dh

13: dhte(9) = da

14 hie(®) = hie(9) + dhie(9)
15: hie(9) = hie(@) + dhie(@)
16: end if

17: j=7+1

18: end while

19: kE=Fk+1

20: end while

Algorithm 2 presents the steps for calculating the geometry matrix components hy.(¢)

and ().

As a result, the Extended Kalman Filter is employed as an observer to address the
nonlinearities within the equations. The formulation of the Extended Kalman Filter,
as detailed in [15], and applied through the recursive steps of the algorithm, can be

defined as follows:
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K, =P, H (H,P, H] + R;)"!

P, = (I - K,H,)P;,

X1 = Xp + Tt (R, g, d1)

P, =3.PJ] +Qy

(4.10)
4.11)
(4.12)
(4.13)
(4.14)

As the computation of the prior covariance matrix P, necessitates the linearization

of f(x,u,t), it is essential to calculate the Jacobian matrix of this nonlinear function.

The Jacobian matrix, J, is expressed as follows:

J1

J2

Ja

[ L.R,

J1 (4x4) | Ja(4x5)

T4 (5x4) \ 7.(5x5)

L7,

We

LRy LuLywe |

5
. L?nwe

5
_ L.Rs

Y
_ L Lrwe

~
LRy

i
L Rs

_ LsLywe _dl R, Ls

~

Y

y
LsLrwe

~
LsLpywe

L

v
R

Y
LsLywe

v

Y

[ L2 d555+Lin L Firs

v

~

Y

_ Lgnldss +LmLTId7‘s

Y

0
_ L?nldss+LmLT]de O
0
0

Ls Lmldss +L9 Lrldrs

o O o O
o O o O

~

-_ kthrs

kilgrs ktLZSS _ktldss-

v
RyLs
Y .

Im

0

0
0
0

JIm

0

0
0
0

Im Jm

0 0

0 0
0 0
0 0

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)



Since the EKF operates in discrete time, J needs to be discretized. The discretization

of J is performed using the following formulas:

J, =elts (4.20)

It can be also approximately discretized with using Forward Euler Method as follows:
Jp=1+1TJ (4.21)

Since the test setup provides measurement data for s, Iyse, W, 07, and w;, and it
is known that the conversion between the synchronous and stationary frames for the
currents can be performed using the *Inverse Park Transformation’, the measurement
vector, z, and the measurement matrix, H;, are defined as shown in Equations 4.22

and 4.23.

Zp = [Idss,k Iisske Wik Oik ws]T 4.22)
(1 000000 0 0
010000000

H,=[0 00010000 4.23)
000001000
00000010 0

In Method 1, the process noise covariance matrix, Qy, is defined as a diagonal matrix

to represent the assumption that the process noise components are uncorrelated.

I X 2 2 2 2 2 2 2 2 2 2
Qk - dzaQ(wIdss’ wlqss’ wldrs’ wlqrs’ Wy s wet’ wws’ wKtc’ wKte)TS (424)

Wm

The diagonal elements of the process noise covariance matrix are defined as follows:

e Through model testing, it was determined that the process noise for /,, be-

tween the real system and the model can be at most wy, = 0.25A.

e Similarly, model testing revealed that the process noise for I, can reach a

maximum of wg,,, = 0.25 A.
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Since I, is not directly measurable, its process noise was identified by ana-

. . . 1 _w
lyzing the simulation results, and estimated as wy,,, = —&=.

As with 14,5, 1,5 1s not directly measurable. Its process noise was identified

. . . wr,
through simulation, and estimated as wy,,, = —%*.

After evaluating the model, the process noise for motor speed w,,, was found to

be at most w,,,, = 0.15rad/s.

Similarly, the process noise for spindle speed w, was found to be at most w,,, =

0.1 rad/s.

Since 6, represents the relative angular position between 6,,, and 6, the process

noise is assumed to be wy, = min([w,,, , w.,])/10.

The process noise for the tangential force coefficient K. is selected based on
the average variation observed during the sampling time, and is set to wg,, =

104 N

mm? *

Similarly, the process noise for the edge force coefficient /. is set based on

the observed sampling time variation, with wg,, = 10% -

mm *

The measurement noise covariance matrix, Ry, is chosen as a diagonal matrix, with

the following measurement noise covariances assigned to its diagonal elements:

Ry, = diag(vi, ,vi v ,vs ,v0) (4.25)

Iqss’ Wm? Ws

Based on model testing, it is appropriate to select vy, = w%

wqus

Based on model testing, it is suitable to define vy, = —5=.

Based on model testing, it is reasonable to choose v,,, = 10w, .

Based on model testing, it is determined that vy, = 1000wy, is an appropriate

choice.

Based on model testing, it is practical to set v,,, = 100w,,,,.
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4.1.2 Method 2

Method 2 is proposed as an adaptation of Method 1 for cases where the measurements
are not synchronized due to differing sampling times. Since the same model and
coefficient estimation approach is employed to estimate the tangential cutting torque,

this method can be regarded as a specialized version of Method 1.

To accommodate asynchronous measurement data, this method utilizes the Asyn-
chronous Extended Kalman Filter. An example scenario involves the asynchronous
measurement of currents /45, and [ 55, which may occur when an alternative current
measurement device, such as the Beckhoff EL3773 used in the setup, is employed to

achieve a higher sampling frequency for current measurements.

In this case, the measurement sampling frequencies can be classified as z;; (z;1 =
[T4ss, I4ss]"), updated at a higher sampling rate, and zy 2 (Zr2 = [wWpm, Or, ws]T), up-

dated at a lower sampling rate.

For the measurement group with a higher sampling frequency, the following Extended

Kalman Filter equations are applied:

K =Py Hy, (H, Py H + Ryt) ™ (4.26)
R = % + Ki(ze1 — Hy %3 (4.27)
P, = (I - K;H,,)P; (4.28)
Xy = X + Tof (Xp, g, d1) (4.29)
P, = JPuJi + Qi (4.30)

For the measurement vector zy, 1, the corresponding measurement matrix Hy, ; can be

expressed as:

10000O0O0O0O
Hy, = (4.31)
01 000O0O0O0O®O

For the measurement group with a slower sampling frequency, the following Ex-
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tended Kalman Filter equations are applied:

K, =P H, ,(H,,P, H, + Ry») ™" (4.32)
fp =%, + Kp(zro — HioXy) (4.33)
P, = (I - K,H;,)P, (4.34)
Rppy = Xi + Tof (Xp, wy, o) (4.35)
P, =3P +Q (4.36)

For the measurement vector zy, 5, the corresponding measurement matrix H, » can be

expressed as:

000O01O0O0GO0O0
Hio=10 00001000 (4.37)
000O0O0OO0OT1TO0@O0

In Method 2, the process noise covariance matrix, Qy, is selected as a diagonal matrix,
reflecting the assumption that the process noise components are uncorrelated. The

parameters of (Q; are identical to those used in Method 1.

- 2 2 2 2 2 2 2 2 2 2

Qk = CZZCL'g<ILUId,5'57 quss’ ,LUIdT‘s7 qu'r‘S’ me’ wat ’ st’ wKtc’ wKte)TS (4'38)
The measurement noise covariance matrix for the group of variables with a higher
sampling frequency, Ry 1, is selected as a diagonal matrix, with the same measure-

ment noise covariances assigned to its diagonal elements as in Method 1:

Ry, = diag(vi, ,vj ) (4.39)

[qss

The measurement noise covariance matrix for the group of variables with a smaller
sampling frequency, Ry o, is selected as a diagonal matrix, with the same measure-

ment noise covariances assigned to its diagonal elements as in Method 1:
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Ry = diag(v}, , ng, v2) (4.40)

However, if the sampling frequency of the faster measurement group is 8kHz and
that of the slower group is 1kHz, only the EKF updates using the faster group mea-
surements are required for time steps where only the faster group measurements are
available. When measurements from the slower group are available, all measurements
are used in the EKF. In this case, rather than separately calculating for group 1 and
group 2, the entire set of measurements can be processed together, similar to Method

1.

4.1.3 Method 3

In Method 3, the system model includes only the mechanical subsystem, which rep-
resents the two-inertia model. This method can be viewed as a reduced version of the

system model used in Method 1.

The state-space equations that define the reduced system model can be represented as

follows:

) o _<bm3:bm> —('}’jj) (b}:f) Win ﬁ 0 T

A A 0 =1 [ 6| +]0 0| ] @4D
W _% Jﬁé _ (bt};bs) W, 0 —Jié c

In this system, however, the electric torque 7., generated by the induction motor,
must be supplied as an input, necessitating its calculation from current measure-
ments. Additionally, it is known that the cutting torque can be expressed as 1. =
r(Kichie(9) + Kiehie(¢)). Consequently, the updated state-space equations can be

formulated as follows:

5(1 = A11X1 + Alg(.TQ) =+ Bll (442)

x5 =0 (4.43)
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where x; is defined as follow:

X1 = [wm 0 ws]T (4.44)

where X, 1s defined as follows:

Xg = [Ktc Kter (4.45)

where Ay, is expressed as follows

_ (btn3+bm) _ (kng) (bing)
JIm Im JIm
A11 == ng 0 —1 (446)
_ (beng) k _ (bi+bs)
Js Js Js

where A, is expressed as follows

0 0
Ay = 0 0 (4.47)
hee(@)  hue(9)
T Ts
where B is expressed as follows
T
B=[L 00 (4.48)

It is important to note that the elements of the geometry matrix, hy.(¢) and hy(¢),

are computed using Algorithm 2.

In this method, the geometry matrix, which describes the relationship between the
cutting tool and workpiece geometry during cutting, is provided to the system as in
Method 1. Thus, the tangential cutting force coefficients can be estimated instead of
directly estimating the cutting torque. Thus, /;. and K. can be used as new states,

and new state space equations can be formulated in discrete time as follow:

Xk = Fixpp + Gru g (4.49)

where u, j, = T¢ 1, and X, , is defined as follows:

T
Xek = |wnk Ot wor Kiet K (4.50)
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where F, is the discretized augmented state matrix. The discretization of the aug-

mented state matrix F is performed by:

A, (3x3) \ A,(3x2)

F, — 4.51)
Z,(2x3) | 12x2)
A, — AnT: (4.52)
A=A (AT —Tg,5) A0, (4.53)
00 0
7, = (4.54)
00 0
10
I— (4.55)
01

Since discretization is required in this process, discretization for the input matrix can

be done using the following equation:

The augmented input matrix,(Gy, can be obtained by:

By,
Ge=| 0 (4.57)
0

Moreover, by decoupling the system from the dynamics of the electric motor, the
model is rendered linear, thus allowing for the application of the standard Kalman

Filter and eliminating the necessity for the Extended Kalman Filter.
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The Kalman Filter, as described in [15], is utilized for estimating the tangential cutting

torque. The algorithm’s recursive steps are presented in the following formulation:

K, = P_H} (H,P,H; + Ry)™" (4.58)
X = X, + Ki(ze — HiX, ) (4.59)
P, = (I-K.H,)P, (4.60)
X 1 = Fikes + Gy (4.61)
P, = F,P,F{ +Q; (4.62)

The measurement vector z; can be expressed as follows, given that all mechani-
cal variables can either be directly measured or calculated from other measurements

(such as 6;) within the system.

Zy, = [u)mk Ok ws,k]T (4.63)

The corresponding measurement matrix can be represented as follows:

10000
H.=(0 100 0 (4.64)
00100

In Method 3, the process noise covariance matrix, Q, is selected as a diagonal matrix:

Qy, = diag(w? ,wp,,wy , wy, ,wy, )T? (4.65)

The diagonal parameters are defined as follows:

e Based on model testing, the process noise for w,,, between the real system and

the model is found to be at most w,,,, = 0.15rad/s.

e Similarly, the process noise for w; is found to be at most w,,, = 0.1 rad/s.
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e Since 6, represents the difference between 6,, and 6, the process noise is as-

sumed to be wy, = min([w,,,, ,w,,])/10.

e The process noise for Ky, is selected based on the average variation during the

N

sampling time, and is set to wg,, = 10 .

e Similarly, the process noise for /. is set based on the observed sampling time

N

. . . . 3
variation, with wg,, = 10° -

The measurement noise covariance matrix, Ry, is selected as a diagonal matrix, with

the following measurement noise covariances assigned to its diagonal elements:

Ry, = diag(v], ,v;.,v2.) (4.66)
The diagonal parameters are defined as follows:

e Based on model testing, it is appropriate to select v,,, = 10w, .
e Based on model testing, it is suitable to allocate vy, = 1000wys,,.

e Based on model testing, it is practical to choose v,,, = 100w,,,.

4.1.4 Method 4

In Method 4, the complete system model is employed, akin to Method 1 and Method
2. Due to the use of the full model, nonlinearity is introduced into the system. How-
ever, in this approach, the geometry matrix is considered unknown. Consequently,

the system model is applied without any augmentation, as explained in Equation 4.1.

The tangential cutting torque 7. is introduced as a new state variable; thus, the revised

nonlinear differential equations become:

x =f(x,u)+w (4.67)

where the state matrix, x, is defined as follows:

T
X = [dss Iqss [drs [qrs W, et Ws Tc (468)
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where the input matrix ,u, is expressed as follows:

w= Vi V| (4.69)

Here, w is the process noise matrix.

where f(x, u) is expressed as follows:

LR L2 w LR LinL L
—= SIdss+ W,; EIQS8+ W%, T[drs+ m Twe[rs"_f‘/;iss

v v q
L2 w LR L Lrw LmR L
- W,Ly ejdss - ry s]qss - mvr e]d’/‘s + nfy rIqu + TT‘/;]SS

LR LsLpw R.L LsLyw L
",Lysldss_ S,;n quss_ 7:),SIclrs_%Iqrs_Tm‘/;lss

LSL’;nwe [dss + LmRS[

LsLyw R, L L
ss T S,YT 6[drs - TV SIqrs - Tm‘/;]ss

f(x,u) = v e
ﬁ[Kt(Iqssldrs - Iqrs]dss) - (ngbt = bm)wm r knget =F btngws]
NgWm — Ws
Jis[ngbtwm + kO — (by + bs)ws — T
0

(4.70)

This function can be discretized using Forward Euler method which is shown in the

Equation 4.71
Xg+1 = Xk + Tsf(Xk, uk) (471)

_ T
where X = [Luss ks Lgss s Lars ks Lgrs ks Wm ks Otk Ws ki, Te ] represents the state vec-

tor, and uy, = [Vjssx, Vyssr)© denotes the input vector.

f (x4, uy) is represented by the following equation:
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_LT,YRS ]dss,k + L%,Lywe qss,k + L",LYRT ]drs,k + ngTwe Iqrs,k + %Vdss,k-
_Lf,}ywe [dss,k - LTVRS qss,k — ngrwe [drs,k + LW;RT Iqrs,k + %V;]ss,k
%Idss,k - LSLVmwe qss,k — RCYLS Idrs,k - Ls%yrwe Iqrs,k - L,;n ‘/dss,k
f(X u ) . LSL,;nwe Idss,k + %Iqss,k + LSI,/YTUJE Id'rs,k - % qrs,k — LTmV;]ss,k
ky Uk) —
7 i [T&k — (ngbt + by )wim i — kngly i + btngwsyk]
NgWm k. — Ws k
Jis [ngbtwmk + ket,k — (bt + bs)w&k — Tc,k:)]
L Tc,k

(4.72)
where Te,k = Kt(]qss,k]drs,k - ]qrs,k]dss,k’)

As nonlinearity is present, the EKF is employed as the observer. The Extended
Kalman Filter, as detailed in [15], is proposed for estimating the tangential cutting
torque, 7, exerted on the spindle tool. The formulation of the Extended Kalman

Filter, implemented in the algorithm’s recursive steps, is defined as follows:

K, = P, H (H,P, Hf + R;)™" (4.73)
% = %+ Ki(z, — HiX;) (4.74)
P, = (I- K, H,)P;, (4.75)
X0 = %i + Tof (Xy, uy) (4.76)
P, =PI +Q 4.77)

The calculation of the prior covariance matrix, P, necessitates the linearization of
f(x,u). Therefore, the Jacobian matrix for this nonlinear differential equation must

be derived. The Jacobian matrix, J, is expressed as follows:

J1 (4x4) | Ja(dxd)
Jydxd) | Jy(dxd)

(4.78)
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[ L.R, L2 we LR, Ly Lywe |
v v v Y
_ L?nwe _ L, Rs _ LinLyrwe Lin Ry
J= | ¥ g g (4.79)
Ly Rs . LsLmwe o R, Ls o LsLywe
8l Y 8l ol
LsLmwe LR LsLywe _BrLs
L 2l v v ol B
[ L2 Iyss+LmLrlgrs 00 O_
Y
. Lgnldss +LmL1‘1drs O 0 O
Jo = 7 4.80
2 . Lgnld.s‘s +LmLrlgrs O O O ( )
ol
LsLmnlgss+LsLylgrs O 0 O
L Y .
-_ kthr's ktldrs kthss _kt[dss-
Im Im Im JIm
0 0 0 0
. — (4.81)
0 0 0 0
0 0 0 0
[ bing+bm  kng bing 0 ]
Im Il Im,
ng 0 -1 0
Js= (4.82)
ngbt ko _betbs 1
JS Js Js Js
0 0 0 0

Since the EKF operates in discrete time, J needs to be discretized. The discretization

of J is performed using the following formulas:

J, = el (4.83)

Given that the test setup provides measurement data for s, Iyse ks Wi k> 01k, and
ws k» and that the conversion between synchronous and stationary frames for the cur-
rents can be achieved using the ’Inverse Park Transformation’, the measurement vec-

tor, z;, and the measurement matrix, Hy, are defined as in Equations 4.84 and 4.85.

T
Zy = Idss,k Iqss,k Wm, k gt,k Ws k (484)

68



(1 000000 0
01000000

H,={0 0001000 (4.85)
00000100
0000001 0

In Method 4, the process noise covariance matrix, Qy, is defined as a diagonal matrix

to represent the assumption that the process noise components are uncorrelated.

Qk:dz’ag(wiss w? wd wd L w? ,wgt,w?,w%c)Tg (4.86)

) Mgss? Vlars? Vlgrs? T wm

The diagonal elements of the process noise covariance matrix are specified as follows:

Based on model testing, the process noise for /;5; between the real system and

the model was found to be at most wy,,, = 0.25 A.

Similarly, testing revealed that the process noise for I s, could reach a maxi-

mum of wr,,, = 0.25 A.

Since I is not directly measurable, its process noise was estimated through

simulation analysis, and determined as wy,,, = i—‘g

Similarly, /.5, which is also not directly measurable, had its process noise

Wigss

estimated from simulation, with wy,,, = —%*.

After evaluating the model, the process noise for motor speed w,, was deter-

mined to be at most w,,, = 0.15rad/s.

Likewise, the process noise for spindle speed ws was determined to be at most

w,,, = 0.1rad/s.

Since 6, represents the relative angular position between 6,,, and 6, its process

noise is assumed to be wy, = min([w,,, ,w.,])/10.

The process noise for the tangential cutting torque 7, was set based on observed

variations during sampling, with w7, = 102> Nm.
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The measurement noise covariance matrix, Ry, is selected as a diagonal matrix, with

the following measurement noise covariances assigned to its diagonal elements:

R, = diag(vfd U?qss,vim, vgt, v? ) (4.87)

ss? Ws

Based on model testing, it is appropriate to set vy, == wi—%?

Wigss

10

Similarly, vr,,, = is selected based on model testing.

For the motor speed w;,,, v,,,, = 10w,,, is chosen as a reasonable value based

on testing.

For the relative angular position 6, vy, = 1000wy, is determined to be an ap-

propriate choice.

Finally, v,,, = 100w,,, is selected as a practical value based on model testing.

4.1.5 Method 5

In this method, the special case where the spindle or motor encoder, or both, expe-
rience minimal tracking loss, causing the transition angle ¢, to drift, is addressed.
Since this issue occurs during cutting tests, Method 1 is modified to mitigate this

phenomenon.

o
]
a

T T
Drifted Data
Expected Result

o
S}

o
o

Angular Position [rad]

. . . . .
0 0.5 1 1.5 2 25 3
Time [s]

Figure 4.1: Illustration of Transmission Angular Position Drift
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It is assumed that the drift is caused by a slight variation in the transmission ratio n,

during the test, as illustrated in Figure 4.1. This phenomenon is represented by the

following equation for the transmission angle 6;:

0p = ngl, — 05 + 0y, wm

(4.88)

Given that the tangential cutting torque can be represented as 7. = 7(Kyhi(d) +

Kiehie(¢)), the nonlinear differential equations governing the complete system are

expressed as follows:

x =f(x,u,¢) +w

where the state matrix, x, is defined as follows:

T
X = [Idss Iqss Idrs Iqrs Wm et W 5ng:|

where the input matrix ,u, is expressed as follows:

T
u= [Vdss ‘/qss]

where f(x, u, ¢) is expressed as follows:

f(x,u,¢) =

L.R LZw LR LnLrw L
- T,YS[dss—i_ ﬂ?y eL]ss"‘ W,ly TIdrs+ m,yr qurs—i_TTVdss

L2 w L.R LinLrw LR L
- W;e]dss_ Tvslqss_ mvr EIdrs“‘ TZ/ T[qrs_‘_TTV;]ss

LR LsLpw R, L. LsLyw L
n,lys-[dss_ s,;ne]qss_ 7:Ysjdrs_ S,YT elqrs_Tm‘/dss

LsLpyw LR LsLyw Ry L L
S,;neldss—i_ n?ySIqss—i_ S,YT 6]’drs_ T,YS[qrs_Tm‘/qss

i[Kt(IqssIdrs - IqrsIdss) - (n?]bt + bm)wm - knget + btngws]

NgWm — Ws + OnyWm
Jis[ngbtwm + kO — (by + bs)ws — T¢]
0
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As this estimation method primarily estimates the coefficients, these coefficients should

be incorporated as additional state variables by augmenting the equations in Equation

4.89. This can be expressed as follows:

X' = f,(xlv u, ¢) +w

where the augmented state matrix, x’, is defined as follows:

T
X,: [dss [qss Idrs [qrs Wm 97& Ws 5ng Ktc Kte]

where f’(x,u, ¢) is expressed as follows:

f'(x,u, )

ﬁ[Kt(IqssIdrs — lgrslass) —

LR L2,w LR LinLyw L
e T,YS[dss—i_ W,Ly - qss+ m TIde"’ myr elqrs+7rvdss

~
L2 w L.R LinLyw LR Ly

_ ",Ly eIdss - T,y SIqss - mvr eIdT’s i "; 7A]qrs + TT‘/:]SS

L R, LsLmw R, L, LsL,w L

%Idss - %Iqss - T,Y *Lgrs — %[qrs - vadss

LsLpw LR LsLyw R, L L
S,;ne[dss—i_ W,LYSIqss+ S,yr e[drs_ T,YS[qrs_TmV:]ss

NgWm — Ws + O, W

Jis[ngbtwm + k@t — (bt + b3>ws — T(Ktchtc((b) + Ktehte((b))]

0
0
0

(n2De 4 b )wm — knghy + bingws]

(4.93)

(4.94)

(4.95)

It is important to note that the elements of the geometry matrix, hy.(¢) and hy(¢),

are computed using Algorithm 2.

This function can be discretized using the Forward Euler method, as shown in Equa-

tion 4.96.

Xp+1 = X + Tof (x5, Uk, or)
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— T
where Xi = [Lass ks Lgss ks Lars ko Lgrs ks Win e OT ks Ws ks Ong s Kiey K] Tepresents the

state vector, and uy, = [Vjesx, Vass.k)© denotes the input vector.

f(xy, ug, @) is represented by the following equation:

LR, L w LR L Lywe L
- T,Y g]dss,k + ";, < qss,k + = T]drs,k + m,yr pIqrs,k + TTVdss,k'

~
L2,w LrR LinLyw LmR L
——= e[dss,k - T,y 2 gss,k — m,yr eIdrs,k + W,ly T[qrs,k + TT‘/qss,k
LR LsLpw Ry Ls LsLrw L
W; S[dss,k - = ’;n < qss,k — 7,\/ 5Idrs,k - = WT < qrs,k — vadss,k
LsLpwe LR LsLywe R, L, L
£ ﬁ;n F]dss,k + n}y S]qss,k + == ,; e]drs,k - ty < qrs,k — %‘/qss,k
1 2
T [Te,k — (ngbt + bm)wm,k — kngﬁt,k + btngw&k}
f(xp, up, dr) =

NgWmk = Wek + Ong kWm.k
7 [ngbiwm i + EOpx — bjws s — r(Kiephier(9) + Kiephiex(9))]
0
0
0

(4.97)
where Te,k == Kt<[qss,kjdrs,k - [qrs,k[dss,k) and b; = bt + bs

The modification does not alter the formulation of the Extended Kalman Filter, which

is applied in the recursive steps of the algorithm and is defined as follows:

K, =P, H (H,P,H] +R;)™" (4.98)
% = %, + Ki(z, — HyXp) (4.99)
P, = (I-K.H,)P, (4.100)
X1 = Xi + Tof (X, g, d1) (4.101)
P, = JPJl + Qi (4.102)

Similar to Method 1, the calculation of the prior covariance matrix, P, , requires the
linearization of f(x, u, ¢). Therefore, the Jacobian matrix of this nonlinear differen-

tial equation must be computed. The Jacobian matrix, J, can be expressed as follows:
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31 (4x4) | Jo(4x6)

J,(6x4) \ 7,(6x6)

[ _ Ly Rs Lgn‘*)e Lin Ry L Lywe )
Y Y Y Y
_L2we  L,R. _ LmLywe LR,
Jl — Y Y Y Y
LmRs _ LsLmwe _R.Ls _ LsLywe
vy Y Y vy
LsLpwe LmRs LsLywe _RyLs
L Y Y Y A
[ L2 Iyss+LmLrlgrs 000 0 O_
vy
L2 Iyss+LmLrlgs 0000 0
Jy = v
2 _ L2 Igss+Lon LrIgrs 00 00 0
v
LsLmldss+Lerldr5 0 O O O 0
L Y -
__ k‘thrs ktldrs kthss _ktldss—
Jm J"L Jm Jm,
0 0 0 0
0 0 0 0
J3 -
0 0 0 0
0 0 0 0
0 0 0 0
[ bin2+b, kng bing
S it e~ Y 0
Ng + On, 0 -1 w, 0 0
ngby k bi+bs 0 _ rhic(9) _ rhie(9)
— Js Js Js Js Js
Js=
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

Since the EKF operates in discrete time, J needs to be discretized. The discretization

of J is performed using the following formulas:

Jk = GJTS

(4.108)

Since the test setup provides measurement data for I s, Lyse, W, 07, and w;, and it

is known that the conversion between the synchronous and stationary frames for the
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currents can be performed using the "Inverse Park Transformation’, the measurement

vector, z;, and the measurement matrix, Hy, are defined as shown in Equations 4.109

and 4.110.

Zk = |lgss lyss wm Oy wS]T (4.109)
(1 000000 0 0
010000000

H,=[0 00010000 (4.110)
000001000
00000010 0

In Method 1, the process noise covariance matrix, Q, is defined as a diagonal matrix

to represent the assumption that the process noise components are uncorrelated.

_ 2 2 2 2 2 2 2 02 2 2 2
Qi = diag(wi, W, s Wi, s W, W ,wet,wws,w(;ng,wKtc,wKte)T (4.111)

Iqrs ? Wm S

The diagonal elements of the process noise covariance matrix are defined as follows:

Through model testing, it was determined that the process noise for /;s, be-

tween the real system and the model can be at most wy, = 0.25 A.

Similarly, model testing revealed that the process noise for /,,; can reach a

maximum of wr,,, = 0.25 A.

Since I, is not directly measurable, its process noise was identified by ana-

. . . 1 _w
lyzing the simulation results, and estimated as wy,,, = —%=.

As with 4,5, 1,5 1s not directly measurable. Its process noise was identified

wqu.s

through simulation, and estimated as wy,,, = —§*.

After evaluating the model, the process noise for motor speed w,,, was found to

be at most w,,,, = 0.15rad/s.

Similarly, the process noise for spindle speed w, was found to be at most w,,, =

0.1rad/s.

75



e Since 0, represents the relative angular position between 6,,, and 6, the process

noise is assumed to be wy, = min([w,,, ,w.,,])/10.

e The process noise for the tangential force coefficient K. is selected based on
the average variation observed during the sampling time, and is set to wg,, =

104 N,

mm? *

e Similarly, the process noise for the edge force coefficient /. is set based on
the observed sampling time variation, with wg,, = 10° -
The measurement noise covariance matrix, Ry, is chosen as a diagonal matrix, with

the following measurement noise covariances assigned to its diagonal elements:
_ 2 2 2 2 2
Ry, = diag(vy,_, Vls Ve Vo v5,) 4.112)

wIdss
10

Based on model testing, it is appropriate to select vy, ==

Based on model testing, it is suitable to define vy, ,, = w%

Based on model testing, it is reasonable to choose v, = 10w, .

Based on model testing, it is determined that vy, = 1000wy, is an appropriate

choice.

Based on model testing, it is practical to set v,,, = 100w,,,.

4.2 Verifications of Estimation Methods

In this section, the verification of the estimation methods described in Section 4.1 is
conducted using simulation. Two groups of verification are performed, utilizing the

respective simulation models discussed in Appendix D.

In the first group, verification is carried out within the simulation environment, where
measurement data is generated by the dynamic model. It should be noted, however,
that real input data for Vg, Vs, and 7, from cutting tests is used as input to the

dynamic model in this group.

76



For the second group, the verification is similarly conducted within the simulation
model, but here, real data collected from cutting tests is used for both inputs and
measurements. In this case, both the voltages Vg, and V,,,, as well as the cutting

torque 7., are real data derived directly from the cutting tests.

The same cutting test data is used across both verification groups. All real data, for
both measurements and inputs, are collected from cutting tests conducted with the

same test setup, which will be described in greater detail in this section.

4.2.1 Test Setup Description

In the test setup, the retrofitted CNC machine with new motor drivers and PLC PC
unit are utilized. For the PC unit, a Beckhoff PLC PC is used.

The spindle axis is controlled by a Beckhoff AX5125 driver, which has a maximum
continuous current output. The spindle motor is an older AC induction motor, ’Franz
Kessler DM 112/4L., whose parameters were identified through conventional tests, as

discussed in Subsection 3.1.1.

Two rotary encoders are employed in the CNC system: one for measuring the spindle
motor position and the other for measuring the spindle position. A TTL (Transistor-
Transistor Logic) encoder is used for the motor. The TTL encoder outputs digital
signals representing the angular position of the rotating shaft, operates at a standard
5V level, and provides square wave pulses on two channels (A and B) to indicate

direction and position.

For the spindle position, a Sin-Cos encoder is used. This encoder outputs analog
sine and cosine waveforms that represent the angular position, providing continuous
signals over a 360° rotation. These signals allow for high-resolution position feedback

due to their smooth variation.

For verification purposes, a dynamometer is employed to measure the forces applied
to the workpiece in the x and y axes. An accelerometer is also placed on the workpiece
to capture additional data in the x and y directions. Additionally, for high-resolution

current and voltage measurements in the A-B-C reference frame of the AC motor, a
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power monitoring terminal, the Beckhoff EtherCat-compatible "EL3773’, is used.

Table 4.1: Specifications of the CNC machine test setup

Test Set Up
CNC Unit Beckhoff C6930
CNC
CNC Software Beckhoff TwinCAT-3
Spindle Motor Franz Kessler DM 112/4L
Spindle Spindle Driver Beckhoff AX5125
Spindle Encoder Heidenhain | ROD 480 1800
Motor Beckhoff AMS8062
X-Y Axes Driver Beckhoff AX8640
Encoder Heidenhain LS 403-0870
Dynamometer Kistler 9257B
Amplifier Kistler LabAmp 5167A
Measurement
DAQ NI cDAQ-9174
Analog Input Module NI 9234
Workpiece Al7075

In Figure 4.2, the workpiece used in the cutting tests is illustrated. Accelerometers,

which are used in conjunction with the dynamometer for verification purposes, are

attached to this workpiece.

Figure 4.2: Full Sloth Cutting Test
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The cutting test process parameters can be seen in Table 4.2, where D represents the
diameter of the tool, /V is the number of teeth of the tool, F' denotes the feed rate, a,
is the axial depth of cut, a, is the radial depth of cut, and (3 represents the helix angle
of the tool.

Table 4.2: Process Parameters of Cutting Tests

No | D [mm] | N | ws [rpm] | F' [mm/min] | a, [mm] | a. [mm] | 3 [deg]
1 12 3 2000 1200 3 6 45
2 12 3 2500 1500 2 12 45
3 12 3 2500 600 5 3 45
4 12 3 2500 1500 4 12 45
5 16 3 2400 1000 3 16 45
6 16 3 2400 500 11 2 45
7 16 4 3000 1500 1 8 45

4.2.2 Verification Method 1

In this subsection, Verification Method 1 is discussed. In this approach, the real data
for Vs and Vi, collected during the cutting tests, are transformed into Vs and Vi,
using the motor angular position w,,, and the ’Inverse Park Transform,” as described

in Equation 3.21.

These input voltages are used in both the dynamic model, which generates the mea-
surements of Igss, Lgss, W, O, and w; for the estimation methods in simulation, and
in all estimation methods except Method 3. For Estimation Method 3, the input torque

T, is also generated by the same dynamic model in simulation.

The cutting torque 7 is fed into the dynamic model and is calculated from process
parameters and spindle angular position w, using the force model. To verify this
torque, a comparison is made between the output forces F, and F;, calculated by the

force model and the actual cutting forces recorded by the dynamometer.

For the geometry matrix h;, required as input for all estimation methods except
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Method 4, the process data from the cutting tests and spindle angular position w

are utilized to calculate the matrix through the force model.

The results of the methods are presented together in the figures shown in this subsec-
tion for comparison purposes. However, since the state variables of some methods

differ, certain methods may not be included in specific figures.

It is important to note that all currents in the model exhibit an initial oscillatory be-
havior until they stabilize, as the initial current values are assumed to be zero. This

initial oscillatory behavior can be observed across all current graphs.

4.2.2.1 Test1

Table 4.3: Process Parameters of Cutting Test 1

No | D [mm] | N | ws [rpm] | F' [mm/min] | a, [mm] | a. [mm] | 5 [deg]
1 12 3 2000 1200 3 6 45

The process parameters for Test 1, commonly referred to as the “half-slot cutting’, are

presented in Table 4.3.

For the state variables ;. and /s, which denote the direct and quadrature currents
in the stationary reference frame, a comparison of state estimations was conducted
for all methods, with the exception of Method 3, as it does not incorporate the electric

subsystem within the system model.

Figure 4.3 presents a comparison of the estimation results for /;5; from all methods,
excluding Method 3, against the collected data. The estimations from all methods
exhibit close alignment with the real data, demonstrating similar performance in esti-

mating this state.
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Figure 4.3: Comparison of ;s Estimation Among Different Estimation Methods

In Figure 4.4, the estimation results for /,,; from all methods, except Method 3, are
compared with the collected data. The results indicate that all methods provide similar

estimations for this state, showing a close alignment with the actual data.
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Figure 4.4: Comparison of /., Estimation Among Different Estimation Methods

For the state variables associated with the mechanical subsystem, namely w,,, ;, and

ws, all methods are compared with one another based on their estimation results.

Figure 4.5 presents a comparison of the estimation results for w,, across all methods

against the collected data. The results indicate that all methods yield similar estima-
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tions for this state, with close alignment to the actual data.

As shown in Figure 4.5b, all methods estimate w,,, with a slight negative bias. This
discrepancy is attributable to differences between the real and simulation models;

however, the bias is considered negligible.
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Figure 4.5: Comparison of w,, Estimation Among Different Estimation Methods

Figure 4.6 illustrates a comparison of the estimation results for w, across all methods
in relation to the collected data. The findings show that all methods produce similar

estimations for this state, with close alignment to the actual data.

Figure 4.6b reveals that all methods estimate w, with a slight negative bias, and the
trend exhibits minor deviations. This discrepancy is likely due to differences between

the real and simulation models; nevertheless, the bias remains negligible.
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Figure 4.6: Comparison of w, Estimation Among Different Estimation Methods

Figure 4.7 compares the estimation results for ; from all methods with the collected
data. Due to drifting observed in the real data, a logical comparison is not feasible in

this instance.
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Figure 4.7: Comparison of 1 Estimation Among Different Estimation Methods

For the comparison of state estimations for K;. and K;., Method 4 is excluded, as
it does not incorporate these variables within its algorithm, relying instead on direct

estimation of 7.

Figure 4.8 presents a comparison of the tangential cutting force coefficient K. esti-
mated by all relevant methods against the identified parameter. The results indicate

that all methods estimate this parameter with a slight negative bias.
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Figure 4.8: Comparison of K;. Estimation Among Different Estimation Methods

Figure 4.9 illustrates the estimation errors for the state /., comparing different esti-

mation methods. The green dashed line indicates the initial moment when the distur-

bance torque starts to influence the system.
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Figure 4.9: Comparison of Estimation Error for K;. Among Different Estimation

Methods

Upon further examination of Figure 4.9a, it can be observed that all methods exhibit

similar estimation errors for this state. Additionally, a closer inspection of the zoomed

region in Figure 4.9b reveals a comparable oscillatory trend in the estimation errors

across the methods.
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Figure 4.10 shows a comparison of the tangential edge force coefficient K. as es-
timated by all relevant methods in relation to the identified parameter. The findings

suggest that each method estimates this parameter with a minor positive bias.
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Figure 4.10: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.11 depicts the estimation errors for the state K., comparing various es-
timation methods. The green dashed line represents the initial point at which the

disturbance torque starts affecting the system.

A detailed examination of Figure 4.11a shows that all methods yield similar estima-
tion errors for this state, with errors remaining within the range of 3 — 6%. Addition-
ally, the zoomed region in Figure 4.11b highlights a recurring oscillatory pattern in

the estimation errors across the methods.
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Figure 4.11: Comparison of Estimation Error for /;. Among Different Estimation
Methods

In Figure 4.12, the estimated tangential cutting torque 7. from all methods is com-

pared with the calculated torque. It is clear that all methods provide similar results.
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Figure 4.12: Comparison of 7. Estimation Among Different Estimation Methods

In Figure 4.13, the estimation error for 7. is shown for all methods. An examination

of the zoomed region reveals that all methods, except Method 4, demonstrate similar

error patterns and magnitudes. Method 4 is identified as the least effective method in

this test.
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Figure 4.13: Comparison of 7. Estimation Error Among Different Estimation Meth-

ods

Figure 4.13b provides a clearer view of the estimation error trends. It can be observed

that all methods, except Method 4, exhibit similar error trends and magnitudes. The

deviation in Method 4 can be attributed to insufficient information regarding the ge-

ometry between the tool and the workpiece.

4.2.2.2 Test2

Table 4.4: Process Parameters of Cutting Test 2

No

D [mm]

ws [rpm]

F [mm/min]|

a, [mm]

a, [mm]

3 [deg]

12

2500

1500

2

12

45

The process parameters for Test 2, often designated as the ’full-slot cutting’ are pro-

vided in Table 4.4.

For the state variables /5 and /5, representing the direct and quadrature currents in

the stationary reference frame, state estimation comparisons were performed across

all methods, excluding Method 3, as this method omits the electric subsystem from

the system model.
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Figure 4.14 illustrates the estimation outcomes for /;,; from all methods, with the
exception of Method 3, alongside the actual data. The estimates from each method
closely align with the observed data, indicating a consistent level of accuracy in state

estimation across these methods.

Upon examining Figure 4.14b, a slight phase shift and minor magnitude difference
can be observed; however, these discrepancies are minimal and can be considered

negligible.

When compared to Test 1, known as the “half-slot cutting’ test, the estimation meth-

ods that incorporate electric subsystem states yielded comparably similar results.
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Figure 4.14: Comparison of [, Estimation Among Different Estimation Methods

Figure 4.15 depicts the estimation results for /45 from all methods, excluding Method
3, alongside the actual data. The estimations from each method are closely aligned
with the observed data, demonstrating a consistent accuracy in state estimation across

these methods.

In Figure 4.15b, a minor phase shift and slight magnitude difference are noticeable;

however, these variations are minimal and can be regarded as negligible.

When compared with Test 1, referred to as the ’half-slot cutting’ test, the methods in-
corporating electric subsystem states produced similarly accurate results, as expected,

given the analogous nature of the /. and ;s currents.
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Figure 4.15: Comparison of /,,; Estimation Among Different Estimation Methods

For the state variables associated with the mechanical subsystem, specifically w,, 0;,

and wy, the estimation results from all methods are compared.

Figure 4.16 provides a comparison of the estimation outcomes for w,,, from all meth-
ods against the actual data. The results show that all methods produce similar estima-

tions for this state, closely aligning with the observed data.

As illustrated in Figure 4.16b, a slight negative bias is present in the estimations of
wy, across all methods. This bias is attributed to differences between the actual and

simulated models; however, it is deemed negligible.
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Figure 4.16: Comparison of w,, Estimation Among Different Estimation Methods
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In contrast to the results obtained in the first test, the error magnitude for w,, estima-
tions in this test is somewhat larger. This discrepancy can be explained by the fact
that the mechanical system identification, as detailed in Section 3.1.2, was conducted

near 1000 rpm, whereas the speed in this test is approximately 2500 rpm.

Figure 4.17 illustrates a comparison of the estimation results for ws from all meth-
ods against the collected data. The findings indicate that all methods yield similar

estimations for this state, with close alignment to the actual data.
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Figure 4.17: Comparison of w, Estimation Among Different Estimation Methods

Compared to the results from the first test, the error magnitude for wy estimations
in this test is slightly larger. This discrepancy can be attributed to the fact that the
mechanical system identification, as discussed in Section 3.1.2, was performed near

1000 rpm, while the speed in this test is approximately 2500 rpm.

Figure 4.18 compares the estimation results for 7 from all methods with the collected
data. However, due to drifting observed in the actual data, a meaningful comparison

1s not feasible in this case.
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Figure 4.18: Comparison of #1 Estimation Among Different Estimation Methods

For the comparison of state estimations for K;. and K,., Method 4 is excluded, as
it does not incorporate these variables within its algorithm, instead relying on direct

estimation of 7.

Figure 4.19 presents a comparison of the tangential cutting force coefficient /. es-
timated by all relevant methods against the identified parameter. The results indicate

that all methods estimate this parameter with a very slight negative bias.
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Figure 4.19: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.20 illustrates the estimation errors for the state K. across various estimation
methods. The green dashed line marks the initial moment when the disturbance torque

begins to affect the system.
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Figure 4.20: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

Upon further examination of Figure 4.20a, it can be observed that all methods exhibit
similar estimation errors for this state. Additionally, a closer inspection of the zoomed
region in Figure 4.20b reveals a comparable oscillatory trend in the estimation errors
across the methods. Compared to Test 1, the methods demonstrate improved accu-
racy in estimating the coefficient. The error ranges from —1% to 0% for all methods,
except for Method 2, which exhibits an error range between —2% and 0.5%. This rep-
resents an improvement over the error range observed in Test 1, which was between

—4.5% and 1.5%.

Figure 4.21 shows a comparison of the tangential edge force coefficient K. estimated
by all relevant methods against the identified parameter. The findings suggest that

each method estimates this parameter with a very slight positive bias.
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Figure 4.21: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.22 depicts the estimation errors for the state K. across various estimation
methods. The green dashed line indicates the initial point at which the disturbance

torque begins to affect the system.

Upon further examination of Figure 4.22a, it can be observed that all methods exhibit
similar estimation errors for this state. Additionally, a closer inspection of the zoomed
region in Figure 4.22b reveals a comparable oscillatory trend in the estimation errors
across the methods. Similar to the errors observed for K., the methods demonstrate
improved accuracy in estimating the coefficient compared to Test 1. The error ranges
from —0.5% to 1% for all methods, except for Method 2, which shows an error range
between —0.5% and 2.5%. This reflects an improvement over the error range in Test

1, which was between 4% and 6.25%.
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Figure 4.22: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.23, the estimated tangential cutting torque 7. from all methods is com-

pared with the calculated torque. It is evident that all methods yield similar results.

However, compared to the other methods, Method 4 estimates the tangential cutting

torque 7, with a greater degree of oscillation.
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Figure 4.23: Comparison of 7. Estimation Among Different Estimation Methods

In Figure 4.24, the estimation error for 7, is shown across all methods. A closer

examination of the zoomed region reveals that all methods, except for Method 4 and
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Method 2, exhibit similar error patterns and magnitudes. Method 4 is identified as the

least effective method in this test.

Error [%]
- o

Method 1 Error
Method 2 Error |
Method 3 Error
Method 4 Error |
Method 5 Error

=

Error [%]

0.5

1 1.5 2
Time [s]

25

(a) Comparison Between 0-2.6 Seconds

o b b b A o 4 n e s o

o
o\

Method 1 Error
Method 2 Error
Method 3 Error
Method 4 Error
Method 5 Error

e
JP\

(b) Zoomed Region

Time [s]

Figure 4.24: Comparison of 7, Estimation Error Among Different Estimation Meth-

ods

Compared to Test 1, all methods demonstrate improved estimation accuracy, with a

particularly notable improvement in Method 4. In the first test, Method 4’s error oscil-

lated between —20% and 15%, whereas in this test, the error range has significantly

decreased to between —2% and 1%. The other methods also show improvements;

their error range previously spanned from 0% to 5.5%, but in this test, it has de-

creased to between —1% and 0% for Methods 1, 3, and 5, and between —1.7% and
0% for Method 2, as can be seen from Figure 4.24b.

4.2.2.3 Test3

Table 4.5: Process Parameters of Cutting Test 3

No

D [mm]

N | w, [rpm]

F [mm/min]

a, [mm]

a, [mm]

3 [deg]

12

3 2500

600

5

3

45

The process parameters for Test 3, also referred to as the ’quarter-slot cutting,” are

listed in Table 4.5.
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For the state variables /45, and /5, which represent the direct and quadrature currents
within the stationary reference frame, state estimation comparisons were conducted
across all methods except Method 3, as this method excludes the electric subsystem

from the model.

Figure 4.25 displays the estimation results for /;;; from all methods, apart from
Method 3, alongside the actual data. The results demonstrate that each method pro-
vides estimates closely aligned with the observed data, indicating similar accuracy

levels in state estimation.

Upon further inspection of Figure 4.25b, a minor phase shift and slight magnitude
discrepancy can be seen. However, these variations are small and can be considered

negligible.

In comparison to Test 1 and Test 2, the methods that include the electric subsystem

states show similarly consistent results.
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Figure 4.25: Comparison of /;,; Estimation Among Different Estimation Methods

Figure 4.26 presents the estimation results for / ., across all methods, except Method
3, alongside the actual measurements. The estimates from each method closely cor-
respond to the observed data, indicating reliable accuracy in state estimation among

these methods.

In Figure 4.26b, a slight phase shift and small magnitude discrepancy can be ob-
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served. Nevertheless, these differences are minor and can be considered insignificant.

Compared to Tests 1 and 2, the methods that include the electric subsystem states
yielded equally precise results, as anticipated, due to the comparable characteristics

of the /55 and I, currents.
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Figure 4.26: Comparison of /,,; Estimation Among Different Estimation Methods

For the state variables related to the mechanical subsystem, namely w,,, 6;, and w,

the estimation results from all methods are evaluated.

Figure 4.27 shows a comparison of the estimation results for w,, from each method
against the real data. The findings indicate that all methods yield similar estimates for

this state, showing a close match with the actual measurements.

As seen in Figure 4.27b, a minor negative bias is apparent in the w;,,, estimations across
all methods. This bias is likely due to discrepancies between the real and simulated

models; nonetheless, it is considered negligible.
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Figure 4.27: Comparison of w,,, Estimation Among Different Estimation Methods

Figure 4.28 presents a comparison of the estimation results for wy from each method
alongside the observed data. The results demonstrate that all methods provide similar

estimates for this state, with a strong alignment to the actual measurements.
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Figure 4.28: Comparison of ws Estimation Among Different Estimation Methods

Figure 4.29 displays a comparison of the estimation results for 67 across all methods
with the recorded data. However, due to drift observed in the actual data, a direct

comparison is not practical in this instance.
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Figure 4.29: Comparison of # Estimation Among Different Estimation Methods

For the comparison of state estimations for K;. and K,., Method 4 is excluded, as
it does not incorporate these variables within its algorithm, instead relying on direct

estimation of 7.

Figure 4.30 shows a comparison of the tangential cutting force coefficient /(;. as es-
timated by all relevant methods in relation to the identified parameter. The results re-
veal that each method estimates this parameter with a noticeable negative bias, which

is larger than that observed in both Test 1 and Test 2.
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Figure 4.30: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.31 illustrates the estimation errors for the state K. across various estimation

methods. The green dashed line marks the initial moment when the disturbance torque
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begins to affect the system.
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Figure 4.31: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

Upon closer analysis of Figure 4.31a, it is evident that all methods show similar esti-
mation errors for this state. Furthermore, examining the zoomed-in section in Figure
4.31b reveals a consistent oscillatory pattern in the estimation errors across the meth-
ods. Compared to Tests 1 and 2, the methods display reduced accuracy in estimating
the coefficient. The error varies between —14% and 12.5% for all methods, except

for Method 2, which shows an error range from —15.5% to —13.5%.

Figure 4.32 presents a comparison of the tangential edge force coefficient K. as
estimated by each relevant method relative to the identified parameter. The results
indicate that all methods estimate this parameter with a slightly noticeable positive

bias.
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Figure 4.32: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.33 depicts the estimation errors for the state /;. across various estimation
methods. The green dashed line indicates the initial point at which the disturbance

torque begins to affect the system.

Upon closer inspection of Figure 4.33a, it is apparent that all methods display similar
estimation errors for this state. Moreover, examining the zoomed section in Fig-
ure 4.33b reveals a comparable oscillatory pattern in the estimation errors across the
methods. In line with the errors seen for K., the methods show reduced accuracy in
estimating this coefficient compared to Test 2. The error ranges between 5.5% and

9.5% across all methods.
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Figure 4.33: Comparison of Estimation Error for the K;. Among Different Estimation
Methods

In Figure 4.34, the estimated tangential cutting torque 7. from each method is com-
pared to the calculated torque. The results clearly show that all methods produce

similar estimates.

However, in contrast to the other methods, Method 4 exhibits a higher level of oscil-

lation in its estimation of the tangential cutting torque 7.
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Figure 4.34: Comparison of 7, Estimation Among Different Estimation Methods

In Figure 4.35, the estimation error for 7. is displayed for all methods. A detailed look
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at the zoomed region shows that, aside from Method 4 and Method 2, the methods
demonstrate similar error patterns and magnitudes. Method 4 emerges as the least

effective method in this test.
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Figure 4.35: Comparison of 7. Estimation Error Among Different Estimation Meth-

ods

Compared to Tests 1 and 2, all methods show reduced accuracy in their estimations.
In this test, Method 4’s error fluctuates between —20% and 15%. The error range for
the other methods spans from —3% to 7%, as illustrated in Figure 4.35b.

4.2.2.4 Discussion

In this verification approach, five distinct methods are employed to estimate the tan-
gential cutting torque, either directly or through the estimation of tangential coeffi-
cients. Three different test datasets are utilized within a simulation environment to

compare these methods.

The measurement data is generated by a simulation model that utilizes real input data
for voltages Vg, and V,,, along with the tangential cutting torque 7. derived from

dynamometer force measurements.

In the first test, half-slot cutting data is used. All methods related to current mea-

surements provide similar results for the estimation of currents /5 and [ ,, and the
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relevant methods produce comparable outputs for the mechanical subsystem states

Wi Oy, and wy.

Differences between methods become apparent in the estimation of tangential force
coefficients. Methods 1 and 5 yield similar results and are regarded as the most sta-
ble. Method 2 displays slightly oscillatory behavior due to asynchronous mechanical
measurements occurring at one-eighth the frequency of the other methods. Method 3,
which relies solely on the mechanical subsystem dynamics, performs less effectively

in transient states.

For cutting torque estimation, Method 4 demonstrates the weakest performance, likely
due to limited knowledge of the cutting tool-workpiece geometry, resulting in insuf-

ficient cutting information.

In the second test, full-slot cutting data is used. The performance of all estimation
methods improves without changing any Kalman filter parameters, and the compari-

son results are consistent with Test 1.

In the third test, quarter-slot cutting data is used. All estimation methods exhibit the

worst performance compared to the other tests.

In conclusion, based on the results from all three tests, Methods 1 and 5 are consid-
ered the most reliable estimation methods within the simulation environment. Method
2 is advantageous when current measurements can be obtained at a higher frequency
than those of the mechanical subsystem. Method 3 is not a feasible alternative, as
it depends on current measurements to estimate electric torque 7, and estimating it
without knowledge of rotor currents introduces errors during transient states, making
the other methods more practical choices. Method 4 is applicable when cutting ge-
ometry information is unavailable; however, when this information is accessible, the

other methods are preferable.

4.2.3 Verification Method 2

In this subsection, the verification of the estimation methods using real measurement

data recorded during the cutting tests is discussed. The geometry matrix used in rel-
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evant methods is also calculated using the force model, based on process parameters

and the recorded spindle angular position, 6.

All currents and voltages are recorded in the synchronous reference frame and trans-
formed into the stationary reference frame using the motor angular position and the

’Inverse Park Transform’.

Due to errors in the measurement data, only two methods—Method 1 and Method
S—are used for these verification tests, as they handle such errors more effectively

than the others.

It is important to note that all currents in the model exhibit an initial oscillatory be-
havior until they stabilize, as the initial current values are assumed to be zero. This

initial oscillatory behavior can be observed across all current graphs.

4.2.3.1 Test1l

Table 4.6: Process Parameters of Cutting Test 1

No | D [mm] | N | ws [rpm] | F' [mm/min] | a, [mm] | a. [mm] | 3 [deg]
1 12 3 2000 1200 3 6 45

The process parameters for Test 1, commonly referred to as the ’half-slot cutting’, are

presented in Table 4.6.

In Figure 4.36, the estimation results for /;5; from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

aligning with the real data.

A detailed inspection of Figure 4.36b reveals that Method 5 more closely aligns with
the measurement data, likely due to the additional term incorporated into Method 5

as an enhancement over Method 1.
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Figure 4.36: Comparison of /;5; Estimation Among Different Estimation Methods

In Figure 4.37, the estimation results for / s, from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

aligning with the real data.

Given that [ s, exhibits a similar trend in the stationary reference frame, Method 5

provides results that more closely match the measurement data.
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Figure 4.37: Comparison of /,,; Estimation Among Different Estimation Methods

In Figure 4.38, the estimation results for w,, from both methods are compared with

the collected data. Both methods provide similar estimations for this state, closely
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aligning with the real data.

Figure 4.38b shows that Method 5 more closely follows the trend of the real data
compared to Method 1.
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Figure 4.38: Comparison of w,, Estimation Among Different Estimation Methods

In Figure 4.39, the estimation results for ws from both methods are compared with
the collected data. Both methods provide similar estimations for this state, closely

aligning with the real data.

As seen in Figure 4.39b, Method 5 aligns more accurately with the magnitude of the

real data in comparison to Method 1.
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Figure 4.39: Comparison of w, Estimation Among Different Estimation Methods
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In Figure 4.40, the estimation results for 67 from both methods are compared with
the collected data. Drifting occurs in the real data, which is reflected in the methods’

estimations upon closer inspection.

Both estimation methods attempt to adjust the drift towards the expected model value

in a similar manner.
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Angular Position [rad]

Time [s]

Figure 4.40: Comparison of #1 Estimation Among Different Estimation Methods

In Figure 4.41, the estimation of the tangential cutting force coefficient K. from
both methods is compared with the identified parameter. The figure shows that both

methods estimate the parameter with a small positive bias.

Method 5 provides better coefficient estimates compared to Method 1, as it includes
an additional term specifically designed to address the drift occurring in 6;, thereby

improving the estimation of other states as well.

Figure 4.42 shows the estimation errors for the state /(. across the both methods. The
green dashed line indicates the initial point at which the disturbance torque begins to

impact the system.
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Figure 4.41: Comparison of K. Estimation Among Different Estimation Methods

A closer inspection of Figure 4.42b reveals that, in the region where the estimation
methods appear to stabilize, Method 1 has an error margin between 7% and 7.2%,

while Method 5 shows an error margin between 0% and 3%.

Therefore, when compared to the simulation results, Method 1 aligns closely with the
simulation, whereas Method 5 exhibits an improvement over the simulation result, as

seen in Figure 4.42b.

When comparing the methods, Method 1 exhibits greater stability with less oscilla-
tion, whereas Method 5 provides significantly more accurate results for estimating

the coefficient K.
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Figure 4.42: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.44a, the estimation of the tangential cutting force coefficient K. from

both methods is compared with the identified parameter. The figure shows a positive

bias in both methods, with a relatively high magnitude.

While Method 5 delivers superior accuracy for estimating the K. coefficient, the

situation is reversed for this coefficient. Method 1 provides slightly more accurate

results, with reduced oscillations in its estimates.
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Figure 4.44 illustrates the estimation errors for the state K., comparing both estima-
tion methods. The green dashed line indicates the initial point at which the distur-

bance torque begins to influence the system.

A closer look at Figure 4.44 reveals that the estimation error for Method 5 ranges
between 19.8% and 21.5%, while for Method 1, it is between 17.4% and 17.6%. This
suggests that Method 1 not only provides a more accurate estimate for this coefficient
but also demonstrates greater stability compared to Method 5.
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Figure 4.44: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.45, the estimated tangential cutting torque 7, from both methods is com-
pared with the calculated torque. It is evident that Method 5 provides a more stable

and closer estimation to the real data for 7T...

A more detailed view reveals that Method 5 converges to the result slightly faster than

Method 1.
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Figure 4.45: Comparison of 7, Estimation Among Different Estimation Methods

In Figure 4.46, the estimation error for 7 is displayed for both methods. Upon ex-

amining the zoomed region, it is observed that both methods exhibit similar error

patterns and magnitudes.
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4.2.3.2 Test?2

Table 4.7: Process Parameters of Cutting Test 2

No | D [mm] | N | w, [rpm] | F' [mm/min] | a, [mm] | a. [mm] | /3 [deg]
2 12 3 2500 1500 2 12 45

The process parameters for Test 2, often designated as the ’full-slot cutting’ are pro-

vided in Table 4.7.

In Figure 4.47, the estimation results for /;.; from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

matching the real data.

A closer look at Figure 4.47b shows that both methods provide nearly perfect estima-

tion results.
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Figure 4.47: Comparison of /;,s Estimation Among Different Estimation Methods

In Figure 4.48, the estimation results for /., from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

matching the real data.

A closer look at Figure 4.48b shows that both methods provide nearly perfect estima-
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tion results.
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Figure 4.48: Comparison of /,,; Estimation Among Different Estimation Methods

In Figure 4.49, the estimation results for w,, from both methods are compared with the
collected data. Both methods yield similar estimations for this state, closely matching

the real data.

Figure 4.49b indicates that both methods follow similar trends, which align well with
the real data.
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Figure 4.49: Comparison of w,, Estimation Among Different Estimation Methods

In Figure 4.50, the estimation results for ws from both methods are compared with
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the collected data. The estimations from both methods are closely aligned with the

real data for this state.

A closer look at Figure 4.50b reveals that both methods exhibit trends that are consis-

tent with the actual data.
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Figure 4.50: Comparison of w, Estimation Among Different Estimation Methods

In Figure 4.51, the estimation results for 67 from both methods are compared with

the collected data. A drift is apparent in the real data, which is also mirrored in the

estimation results upon further examination.

Both methods aim to compensate for this drift by adjusting towards the model’s ex-

pected values in a similar way.
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In Figure 4.52, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results indicate that both

methods estimate the parameter with a slight negative bias.

Method 5 yields more accurate coefficient estimates than Method 1, as it incorpo-
rates an additional term to counteract the drift observed in 6;, which enhances the

estimation of the other state variables as well.
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Figure 4.52: Comparison of K. Estimation Among Different Estimation Methods

A closer examination of Figure 4.53b reveals that, in the region where the estimation
methods seem to stabilize, Method 1 exhibits an error margin between —8.8% and

—5.8%, while Method 5 displays an error margin between —2.2% and —4.8%.

Thus, when compared to the simulation results, both Method 1 and Method 5 yield

less accurate estimates, as observed in Figure 4.53b.

In comparing the methods, Method 1 demonstrates higher stability with reduced os-

cillation, whereas Method 5 offers notably more accurate estimates for the coefficient

K.
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Figure 4.53: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.54, the estimation of the tangential cutting force coefficient K. from both

methods is compared with the identified parameter. The results reveal a positive bias

in both methods, with a relatively high magnitude.

Additionally, Method 5 demonstrates enhanced accuracy in estimating the /. coef-

ficient.
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Figure 4.54: Comparison of K. Estimation Among Different Estimation Methods
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Figure 4.55 depicts the estimation errors for the state /(;., comparing both estimation
methods. The green dashed line marks the initial point at which the disturbance torque

starts to affect the system.

A detailed examination of Figure 4.55 shows that the estimation error for Method 5
falls between 6% and 7.2%, while for Method 1, it ranges from 9.1% to 9.9%. This

indicates that Method 5 produces more accurate results.
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Figure 4.55: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.56, the estimated tangential cutting torque 7. from both methods is com-
pared with the calculated torque. It is evident that Method 5 provides a more stable

and closer estimation to the real data for 7..

Examining the details reveals that Method 5 converges to the result slightly faster and

with greater accuracy than Method 1.
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Figure 4.56: Comparison of 7, Estimation Among Different Estimation Methods

In Figure 4.57, the estimation error for 7, is displayed for both methods. A detailed
view of the zoomed region reveals that both methods exhibit similar error patterns;
however, Method 5 outperforms Method 1 when the magnitude of the errors is con-

sidered.
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4.2.3.3 Test3

Table 4.8: Process Parameters of Cutting Test 3

No | D [mm] | N | ws [rpm] | F' [mm/min] | a, [mm] | a. [mm] | 5 [deg]
3 12 3 2500 600 5 3 45

The process parameters for Test 3, also referred to as the ’quarter-slot cutting,’” are

listed in Table 4.8.

In Figure 4.58, the estimation results for /;,; from both methods are compared with
the collected data. Both methods yield similar estimations for this state, closely align-

ing with the real data.

A detailed view of Figure 4.58b indicates that both methods deliver almost perfect

estimation results.
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Figure 4.58: Comparison of /;5s Estimation Among Different Estimation Methods

In Figure 4.59, the estimation results for /., from both methods are compared with
the collected data. Both methods provide similar estimations for this state, aligning

closely with the real data.
A closer examination of Figure 4.59b reveals that both methods achieve nearly flaw-
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less estimation results.
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Figure 4.59: Comparison of /,,; Estimation Among Different Estimation Methods

In Figure 4.60, the estimation results for w,, from both methods are compared with the
collected data. Both methods yield similar estimations for this state, closely aligning

with the actual data.

Figure 4.60b reveals that both methods exhibit comparable trends, which correspond

well with the real data.
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Figure 4.60: Comparison of w,,, Estimation Among Different Estimation Methods

In Figure 4.61, the estimation results for w, from both methods are compared with
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the collected data. Both methods provide estimations that are well-aligned with the

real data for this state.

A detailed view in Figure 4.61b shows that both methods demonstrate trends that

correlate closely with the actual data.
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Figure 4.61: Comparison of ws Estimation Among Different Estimation Methods

In Figure 4.62, the estimation results for 7 from both methods are compared with
the collected data. A drift is apparent in the real data, which is also mirrored in the

estimation results upon closer examination.

Both methods aim to counteract this drift by adjusting toward the model’s expected

values, using process noise and measurement noise parameter adjustments in a similar

fashion.
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Figure 4.62: Comparison of #1 Estimation Among Different Estimation Methods
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In Figure 4.63, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results suggest that both

methods estimate the parameter with a slight positive bias.

Both Method 1 and Method 5 produce nearly identical coefficient estimates. Al-
though Method 5 includes an additional term to mitigate the drift in 6;, the overall

impact on the estimation of K. remains similar between the two methods.
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Figure 4.63: Comparison of K. Estimation Among Different Estimation Methods

A closer inspection of Figure 4.64b reveals that, in the region where the estimation
methods appear to stabilize, both methods exhibit an error margin between 2.8% and
6.8%.

Therefore, compared to the simulation results, both Method 1 and Method 5 produce

less accurate estimates, as shown in Figure 4.64b.
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Figure 4.64: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.65, the estimation of the tangential cutting force coefficient K. from both

methods is compared with the identified parameter. The results reveal a positive bias

in both methods, with a relatively high magnitude. Both methods produce nearly the

same estimation results.
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Figure 4.65: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.66 illustrates the estimation errors for the state K., comparing the two esti-

mation methods. The green dashed line indicates the initial point at which the distur-
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bance torque begins to impact the system.

A closer inspection of Figure 4.66 reveals that the estimation error for both methods

ranges between 15.5% and 19%.
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Figure 4.66: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.67, the estimated tangential cutting torque 7. from both methods is com-

pared with the calculated torque. Both methods provide similar results.

A closer look shows that both methods yield nearly indistinguishable outcomes.
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Figure 4.67: Comparison of 7, Estimation Among Different Estimation Methods
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In Figure 4.68, the estimation error for 7, is displayed for both methods. The errors

of both methods follow a similar trend with almost identical magnitudes, oscillating

within a range of 0 to 20.
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4.2.3.4 Test4

Table 4.9: Process Parameters of Cutting Test 4

No | D [mm]

N | w, [rpm]

F' [mm/min]

a, [mm]

ae [mm]

/3 [deg]

3 2500

1500

4

12

45

The process parameters for Test 4, also referred to as the ’full-slot cutting,” are listed

in Table 4.9.

In Figure 4.69, the estimation results for /;5; from both methods are compared with

the collected data. Both methods yield similar estimations for this state, closely align-

ing with the real data.

A detailed view of Figure 4.69b indicates that both methods deliver almost perfect

estimation results.

126



Real Data 6
10 Method 1
Method 5

Real Data |
Method 1
Method 5

I

Current [A]
Current [A]

0 0.5 1 1.5 2 18 181 182 183 184 185 18 187 188 189 19

Time [s] Time [s]
(a) Comparison Between 0-3 Seconds (b) Zoomed Region

Figure 4.69: Comparison of /;s Estimation Among Different Estimation Methods

In Figure 4.70, the estimation results for /., from both methods are compared with
the collected data. Both methods provide similar estimations for this state, aligning

closely with the real data.

A closer examination of Figure 4.70b reveals that both methods achieve nearly flaw-

less estimation results.
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Figure 4.70: Comparison of /,,; Estimation Among Different Estimation Methods

In Figure 4.71, the estimation results for w,, from both methods are compared with the

collected data. Both methods yield similar estimations for this state, closely aligning
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with the actual data.

Figure 4.71b reveals that both methods exhibit comparable trends, though not exactly

the same, with a similar mean that corresponds well with the real data.
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Figure 4.71: Comparison of w,, Estimation Among Different Estimation Methods

In Figure 4.72, the estimation results for ws from both methods are compared with

the collected data. Both methods provide estimations that are well-aligned with the

real data for this state.

A detailed view in Figure 4.72b shows that both methods demonstrate trends that,

while not exactly the same, have a similar mean that closely correlates with the actual

data.
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Figure 4.72: Comparison of wy Estimation Among Different Estimation Methods

In Figure 4.73, the estimation results for 7 from both methods are compared with the
collected data. A noticeable drift in the real data is reflected in the estimation results

when closely examined.
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Figure 4.73: Comparison of #; Estimation Among Different Estimation Methods

Both methods attempt to mitigate this drift by adjusting toward the model’s expected

values, using similar adjustments in process noise and measurement noise parameters.

In Figure 4.74, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results indicate that both

methods estimate the parameter with a slight negative bias.
Both Method 1 and Method 5 provide almost identical estimates for the coefficient.
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Although Method 5 incorporates an additional term to reduce the drift in 6,, its overall

effect on the estimation of K. is similar to that of Method 1.
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Figure 4.74: Comparison of K. Estimation Among Different Estimation Methods

A closer examination of Figure 4.75b shows that in the region where the estimation

methods begin to stabilize, both methods exhibit an error margin ranging from —0.5%

to —3%.

Thus, compared to the simulation results, both Method 1 and Method 5 provide less

accurate estimates, as demonstrated in Figure 4.75b.

In comparison with Test 2, which is also a "full slot cutting test," this test involves a
greater depth of cut. When comparing the results for estimating /., both tests yield

better estimates overall.
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Figure 4.75: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.76, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results show a positive bias in
both methods, with a relatively large magnitude. Both methods yield almost identical

estimation results.
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Figure 4.76: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.77 shows the estimation errors for the state K., comparing the two estima-

tion methods. The green dashed line marks the point at which the disturbance torque
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begins to affect the system.

A closer look at Figure 4.77 reveals that the estimation error for both methods falls

within the range of 3.5% to 5.5%.

Compared to Test 2, which is also a "full slot cutting test," this test involves a greater
depth of cut. When comparing the results for estimating K., both tests provide im-
proved estimates overall.
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Figure 4.77: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.78, the estimated tangential cutting torque 7, from both methods is com-

pared with the calculated torque. Both methods produce comparable results.

A closer inspection reveals that the outcomes from both methods are nearly identical.
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Figure 4.78: Comparison of 7, Estimation Among Different Estimation Methods

In Figure 4.79, the estimation error for 7. is shown for both methods. The errors from

both methods exhibit a similar pattern, with nearly identical magnitudes, fluctuating

within a range of —1% to 2%.

These results are also an improvement compared to Test 2.
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Figure 4.79: Comparison of 7, Estimation Error Among Different Estimation Meth-

ods
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4.2.3.5 Test5

Table 4.10: Process Parameters of Cutting Test 5

No | D [mm]

ws [rpm]

F' [mm/min]

a, [mm]

a. [mm]

3 [deg]

5 16

2400

1000

3

16

45

The process parameters for Test 5, also referred to as the ’full-slot cutting,” are listed

in Table 4.10. This test differs from the first four tests as the cutter’s diameter is

different in this case.

In Figure 4.80, the estimation results for /;,; from both methods are compared with

the collected data. Both methods provide similar estimations for this state, closely

matching the real data.

A closer look at Figure 4.80b shows that both methods deliver nearly perfect estima-

tion results.
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Figure 4.80: Comparison of /;5; Estimation Among Different Estimation Methods

In Figure 4.81, the estimation results for /., from both methods are compared with

the collected data. Both methods provide similar estimations for this state, closely

aligning with the real data.
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A closer inspection of Figure 4.81b shows that both methods achieve almost flawless

estimation results.
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Figure 4.81: Comparison of I, Estimation Among Different Estimation Methods

In Figure 4.82, the estimation results for w,, from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

aligning with the actual data.

Figure 4.82b shows that both methods display comparable trends that correspond well
with the real data.
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Figure 4.82: Comparison of w,, Estimation Among Different Estimation Methods
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In Figure 4.83, the estimation results for w, from both methods are compared with

the collected data. Both methods provide estimations that are well-aligned with the

real data for this state.

A closer view in Figure 4.83b shows that both methods display trends that closely

correlate with the actual data.
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Figure 4.83: Comparison of w, Estimation Among Different Estimation Methods

In Figure 4.84, the estimation results for 7 from both methods are compared with the

collected data. A noticeable drift is observed in the real data, which is also reflected

in the estimation results upon closer inspection.

Both methods attempt to counteract this drift by adjusting toward the model’s ex-

pected values, using similar adjustments to the process noise and measurement noise

parameters.
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Figure 4.84: Comparison of # Estimation Among Different Estimation Methods

In Figure 4.85, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results indicate that both

methods estimate the parameter with near-perfect accuracy.

Both Method 1 and Method 5 produce almost identical coefficient estimates, yielding

similar results overall.
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Figure 4.85: Comparison of K. Estimation Among Different Estimation Methods

A closer inspection of Figure 4.86b reveals that, in the region where the estimation

methods stabilize, both methods exhibit an error margin between —1% and 2%.

Compared to the results of Test 4, the estimation of this coefficient in this test is
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slightly more accurate.
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Figure 4.86: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.87, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results show a positive bias
in both methods, with a relatively large magnitude. Both methods produce almost

identical estimation results.
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Figure 4.87: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.88 illustrates the estimation errors for the state K., comparing the two esti-

138



mation methods. The green dashed line marks the point where the disturbance torque

begins to influence the system.

A closer inspection of Figure 4.88 reveals that the estimation error ranges from —1%

to —2% for Method 5 and from —1.5% to —3% for Method 1.
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Figure 4.88: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.89, the estimated tangential cutting torque 7. from both methods is com-

pared with the calculated torque. Both methods produce similar results.

A closer inspection shows that the outcomes from both methods are nearly indistin-

guishable.
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Figure 4.89: Comparison of 7, Estimation Among Different Estimation Methods

In Figure 4.90, the estimation error for 7. is shown for both methods. The errors

of both methods follow a similar trend, with nearly identical magnitudes, oscillating

within a range of -1.5 to 0.5.
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Figure 4.90: Comparison of 7, Estimation Error Among Different Estimation Meth-

ods
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4.2.3.6 Test6

Table 4.11: Process Parameters of Cutting Test 6

No | D [mm] | N | w, [rpm] | F' [mm/min] | a, [mm] | a. [mm] | /3 [deg]
6 16 3 2400 500 11 2 45

The process parameters for Test 3 are listed in Table 4.11. This test differs from the

others as all the other tests are ’down-milling,” while this one is "up-milling.’

In Figure 4.91, the estimation results for /;,; from both methods are compared with
the collected data. Both methods provide similar estimations for this state, closely

matching the real data.

A closer look at Figure 4.91b shows that both methods deliver nearly perfect estima-

tion results.
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Figure 4.91: Comparison of /;,s Estimation Among Different Estimation Methods

In Figure 4.92, the estimation results for /., from both methods are compared with
the collected data. Both methods provide similar estimations for this state, closely

aligning with the real data.
A closer inspection of Figure 4.92b shows that both methods achieve nearly flawless
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estimation results.
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Figure 4.92: Comparison of /,,; Estimation Among Different Estimation Methods

In Figure 4.93, the estimation results for w,,, from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

matching the actual data.

Figure 4.93b shows that both methods display comparable trends, which correspond

well with the real data.
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Figure 4.93: Comparison of w,, Estimation Among Different Estimation Methods

In Figure 4.94, the estimation results for w, from both methods are compared with
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the collected data. Both methods provide estimations that are well-aligned with the

real data for this state.

A closer view in Figure 4.94b shows that both methods exhibit trends that closely

correlate with the actual data.
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Figure 4.94: Comparison of w, Estimation Among Different Estimation Methods

In Figure 4.95, the estimation results for 67 from both methods are compared with the
collected data. A noticeable drift is observed in the real data, which is also reflected

in the estimation results upon closer inspection.

Both methods attempt to counteract this drift by adjusting toward the model’s ex-
pected values, using similar adjustments to the process noise and measurement noise

parameters.

0.25

Real Data
Method 1
Method 5 | |

o
o

o
3

o

Angular Position [rad]
o
&

o

e
1=
o

o

. . . . . . .
0 0.5 1 1.5 2 25 3 3.5
Time [s]

Figure 4.95: Comparison of #1 Estimation Among Different Estimation Methods
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In Figure 4.96, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results suggest that both

methods estimate the parameter with a positive bias.

Both Method 1 and Method 5 produce almost identical coefficient estimates.
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Figure 4.96: Comparison of K. Estimation Among Different Estimation Methods

A closer inspection of Figure 4.97b reveals that, in the region where the estimation
methods appear to stabilize, both methods exhibit an error margin between —0.5%

and 3%.

Therefore, compared to the simulation results, both Method 1 and Method 5 produce

less accurate estimates, as shown in Figure 4.97b.
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Figure 4.97: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.98, the estimation of the tangential cutting force coefficient K. from both
methods is compared with the identified parameter. The results show a positive bias
in both methods, with a relatively large magnitude. Both methods produce almost

identical estimation results.
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Figure 4.98: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.99 illustrates the estimation errors for the state /., comparing the two esti-

mation methods. The green dashed line marks the point where the disturbance torque
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begins to affect the system.

A closer inspection of Figure 4.99 reveals that the estimation error for both methods

ranges from 3.5% to 5.5%.
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Figure 4.99: Comparison of Estimation Error for the K;. Among Different Estimation

Methods

In Figure 4.100, the estimated tangential cutting torque 7. from both methods is com-

pared with the calculated torque. Both methods produce similar results.

A closer inspection reveals that the outcomes from both methods are nearly indistin-

guishable.
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Figure 4.100: Comparison of 7. Estimation Among Different Estimation Methods

In Figure 4.101, the estimation error for 7. is shown for both methods. The errors
from both methods follow a similar trend with nearly identical magnitudes, oscillating
within a range of 0 to 15.
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Figure 4.101: Comparison of 7, Estimation Error Among Different Estimation Meth-

ods
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4.2.3.7 Test7

Table 4.12: Process Parameters of Cutting Test 2

No | D [mm] | N | ws [rpm] | F' [mm/min] | a, [mm] | a. [mm] | 5 [deg]
7 16 4 3000 1500 1 8 45

The process parameters for Test 3, also referred to as the “half-slot cutting,” are listed

in Table 4.12. In this test, a different tool with 4 teeth and a 16 mm diameter is used.

In Figure 4.102, the estimation results for /;,5 from both methods are compared with
the collected data. Both methods provide similar estimations for this state, closely

aligning with the real data.

A closer view of Figure 4.102b shows that both methods deliver nearly perfect esti-

mation results.
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Figure 4.102: Comparison of /;s; Estimation Among Different Estimation Methods

In Figure 4.103, the estimation results for /,,; from both methods are compared with
the collected data. Both methods provide similar estimations for this state, closely

aligning with the real data.
A closer look at Figure 4.103b reveals that both methods achieve nearly flawless
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estimation results.
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Figure 4.103: Comparison of /,,; Estimation Among Different Estimation Methods

In Figure 4.104, the estimation results for w,, from both methods are compared with
the collected data. Both methods produce similar estimations for this state, closely

aligning with the actual data.

Figure 4.104b shows that both methods exhibit comparable trends that correspond

well with the real data.
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Figure 4.104: Comparison of w,,, Estimation Among Different Estimation Methods

In Figure 4.105, the estimation results for w, from both methods are compared with
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the collected data. Both methods provide estimations that are well-aligned with the

real data for this state.

A closer look at Figure 4.105b shows that both methods exhibit trends that closely

correlate with the actual data.
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Figure 4.105: Comparison of w, Estimation Among Different Estimation Methods

In Figure 4.106, the estimation results for 67 from both methods are compared with
the collected data. A noticeable drift is evident in the real data, which is also reflected

in the estimation results upon closer inspection.

Both methods attempt to counteract this drift by adjusting toward the model’s ex-
pected values, using similar adjustments to the process noise and measurement noise

parameters.
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Figure 4.106: Comparison of §7 Estimation Among Different Estimation Methods
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In Figure 4.107, the estimation of the tangential cutting force coefficient K;. from
both methods is compared with the identified parameter. The results suggest that

both methods estimate the parameter with a slight positive bias.

Both Method 1 and Method 5 produce nearly identical coefficient estimates. Despite
Method 5 including an additional term to mitigate the drift in 6;, the overall impact

on the estimation of K, remains similar between the two methods.
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Figure 4.107: Comparison of K. Estimation Among Different Estimation Methods

A closer inspection of Figure 4.108b reveals that, in the region where the estimation

methods stabilize, both methods exhibit an error margin between —1% and 5%.

As aresult, compared to the simulation results, both Method 1 and Method 5 provide

less accurate estimates, as shown in Figure 4.108b.
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Figure 4.108: Comparison of Estimation Error for the K;. Among Different Estima-

tion Methods

In Figure 4.109, the estimation of the tangential cutting force coefficient K. from
both methods is compared with the identified parameter. The results show a negative

bias in both methods. Both methods produce nearly identical estimation results.
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Figure 4.109: Comparison of K. Estimation Among Different Estimation Methods

Figure 4.110 illustrates the estimation errors for the state K., comparing the two
estimation methods. The green dashed line marks the point where the disturbance

torque starts to impact the system.
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A closer look at Figure 4.110 reveals that the estimation error for both methods ranges

from —8% to 11%.
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Figure 4.110: Comparison of Estimation Error for the K;. Among Different Estima-

tion Methods

In Figure 4.111, the estimated tangential cutting torque 7. from both methods is com-

pared with the calculated torque. Both methods produce similar results.

A closer inspection reveals that the outcomes from both methods are nearly indistin-

guishable.
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Figure 4.111: Comparison of 7. Estimation Among Different Estimation Methods
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In Figure 4.112, the estimation error for 7, is displayed for both methods. The errors
of both methods follow a similar trend with almost identical magnitudes, oscillating

within a range of -8 to 2.
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Figure 4.112: Comparison of 7, Estimation Error Among Different Estimation Meth-

ods

4.2.3.8 Results

Table 4.13 presents a comparative analysis of the two estimation methods across
seven tests, detailing the root mean square error (RMSE) for the estimated tangen-
tial force coefficients K;. and K;.. Additionally, the table provides the RMSE and
peak-to-peak error (PPE) for the estimated tangential cutting torque 7. This evalua-
tion highlights each method’s accuracy in estimating these critical parameters under
varying conditions, contributing to a comprehensive assessment of their performance

across all test scenarios.

It is important to note that both RMSE and PPE values were calculated after the esti-

mation methods reached a stable result, ensuring a consistent basis for comparison.
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Table 4.13: RMSE and PPE Comparison for K., K., and T, Across Seven Tests for
Two Methods

Test | Method | RMSE of K. | RMSE of K. | PPE of T. | RMSE of 7.

[%] [%] [%] [%]
Method 1 6.97 17.56 17.49 10.86
: Method 5 3.01 20.97 20.83 10.09
Method 1 8.50 9.20 4.00 2.79

’ Method 5 4.47 6.2 2.00 1.31
Method 1 5.17 16.65 16.50 11.56
. Method 5 5.17 16.51 16.03 11.49
Method 1 1.19 4.37 1.88 1.05

$ Method 5 1.12 4.01 1.51 0.89
Method 1 0.95 1.21 1.35 0.96

: Method 5 0.78 1.22 1.33 0.78
Method 1 6.02 14.18 13.70 10.23
° Method 5 5.89 14.35 13.60 10.22
Method 1 2.89 9.49 5.31 4.37

’ Method 5 2.95 10.09 4.84 3.52

In Table 4.13, it is evident that the most accurate estimation results are associated
with full slot tests. Additionally, increases in radial depth of cut, axial depth of cut,
and tool diameter tend to reduce estimation errors. Although a higher axial depth
generally improves accuracy, Test 6 presents a case where an excessive axial depth
introduces vibrations, affecting estimation accuracy. This outcome can be attributed
to the force model assumption that all cuts remain stable, which may not hold in cases

with substantial vibration.

4.2.3.9 Discussion

In this verification process, the estimation methods are tested using real measurement

data from cutting experiments. Two out of the five estimation methods are selected
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for this verification due to their superior reliability and ability to handle data drift

more effectively.

These two methods share many similarities, with the main difference being that
Method 5 incorporates an auxiliary state to manage the drift of the transmission angle,
O;.

Seven different tests are chosen to demonstrate the performance of the selected esti-

mation methods under varying process parameters.

The first test involves a half-slot cutting experiment. For current estimation, Method 5
shows slightly better performance. In terms of velocity estimation, Method 5 provides

results that are closer to the actual data, both in trend and magnitude.

When managing the drift in the transmission angle, both methods yield comparable
results, aligning more closely with the process dynamics rather than direct measure-

ments.

For the estimation of the tangential cutting coefficient, K., Method 5 outperforms

Method 1, although both provide reasonable estimates.

In the case of the tangential edge coefficient, K., Method 1 produces better results,

though both methods provide acceptable estimates.

Regarding the estimation error for the tangential cutting torque, the results from both

methods are quite similar.

The second test evaluates the methods under full-slot cutting conditions. Here, all
system states, compared with real data, are well-estimated by both methods, and their

estimations are quite similar.

For the estimation of K., Method 5 again shows better results, while both methods

perform reasonably well.

Similarly, for K;., Method 5 provides better estimates, though both methods offer

acceptable results.

Overall, considering the estimation error across the cutting tests, Method 5 consis-
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tently provides better results.

In the third test, quarter-slot cutting data is used. As in the previous tests, all system

states, compared with real data, are estimated similarly by both methods.
For the estimation of K., both methods yield similar results.
For the estimation of K., both methods also provide comparable results.

In the fourth test, a half-slot test with similar process parameters, except for the axial
depth of cut, is used to demonstrate the effect of depth of cut on the performance of

the estimation methods.

In this test, all system states, compared with real data, are estimated similarly by both

methods.

Compared to Test 2, the results of this test are slightly better for both methods, in

terms of the estimated coefficients and the tangential cutting torque.

In the fifth test, a different diameter tool is used for a full-slot test. Overall, both

methods produce similar and accurate results for this test.

In the sixth test, an up-milling test with a 2 mm radial depth of cut is performed. The
results of this test are worse than those of the full-slot test in the fifth test, where the

same tool was used.

In the seventh test, a tool with a different number of teeth is used for a half-slot test.
The results of both methods are similar; however, due to the very small depth of cut,

the results are not as good as those from the other tests.

When comparing estimation errors across tests, it is evident that error magnitudes
increase as the radial depth of cut decreases. Additionally, while an increase in tool
radius tends to decrease error, the number of teeth does not play a significant role.
The axial depth of cut is a critical factor: increasing it generally enhances estimation
accuracy, provided there is no tool vibration, as vibrations can introduce additional
force components. Overall, both methods perform well, though radial depth of cut

remains the primary process parameter influencing error magnitude.
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CHAPTER 5

CONCLUSION

5.1 Summary and Conclusion

In this thesis, the estimation of the tangential cutting torque 7. using the spindle model
is examined. The system is divided into two subsystems: the electric and mechanical

subsystems.

The electric subsystem, modeled in the stationary reference frame, includes an AC
induction motor. Its differential equations are structured so that only the stator and

rotor currents serve as state variables.

The mechanical subsystem is represented as a two-inertia system, with motor and
spindle inertias. A spring and damper connect the inertias to account for torsional

and viscous friction effects on the spindle.

A force model, based on a mechanistic approach, is used to describe the interaction
between the tool and the workpiece. This model numerically calculates the geometry

between the tool and workpiece.

Once the complete system is mathematically modeled, unknown parameters in the
equations are identified. Identification tests are carried out for both the mechanical

and electric subsystems.

For the electric subsystem, traditional tests—DC, no-load, and blocked rotor tests—are
performed. During these tests, current, voltage, and input power are recorded, and
unknown parameters are identified using this data and basic electrical equations like

Ohm’s Law.
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For the mechanical subsystem, a test is performed where a sinusoidal input signal
of spindle velocity is applied, and currents, voltages, velocities, and positions are
recorded. Symbolic transfer functions are derived from the block diagram, one be-
tween the electric torque and motor velocity, and another between motor and spindle
velocities. Fast Fourier Transform (FFT) is then used to obtain the Bode plot of these
transfer functions. MATLAB’s transfer function fitting tool is applied to fit trans-
fer functions to the Bode plots. Once the transfer functions are identified, unknown
parameters are extracted by manipulating the symbolic transfer functions mathemat-

ically.

The identification of unknown force coefficients is necessary, as these are used to
calculate the tangential cutting torque, which aids in verification since the torque
cannot be directly measured. Therefore, using data from real cutting tests and process
parameters, both the force model verification and the coefficient identification are
conducted simultaneously. For identification, the calculated F, and F;, along with
the recorded data of F,, and I, are input into MATLAB’s *Parameter Identification’

tool, which utilizes the Nonlinear Least Squares method.

Using the identified coefficients, three selected tests are verified by applying the force
model. These tests include all three distinct cutting tools used in the cutting experi-

ments.

After identifying the unknown system parameters, verification of the system model is
essential. For this reason, two open-loop verification tests are conducted. In the first
test, no disturbance torque is applied, and the system is fed with recorded voltages
from real tests. Outputs, including currents and velocities, are compared with actual
test data to evaluate system performance under undisturbed conditions. In the second
test, the system is subjected to a disturbance torque calculated by the force model,
using the identified force coefficients and process parameters. This test checks the

system’s response to disturbances, ensuring robust performance.

The estimation methods are subsequently examined. The first method utilizes the
complete system model to indirectly estimate the tangential cutting torque by esti-
mating the tangential cutting force coefficients. To achieve this, an augmented state

matrix is employed to estimate the coefficients, while a geometry matrix, based on
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the force model, is used to update these coefficients at each sampling interval. Addi-
tionally, since the entire system model is considered nonlinear due to the interaction
between the electrical and mechanical subsystems, an Extended Kalman Filter (EKF)

1s used as an observer.

In the second estimation method, the first approach is adapted to address the issue
of asynchronous measurement data. To achieve this, an Asynchronous Extended

Kalman Filter (AEKF) is employed.

In the third estimation method, a reduced system model is employed, which includes
only the mechanical subsystem. However, the electrical torque is calculated from cur-
rent measurements. Since only the mechanical subsystem is considered, the system
model becomes linear, and therefore, a Kalman Filter is used to estimate the force

coefficients, similar to the first method.

In the fourth estimation method, the entire system model is used, similar to the first
method. However, instead of estimating the force coefficients, the tangential cutting
torque is directly estimated by introducing it as a new state in the augmented state
matrix. Since the system model is nonlinear, the Extended Kalman Filter (EKF) is

used to estimate the tangential cutting torque.

In the fifth estimation method, the issue of drifting data in the transmission angle 67 is
addressed by introducing an auxiliary variable, 9,,,, which is added to the augmented
state matrix introduced in the first method. This method can also be considered a

specialized version of the first method.

The test setup employed for the cutting experiments and data acquisition is also elab-
orated upon. Additionally, a brief explanation of the cutting tests conducted using

this setup is provided.

The estimation methods are evaluated through verification tests. In the first verifi-
cation method, simulated data is used to provide the measurements required by the
estimation methods, while the second verification method employs actual data for
these measurements. Both verification methods utilize real data for the input voltages

and in the computation of the geometry matrix.
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For the first verification method, three distinct tests are conducted using the same
cutting tool but with different process parameters to compare all estimation methods
against real data, aiming to demonstrate their performance under near-ideal condi-
tions. Based on the results of these tests, the first and fifth methods are selected, as

they are more effective in terms of both accuracy and precision.

For the second verification method, seven distinct tests are performed using real mea-
surement data in the models. Only the two selected methods are used in this veri-
fication. In the first three tests, the same tests from the first verification method are
repeated to compare the simulation results with real measurement data. The perfor-
mance of estimation methods 1 and 5 is worse than in the first verification, which is
expected due to the increased noise and other dynamics in the real data. However,
the performance of the estimation methods in these three tests remains satisfactory.
These tests also demonstrate that the radial depth of cut, a., is one of the most influ-
ential process parameters on the estimation methods’ performance. When the radial

depth of cut decreases, the estimation error increases.

The fourth test is a special case where all process parameters are the same as in the
second cutting test, except for the axial depth of cut. This test shows that increasing
the axial depth of cut improves the performance of the estimation methods. However,
it should be noted that if the increase in axial depth of cut causes the cutting tool to
oscillate, it can invalidate the assumptions of the force model, rendering the model

inaccurate.

In the fifth and sixth tests, a different cutting tool with a different tool diameter is
used to evaluate the estimation methods’ performance with a different cutting tool.
As expected, both estimation methods perform well in these tests. In the seventh test,
a cutting tool with a 16 mm diameter and 4 flutes is used to assess the effect of the
number of flutes on the performance of the estimation methods. It is found that the
number of flutes is not as significant as the axial or radial depth of cut in affecting

performance.

When comparing the performance across all tests, the fifth method generally produces
slightly better estimations due to its specialization in addressing the issue of drifting in

the transmission angular position. However, the difference between the two methods
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1s minimal, and the first method could also be selected as the estimation method.

In conclusion, the system has been modeled, and this model has been employed
within the estimation methods. Although five different methods were examined, only
two yielded satisfactory results given the circumstances. Notably, the fifth method
was specifically developed for this application, whereas the first method was not.
This suggests that the first method could reliably estimate tangential cutting torque in

both ideal and suboptimal conditions, where measurement data may be less accurate.

5.2 Future Work

Although the current research provides a robust framework for estimating tangential
cutting torque through advanced state estimation methods, several areas remain for
future exploration to address the limitations and challenges encountered during this

work.

One significant limitation is the sensitivity of the force model to measurement noise,
which may affect the accuracy of the estimation methods. Future work could fo-
cus on developing more robust noise-handling techniques, such as advanced filtering
algorithms or incorporating stochastic modeling, to enhance the reliability of the es-
timation process. In particular, exploring robust observers or noise-adaptive models
could significantly improve the performance of the estimation methods, especially

under highly variable or noisy data conditions.

Additionally, there is room for improvement in the computational efficiency of the
estimation algorithms, particularly for real-time applications. By optimizing the com-
putational aspects of the algorithms or exploring alternative methods, such as model
reduction techniques, the framework could become more suitable for high-speed,

real-time machining environments.

Another promising direction for future research is the adaptation of the proposed
methods to different machining processes. While this work focuses on milling oper-
ations, the framework could be extended to other processes, such as turning or grind-

ing, where tangential cutting torque estimation remains a challenge. Investigating the
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applicability of the developed methods in these domains could further expand their

usefulness and impact.

Future studies could also involve more extensive experimental validation, especially
under a broader range of operational conditions. For instance, the current tests were
conducted under controlled laboratory conditions; future experiments could be de-
signed to include more realistic industrial environments, where factors such as tool
wear, varying material properties, and machine vibrations might influence the results.
Such experiments would provide valuable insights into the practical robustness of the

estimation methods in real-world applications.

From a theoretical standpoint, future research could explore the use of alternative state
estimation techniques, such as particle filters or machine learning-based approaches,
which may offer improved performance in highly non-linear and time-varying sys-
tems. The integration of these advanced techniques could result in more accurate and
adaptable models, especially in situations where the current methods struggle with

non-linearities or unmodeled dynamics.

Additionally, addressing the issue of data drift in the transmission angle could be
further refined. While the introduction of an auxiliary variable to handle this issue in
the fifth estimation method has shown promising results, future work could focus on
optimizing this approach and investigating other strategies to mitigate the impact of

drifting data on the estimation accuracy.

Collaboration with researchers from related disciplines, such as materials science or
electrical engineering, could lead to interdisciplinary advancements. For example,
improving the understanding of material properties and their effects on cutting dy-
namics could enhance the accuracy of the force model, while insights from electrical
engineering could improve the integration of the mechanical and electrical subsys-

tems in the estimation framework.

Technological advancements, such as the development of high-speed sensors and
more powerful data acquisition systems, also provide exciting opportunities for fu-
ture research. Leveraging these technologies could enable more precise and faster

data collection, allowing for real-time adjustments to the estimation methods and im-
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proving overall system performance.

In conclusion, future research in this area should focus on refining the existing meth-
ods, exploring new applications, conducting more comprehensive experimental vali-
dations, and embracing technological advancements. These efforts have the potential
to further improve the accuracy and applicability of tangential cutting torque estima-
tion, ultimately contributing to more efficient and automated machining processes in

industrial manufacturing.
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APPENDICES

A Simulation Blocks for Milling Force Model

In this section, the simulation process for the cutting forces model is presented, de-
tailing the model blocks used to accurately predict the forces generated during the
machining process. Since the immersion angle (¢) is one of the inputs, its value is
derived from the spindle position data provided by the driver. However, an offset
correction 1s required to adjust the spindle angle, ensuring that the phase difference

between the measured force data (F;, and F)) and the calculated forces is eliminated.

encSpindle +
i mod [phi]

pi*2

Yy

Offset

Figure A.1: Calculating Immersion Angle in Simulink ¢

The following function block is used to calculate the starting (entry) ¢ and exit ¢,

angle in both transient and steady state. The model is shown in Figure A.2.

[ t
O phist
hist
Feed ‘ ph
fcn
timeF1 + . phiEx

I’ & phiEx
timeFO CalculatePhi

Figure A.2: Calculating ¢4; and ¢,
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The algorithm behind the function called ’CalculatePhi’ is shown in Algorithm 3.

1. Inputs:

e ¢ : Time, [s] (The cutting process begins at time ¢t = 0 seconds.)
e [ : Feedrate, mm/min
e 7 : Radius of the cutter, mm

e /N : Number of teeth on the cutter

a. : Radial depth of cut, mm
2. Outputs:

e ¢ : Starting (entry) angle, rad

e o, : Exitangle, rad
3. Calculation Steps:

e Initializing Starting (entry) angle, ¢
e Initializing Exit angle, ¢.,
e Starting conditional statement to control whether cutting is started

e Calculating the tool position relative to the workpiece in the direction of

feed,z

e Starting conditional statement to control check whether the radial depth

of cut is less than or equal to the radius of the cutter.

e Calculating entry angle based on the geometry between the relative posi-

tion (x) and radius of the cutter, ¢

e Calculating exit angle based on the geometry using the radial depth of cut
(ae)’ Qse:v

e Starting the else statement which accepts only when raidal depth of cut is

greater than radius of the cutter

e Calculating entry angle based on the geometry between the relative posi-

tion () and radius of the cutter, ¢

e Calculating exit angle based on the geometry using the radial depth of cut

(ae); Pea
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e Ending conditional statement

e Ending conditional statement

Algorithm 3 Calculation of ¢ and ¢,
Require: ¢, F',D,a,

Ensure: ¢ ,¢..
G5t =0
Gez =0
if £ > 0 then
x = (F/60)t
if ae < r then

G5t = arcsin(=*)
Gex = arcsin(2)
else
¢s = arcsin(=*)
Gex = T — Pst
end if
end if

The force model is developed based on the procedure outlined in Algorithm 1, with

its corresponding block diagram presented in Figure A.3.

Ft 5‘@

ForceX

w

Fy »

ForceY

phist 4

calc_Force

out.Teut

phiEx

T T
i

Ht outHt

calcForce

Figure A.3: Calculating Cutting Forces and Tangential Cutting Force

Appendix A
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B AC Induction Motor Parameter Identification

In Figure B.1, the data sheet for the Franz Kessler DM 112/4L motor is presented.

Figure B.1: AC Induction Motor Data Sheet

In Figure B.2, the setup for testing motor parameters is also illustrated. The following

hardware components, listed from left to right, are utilized in this setup:
1. The Variac, an electrical transformer enabling adjustable voltage output, is em-
ployed for both the No-Load and Locked Rotor tests.

2. The DC power supply, which delivers a constant direct current (DC) output, is

used during the DC test to measure the motor’s phase resistance.

3. The AC induction motor serves as the actuator responsible for rotating the spin-

dle system.
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Figure B.2: Test Setup for Motor Parameter Identification

In Figure B.3, the setup for the Locked Rotor Test is also depicted. For this test, a

mechanism is constructed around the motor’s output shaft to immobilize it.

Figure B.3: Lock Mechanism for the Locked Rotor Test
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Control System

Voltage Controller

Tgse ey
>

Velocity Controller

Lise.pp

D Current Controller

e
Tare, Iore Decoupling
Controller

Adres Agre

Q Current Controller

Figure C.1: General Control Block Diagram

Field-oriented control with feedback is also employed for controlling the spindle mo-
tor. This control system utilizes a cascaded structure, with two current controllers in
the inner loop, corresponding to the direct and quadrature axes in the synchronous ref-
erence frame. The outer loop consists of voltage and speed controllers, which provide
reference signals for the direct and quadrature axes current controllers. Additionally,
a decoupling controller is incorporated to mitigate the coupling effects between the

two axes.

C.1 Velocity Controller

The velocity controller, shown in Figure C.2, is also a PI controller that utilizes the

back-calculation method as part of its anti-windup algorithm.
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5
.

Figure C.2: Velocity Controller Block Diagram

C.2 Quadrature Axis Current Controller

>| Kpg A

|~
-

3
H
w

Figure C.3: Quadrature Axis Current Controller Block Diagram

The quadrature axis current controller, illustrated in Figure C.3, is also designed for
the synchronous reference frame of the induction motor. This controller is a PI con-

troller that employs the back-calculation method for its anti-windup algorithm.
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C.3 Direct Axis Current Controller

€l Vise,ref

—
—_

\ 4
I
\ 4
\ 4

3
&
w

Ku

A
A

Figure C.4: Direct Axis Current Controller Block Diagram

The direct axis current controller, shown in Figure C.4, is also designed for the syn-
chronous reference frame of the induction motor. This controller is a PI controller

that utilizes the back-calculation method for its anti-windup algorithm.

C.4 Decoupling Controller

In the voltage equations of an induction motor expressed in the synchronous reference
frame, there are also cross-coupling components between the axes, in addition to the

back-EMF.

dlgse
Vise = Rlase + L= — Lluet + €sc (C.1)

dlyse
‘/qse = RIqse + L dt + LIdsew + €gse (CZ)

where R and L defined as:
L,
L=L,o (C4
L2

=1--—"12 C5
o IL (C.5)
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These voltage components can also adversely affect feedback current control, even
with the use of a synchronous frame current regulator. At high operating frequen-
cies, where these components become more pronounced, they may lead to an oscil-
latory current response. To mitigate the impact of these disturbance components and
improve current control performance, a decoupling controller is typically employed

alongside the current feedback controller.

Ly,

‘/dse,dc = _weLs[qse - RTF)\dre (C6)
Ly,

‘/qse,dc = weLs[dse + WTL_)\dre (C7)

C.5 Transformation Between Stationary and Synchronous Frames

Since the motor is modeled in the stationary reference frame while the current con-
troller operates in the synchronous reference frame, it is also necessary to transform
the currents for compatibility. The voltage references generated by the respective
current controllers are transformed using the angle derived from the reference motor
velocity, as shown in Figure C.5. The required feedback for both the PI controllers
and decoupling controllers, including the currents and fluxes of the motor in the sta-
tionary reference frame, is transformed into the synchronous reference frame using

the angle obtained from the rotor fluxes of the motor, as illustrated in Figure C.6.

Viss cos (0. e —sin(f, e Vise
ass | _ (Ocrer) (Ocres)| |Va C8)
‘/;155 Sin(eeﬂ“ef) Cos(eeﬂ“@f) ‘/:155
Vl i a @

Vdss_ref

Inverse Park
D ®1a Transform
Vagse_ref

B »{ 4
ke °, G

theta_ref

Inverse Park Transformation

Figure C.5: Voltage Reference Frame Transformation Block Diagram
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For the transformation of the feedback into the reference frame, the electrical angle is
also derived from the rotor flux in the direct and quadrature axes using the following

equation:

S

A
0. = tan ' (L) (C9)
Adr

I4s and I, are also transformed from the stationary to the synchronous reference

frame using the following equation:

Iise _ cos(f.) sin(fe) | | Luss €.10)
Iqse sin(ﬁe) COS(@e) Iqss

Adrs and Ay, are also transformed from the stationary to the synchronous reference

frame using the following equation:

Ndre _ cos(0.) sin(f.) | |Aars an
Agre sin(f.) cos(Be)| |Agrs

[ids] a
—(5D)
fias] ] Bl Idse_fbo
e— ane, Trans
electricalPos ¢ -

lamdrs Park Transform

T

[ lam_de

Park
Transform
sinB,

Park Transform1

Lamd1] »a
- | | S
mqr]

lam_qr

Figure C.6: Feedback Reference Frame Transformation Block Diagram
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D Simulation Models for Estimation Methods

In this section, the simulation model which is used for the verification methods for

the various estimation methods that are discussed in Section 4.1.

D.1 Common Blocks in Simulation

In this subsection, the simulation blocks used for the estimation methods, which are

commonly shared across the different methods, are discussed.

The structure of the dynamic model simulation is common for all of the methods

except the Method 3 which use only mechanical subsystem dynamics.

Recall that the electric subsystem is modeled in the stationary reference frame, as
it simplifies the system compared to other reference frames. However, since the
CNC driver only provides voltage measurements for V5. and V., these voltages are
transformed into stationary reference frame voltages, Vs and V, in the simulation
model. The ’Inverse Park Transform’ requires a reference angle for the transforma-
tion, which is obtained from the motor position 6,, under the assumption that slip is
nearly zero. This assumption is justified by the presence of the ’slip compensation’

algorithm in the driver controller, which minimizes slip.

Using this assumption, the electric angle can be calculated from the motor position

6., and the number of pole pairs p of the motor as follows:

0. = pb,, (D.1)

thM b [theta]

Motor Angular Position Pole Pair  Electrical Angle

Figure D.1: Obtaining Electrical Angle ¢, from Motor Angular Position 6,,

Finally, the collected data for V. and V. is transformed using a preconfigured block

for the 'Inverse Park Transform.’

181



G )—»d
e af—>(1)
Vdss
- ) Inverse Park
q Transform
Vgse
B
(B3 )>——»e
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Figure D.2: Transformation of Ve, Vise 10 Viss, Viss

These voltage inputs are then applied to the electric subsystem, modeled in the simu-
lation using the mathematical framework described in Section 2.2. The electric sub-
system subsequently generates the electric torque 7., which serves as the input for the
mechanical subsystem, modeled according to the mathematical framework outlined

in Section 2.3.

Figure D.3 illustrates the dynamic model, which integrates both the electrical and

mechanical subsystems.
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Figure D.3: Dynamic Model

However, the parameters identified in Chapter 3 are used with certain uncertainties
to create a more realistic simulation model. These uncertainties are represented as

follows:

fdm = fnom¢ (D2)

Here, f4,, represents the dynamic model parameters, while f,,,,,, denotes the param-
eters identified in Sections 3.1.1 and 3.1.2. The term ) is a gain used to account for

uncertainties. Specifically, if ¢ = 1, the uncertainty is considered to be zero.

To introduce measurement noise to the measurement vector z; in the simulation,
’Band-Limited White Noise’ blocks from Simulink are applied to each measurement.
Five different seeds are used to generate random white noise, with the magnitude of
the noise controlled by separate gains specific to each variable. The only gains that
are set equal are those for the measured currents, /5 and I ,, to ensure consistent

measurement noise for these variables.
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Figure D .4 illustrates how the measurement vector with noise is obtained in Simulink

for the estimation methods, excluding Method 3.

?

idss

X

B
0
n

Te
A

2k_sim

E3
3

e

Figure D.4: Measurement Vector in Simulation

Since Method 3 only utilizes measurements from the mechanical subsystem, Figure
D.5 illustrates how the measurement vector with noise is obtained in Simulink specif-

ically for Method 3.

Figure D.5: Measurement Vector in Simulation

It should be noted, however, that for the measurements obtained from the mechanical

subsystem, both Figures D.4 and D.5 utilize the same gain for the noise.
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D.2 Blocks for Estimation Methods in Simulation

Each estimation method introduced and described in Section 4.1 has its own simula-

tion block, designed according to its specific algorithm.

The simulation block constructed for Method 1 is illustrated in Figure D.6. The algo-

rithm used in the block is presented in Algorithm 4.

C»fves "
Vds pr
Vgs

Pk
hit ‘
@ - calcEKF
zk xk_p
—#|Pkp
— xkp Te_Est
Tc_est

Method1-Extended Kalman Filter

I
e

Figure D.6: Simulation Block for Method 1
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Algorithm 4 Calculation of Extended Kalman Filter Equations for Method 1

/* Inputs ,which are time dependent, taken from Simulation */

Require: Vi, Viso.hy,z, Py X,
/* Inputs ,which are time independent, taken from Matlab Workspace */
Require: H;, Q. Ry, LRy, Ry, Ly, Ly, Ls,p, 7y, I, Js,0msbs,be,kmg,rts, K
/*inputs ,which are time independent, taken from Matlab Workspace and necessary
matrix for calculation of the nonlinear Model */
Require: As, B{,B,, 1,1,
Ensure: X;,.x,_,P. T,
K, = P_H (H,P,H + Ry)!
Xk = x;, + Ki(zr — Hiyx,))
u = [Vd357 ‘/;Jss]T
P, =(I-KH,)P,
x, = nLModel(u,ts, Xk, Rs, Ry, Ly, Ly, Ly, p, v, Ky, hy, 7, Ao, By, Bo, I, 1)
Ji = calculateJ (Xy, Ls, Ly, Ly, Ry Rs, v, P, Mgy iy Js, Ky bg, b, bs, s, Dy, 1)
P, = J:PuJ] + Qi
T. = r(h] [%4(8) £1(9)]")

An explanation of the algorithm is provided below:

1. Inputs from Simulation (Time-dependent):

o Viss, Vysst Stator voltages represented in the stationary reference frame

for the D-Q axis.

h;: Geometric matrix providing information on the geometry of the cut-

ting process.

zi: Measurement vector at time step k.

P, : The prior estimate of the state covariance matrix.

x,, - The prior estimate of the state vector.
2. Inputs from MATLAB Workspace (Time-independent):

e H;: Observation (measurement) matrix, relating the state vector to the

measurement vector.

e (;: Process noise covariance matrix.
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e R,: Measurement noise covariance matrix.

e I: Identity matrix (9x9).

e R, R,: Stator and rotor resistances.

o L., L,, L,,: Stator inductance, rotor inductance, and mutual inductance.
e p: Number of pole pairs.

o v=L,L, — L?n.

o K, =1.5pL,,.

e J,., Js: Motor and spindle inertias.

® b, bs, b;: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient.
e k: Torsional spring coefficients.
e n,: Gear ratio of the transmission.
e r: Tool radius.

e t,: Sampling time.
3. Inputs from MATLAB Workspace (Time-independent) for Nonlinear Model:

e State matrix of the mechanical subsystem, A,

Input matrix of the electric subsystem, B,

Input matrix of the mechanical subsystem, B,

Identity matrix (4x4), I;

Identity matrix (3x3), I,
4. Output of the function:

e X;: Estimated state vector.
e x, : Prior estimate of the state vector.
e P, : Prior estimate of the state covariance matrix.

e 7.: Estimated cutting torque.
5. EKF Calculation Steps:
e Calculation of Kalman gain, K.
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e Updating the estimation of the states, X;.
e Covariance update, Py.

e Prediction of the next state (prior estimate) using the 'nLModel’ function,

Xk .
e Calculation of the Jacobian matrix using the ’calculate]’ function, J.
e Updating the prior covariance prediction, P, .

e Calculation of the estimated cutting torque from the estimated states, T..

The algorithm that describes the nonlinear model of the system is presented in Algo-

rithm 5.

Algorithm 5 Nonlinear Function for Method 1
ReqUire: (u7 t57 Xk Rs; RT‘; LT‘; Ls; Lm7p7 s Kt7 ht7 T, A27 B17 B27 Il7 12)

Ensure: x;

[]dssa Iqssa Idrsu ]qrsy Wi, ‘9Ta Ws, Ktca Kte] = Xk

Wy = WP
— T
X1,k = [Idssa [qssa [drsa Iqrs]
_ L,.Rs Lgnwe LRy L Lrwe
2 ol ol 0l
_ L?n‘“e _ L.Rs _ L Lrwe Lm R,
Al — Y v v v
L Rs _ LsLywe _ R, Ls _ LsLywe
Y v Y Y
LsLmWE LmRs LT‘ste _ RTLS
L v 2l ol Y
G, = ehits
—1
H =A"(G,—-I,)B;

X160 = Gix1 1 + Giu

T’6 = Kt(XlJm(Q)XlJm(i%) — Xl,kn(l)xl,kn(4))

T. = r(Kichy(1) + Kiehy(2))
Xo g = W O ws]”

uy = [T, T]

G, = cAots

H; = A;1(G, — I,)B,

Xo jn = GoXg i + Gouy

_ T T T
Xk = [Xl,lm Xo kn Kte K]
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Explanation of the steps in Algorithm 5:

1. Inputs from Algorithm 4:

Input vector containing the voltages, u

Sampling time, ¢,

State vector, xy,

R, R,: Stator and rotor resistances

L, L,, L,,: Stator inductance, rotor inductance, and mutual inductance
p: Number of pole pairs

v =L,L, — L2,

Geometric matrix providing information on the cutting geometry, h;,
Cutting tool radius, r

State matrix of the mechanical subsystem, A,

Input matrix of the electric subsystem, B,

Input matrix of the mechanical subsystem, By

Identity matrix (4x4), I

Identity matrix (3x3), I

2. Output of the function:

Xin = [Lass, Lasss Lars, Lgrss Wi, O, wS]T: States of the entire system cal-

culated by this algorithm.

3. Calculation steps:

Separate all states from xy,

Calculate rotor velocity, w,, from motor velocity, w,,

Create the state matrix for only the electric subsystem variables, x; j,
Calculate and update the state matrix, A, used in the electric equations
Discretize A to obtain G,

Discretize B, to obtain H;
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e Calculate new states for electric subsystem variables at the next step, X; g,
e Calculate the electric torque, 7

e Calculate the cutting torque, 7.

e Create the state matrix for the mechanical subsystem variables, x; j

e Create the input matrix for the mechanical subsystem, u,

e Discretize A, to obtain Go

e Discretize B, to obtain Hy

e Calculate new states for the mechanical subsystem variables at the next
step, X2 kn
e Create the state matrix that includes all variables for the entire system,

Xkn

Algorithm that describes the calculation of the Jacobian Matrix can be seen from 6.

190



Algorithm 6 Calculation of the Jacobian Matrix

Require: Xk, Lsa L?"a Lm7 RT’7 R87 Y, D, nga Jma Jsa ka bt7 bm7 b57 tsa hta Kta r

Ensure: J;

Igss = Xk(l)
Iqss = Xk(2)
Iqrs - Xk<3)
Igrs = Xk(4)
Wm = Xk(5)
j(l, 5) = (]qsngn—"_{;I‘f‘S[/mL'r)p
j(27 5) - _ (IdssL%m'i'I’;lrsLmLT)p
j(g’ 5) — (IqssLsLm':IqrsLsL’r)p
j(4:7 5 — (IdssLSLm‘:IdrsLsLT)p
A LT’YRS L?,;we LvaT ngrwe 15 0 0
__ L?r’;WE _ L?:YRS _ Lmsrwe LTV’LYRT‘ j2,5 O 0
LW,LYRS . LsL’;nWe _ RT"YLS _ Ls{;’r‘we ]375 O 0
j= Lst;nwe LT,:YRS Lr%yswe _R:YLS s 0 0
_ Kilgrs Kol Kilyss _ Kilge,  bmgtbm  kng bing
Jm Jm Jm JnL Jm Jm JTYL
0 0 0 0 ng 0 -1
ngbt k. _ betbs
0 0 0 0 A A 7.

Je = et

Ti(7,8) =~

Ju(7,9) = _—Thtf)ts

Jp = augmenter(ji, Jx(7,8),J1(7,9))

1. Inputs from Algorithm 4:

e State vector, xy,

o L. L,, L,,: Stator inductance, rotor inductance, and mutual inductance

e 1., R,: Stator and rotor resistances
e v=L,L,— L2
e p: Number of pole pairs

ny: Gear ratio of the transmission

Jm, Js: Motor and spindle inertia
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k: Torsional spring coefficients

e b, bs, b;: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient

ts: Sampling time
e h;: Geometric matrix providing information about the cutting geometry

e 7: Cutting tool radius
2. Output of the function:

e J,: Jacobian matrix in discrete time
3. Calculation Steps:

e Separate the first five states from x;, and assign the related variables
e Calculate specific elements of the matrix j

e Construct the matrix j as a (7x7) matrix

e Discretize j to obtain ji

e Create the elements to be included in the augmented matrix Jy

e Use the "augmenter’ function to obtain the augmented and discretized Ja-

cobian matrix, J;

The algorithm for obtaining the augmented matrix for the Jacobian matrix, Jy, is

presented in Algorithm 7.
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Algorithm 7 Augmentation of the Matrix

Require: j;., J.(7,8),J.(7,9)

Ensure: J,

0 0
0 0
0 0
k2 = 0 0
0 0
0 0
Jk(77 8) Jk(77 9)
0 00O0O0O0O 0
Z pr—
000O0O0O0O©
10
I:
01
3t (7x7) | 3ra(7x2)
Jp =

Z(2xT) | 12x2)

1. Inputs from Algorithm 7:

e ji: Jacobian matrix of the seven states

e J,(7,8): Matrix elements associated with the tangential cutting force co-

efficient, K.

e J.(7,9): Matrix elements associated with the tangential cutting force co-

efficient, K.
2. Output of the function:
e J,: Jacobian matrix in discrete time
3. Calculation Steps:

e Create a (7 x 2) matrix, j 2
e Create a zero matrix, Z, of size (2 x 7)

e Create an identity matrix, I, of size (2 x 2)
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e Combine ji, ji 2, Z, and I to obtain J,

The simulation block constructed for Method 2 is illustrated in Figure D.7. In this
block, there are two different measurement vectors, as previously explained, which
differ from those used in Method 1. Additionally, there is an input called "tick", which
is required to track the simulation steps within this block. The algorithm used in the

block is presented in Algorithm 8.

D p{vas
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ht Pk_p
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P Pkp

P xkp
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v

Method 2 - Asynchronous Extended Kalman Filter

[]

]

Figure D.7: Simulation Block for Method 2
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Algorithm 8 Calculation of Asynchronous Extended Kalman Filter Equations for

Method 2
/* Inputs ,which are time dependent, taken from Simulation */

Require: Vi, Viss.he,zi1,24,.P) %,
/* Inputs ,which are time independent, taken from Matlab Workspace */
Require: Hy 1, Ry 1 . H;, Qu. Ry, LRs, Ry, Ly, Ly, Ls,p, Y, I s Js.0msbs,be, kgt s, K
/* inputs ,which are time independent, taken from Matlab Workspace and necessary
matrix for calculation of the nonlinear Model */
Require: A5, B;,B,,1;, 1,
Ensure: x;.x,.,P..T.
if then (tick =0 (mod 8))!=0
Ki1 = P;H;l(Hk,lP;H}gl +Rpq) !
R =%, + Ky (2o — Heaxy)
P, =(1I-K; Hy1)P,
else
K, = P, H' (H, P, Hf + R;)!
Xk = x;, + Ky (z, — Hix;)
P, =(I-K;H,)P,
end if
U = [Vigss, Voss]"
x, =nLModel(u,ts,xx, Rs, R;, Ly, Ls, Ly, p, v, K, hy, 7, Ao, By, Bo, I 1)
Ji = calculateJ (X, Ls, Ly, Ly, Ry, Rg, v, ps Mgy Iy Js, iy by, b, b, s, Dy 1)
P, = J,PJT + Qi
7. = r(h] [%(8) %(9)]")

An explanation of the algorithm is provided below:

1. Inputs from Simulation (Time-dependent):

o Viss, Vyss: Stator voltages represented in the stationary reference frame

for the D-Q axis.

e h;: Geometric matrix providing information on the geometry of the cut-

ting process.

e 7, : Measurement vector for the faster measurement group.
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z;,: Measurement vector for the entire measurement set at the time step

corresponding to the slower measurement group.
P, : The prior estimate of the state covariance matrix.

x,, : The prior estimate of the state vector.

2. Inputs from MATLAB Workspace (Time-independent):

Hj: Observation (measurement) matrix, relating the state vector to the

measurement vector.

Q. Process noise covariance matrix.

R,: Measurement noise covariance matrix.

I: Identity matrix (9x9).

R., R,: Stator and rotor resistances.

L, L., L,,: Stator inductance, rotor inductance, and mutual inductance.
p: Number of pole pairs.

v = LyL, — L2,

K, =1.5pL,,.

Jm» Js: Motor and spindle inertias.

b, bs, by: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient.
k: Torsional spring coefficients.

ng: Gear ratio of the transmission.

r: Tool radius.

ts: Sampling time.

3. Inputs from MATLAB Workspace (Time-independent) for Nonlinear Model:

State matrix of the mechanical subsystem, A,
Input matrix of the electric subsystem, B
Input matrix of the mechanical subsystem, B,
Identity matrix (4x4), I;

Identity matrix (3x3), I
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4. Output of the function:

e X, Estimated state vector.
e x, : Prior estimate of the state vector.
e P, : Prior estimate of the state covariance matrix.

e T, Estimated cutting torque.
5. EKF Calculation Steps:

e Check whether the tick is a multiple of 8.
e If it is not, then:

— Calculate the Kalman gain, Ky, ;, using Hy ; and Ry ;.
— Update the state estimation, Xy, using Ky, ;, Hy, 1, and z ;.

— Update the covariance, P}, using K;, ; and z, ;.

If it is, then:
— Calculate the Kalman gain, Ky, using H; and R.
— Update the state estimation, Xy, using K, Hy, and zj.

— Update the covariance, Py, using K; and z.

Predict the next state (prior estimate) using the 'nLModel” function, x, .

Calculate the Jacobian matrix using the ’calculate)’ function, Jy.

Update the prior covariance prediction, P, .

Calculate the estimated cutting torque from the estimated states, 7.

This estimation method is applied in cases where the current measurements, /5, and
I,ss, have a sampling frequency of 8kHz, while the other measurements have a sam-
pling frequency of 1kHz. In this scenario, the ’Counter Limited’ block in Simulink is
used to track the ticks, which count from O to 7 at 8kHz. A conditional statement is

then used to check whether the count is 0.

If the count is not 0, only the current measurements are available, and the EKF per-
forms an update based solely on these measurements. If the count is 0, all measure-
ments are available, and the EKF uses the full set of measurements for the update,

similar to the approach in Method 1.
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Since the same nonlinear model is employed in this method, the functions 'nLModel’,

"calculate]’, and "augmenter’ are used in the same manner as in Method 1.

The simulation block constructed for Method 3 is illustrated in Figure D.8. The algo-

rithm used in the block is presented in Algorithm 9

Te To_Est
Te Tc_Est
"
xk2
4
zk2 calcKF
xk2_p
P xkp2
Pkp2 Pk2_p

Method3-Kalman Filter

H]
V]

Figure D.8: Simulation Block for Method 3

198



Algorithm 9 Calculation of Kalman Filter Equations

/* Inputs ,which are time dependent, taken from Simulation */
Require: 7;,h,z;,P, x,

/* Inputs ,which are time independent, taken from Matlab Workspace */
Require: A,B,r,J Ry, Hi, Qg Lt
Ensure: f{k,x,;,P,;,Tc

K, =P, H/ (H,P,H +Ry)!

Xk = x;, + Ki(zr — Hix,))

P, =(1I-K;H,)P,

u="17T,

[Fy, Gi] = StateMatrix Augmenter(ts, A, B, r, hy, Jy)

x, = Fixi + Gru

P, = F P F! + Q;

T. = r(h] [X(4); % (5)))

Explanation of the steps in Algorithm 9:

1. Inputs from Simulation (Time-dependent):

e 7. Electric torque generated by the electric system

e h;: Geometric matrix providing information on the geometry of the cut-
ting

e 7,: Measurement vector at time step k

e P, : Prior estimate of the state covariance matrix

e x, : Prior estimate of the state vector
2. Inputs from MATLAB Workspace (Time-independent):

A: State matrix in the continuous time domain

B: Input matrix in the continuous time domain

r: Tool radius

R.: Measurement noise covariance matrix

Hj: Observation (measurement) matrix relating the state vector to the

measurement vector
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e (i: Process noise covariance matrix
e I: Identity matrix (5x5)

e t,: Sampling time
3. Output of the function:

e X, Estimated state vector
e x, : Prior estimate of the state vector
e P, : Prior estimate of the state covariance matrix

e 7.: Estimated cutting torque
4. KF Calculation Steps:

e Calculation of Kalman gain, Kj
e Update of the state estimation, Xy
e Covariance update, Py,

e Assign T, to the input u

e Use ’StateMatrixAugmenter’ to obtain the augmented discretized state
matrix F;, and discretized reduced input matrix Gy

e Update the state prediction (priori), X,

e Update the covariance prediction (priori), P,

~

e (alculate the estimated cutting torque from the estimated states, 7.,

Algorithm for augmenting state matrix and input matrix is shown in Algorithm 10
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Algorithm 10 Augmentation of the State Matrix

Require: ¢,,A,B,r,h;,J,

Ensure: F;,G;

AkZGtSA
B, =A"'(A,—I)B
0 0 0
7 —
0O 00
1 0
0 1
0 0 |
Fy) = 0 0
rhe(1)ts rhy(2)ts
T I A

Ar (3x3) | F14(3x2)
Z(2x3) | 12x2)
B, (3x1)
0
0

Gy,

1. Inputs from Algorithm 7:

e {,: Sampling time
e A: State matrix

e B: Input matrix

r: Tool radius

h;: Geometric matrix providing information about the cutting geometry

Js: Spindle inertia
2. Output of the function:

e F;.: Discretized augmented state matrix

e Gy: Discretized augmented input matrix

3. Calculation Steps:
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e Discretize A using the sampling time ¢, to obtain Ay
e Discretize B to obtain B,

e Create a zero matrix, Fy ;, of size (2 x 3)

e Create an identity matrix, I, of size (2 x 2)

e Construct the matrix for augmentation elements, F; j,
e Combine Ay, Fy 4, Fyy, and I to form Fy,

e Augment By by adding two zero elements to the last two rows to obtain
Gy,

The simulation block created for Method 4 is illustrated in Figure D.9. The algorithm

used in this block is presented in Algorithm 11.

Vds
vds e

xk

:

Vgs
Vas

3 zk " Pk_pr

zk calcEKF

:

P Pkpr

xk_p
] xkpr

Method4-Extended Kalman Filter

b
L]

Figure D.9: Simulation Block for Method 4

The algorithm for Method 4 differs from the others, as the geometry matrix h; is

not provided in this method. Another key difference is that the tangential cutting
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torque is directly estimated in this method, as it is included as one of the states in the

augmented state matrix x..

Algorithm 11 Calculation of Extended Kalman Filter Equations for Method 4

/* Inputs ,which are time dependent, taken from Simulation */

Require: Vi, Viss,2,P ) %,
/* Inputs ,which are time independent, taken from Matlab Workspace */
Require: H;, Q. Ry, LRs, R, Ly, Ly, Ls,py,JmsJs:bmsbs,b kg, ts, Ky
/* inputs ,which are time independent, taken from Matlab Workspace and necessary
matrix for calculation of the nonlinear Model */
Require: A, B, B, 1,1,
Ensure: X;.x,.P,
K, =P, H (H,P,H + Ry)!
Xk = x;, + Ki(zr — Hix)))
U = [Vigss, Vgss] ™
P, = (I-K,H;,)P,
x, = nLModel2(u,ts, Xy, Rs, Ry, Ly, L, Ly, p, 7y, Ki, 7, Ao, By, Bo, I, 1)
Ji = calculate J2(xy, Ls, Ly, Ly, Ry, Rs, 7y, P, Mg, Iy Js, K, by, by, bs, Ts)
P, = J,.PWJI 4+ Qy

An explanation of the algorithm is provided below:

1. Inputs from Simulation (Time-dependent):
o Viss, Vyss: Stator voltages represented in the stationary reference frame
for the D-Q axis.
e z,: Measurement vector at time step k.
e P, : The prior estimate of the state covariance matrix.

e x, : The prior estimate of the state vector.
2. Inputs from MATLAB Workspace (Time-independent):

e H;: Observation (measurement) matrix, relating the state vector to the

measurement vector.

e (;: Process noise covariance matrix.
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e R,: Measurement noise covariance matrix.

e I: Identity matrix (9x9).

e R, R,: Stator and rotor resistances.

o L. L, L,,: Stator inductance, rotor inductance, and mutual inductance.
e p: Number of pole pairs.

o v=L,L, — Lfn.

o K, =1.5pL,,.

e J,., Js: Motor and spindle inertias.

e b, bs, b;: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient.
e k: Torsional spring coefficients.
e n,: Gear ratio of the transmission.
e t : Sampling time.

3. Inputs from MATLAB Workspace (Time-independent) for Nonlinear Model:

e State matrix of the mechanical subsystem, A,

Input matrix of the electric subsystem, B,

Input matrix of the mechanical subsystem, By

Identity matrix (4x4), I;

Identity matrix (3x3), I,
4. Output of the function:

e X, Estimated state vector.
e x, : Prior estimate of the state vector.

e P, : Prior estimate of the state covariance matrix.
5. EKF Calculation Steps:

e Calculation of Kalman gain, K.
e Updating the estimation of the states, X;.

e Covariance update, Py.
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Prediction of the next state (prior estimate) using the 'nLModel’ function,

Xy -

Calculation of the Jacobian matrix using the ’calculate]’ function, J.

Updating the prior covariance prediction, P, .

Calculation of the estimated cutting torque from the estimated states, T..

In this algorithm, since 7. is one of the states in the augmented state matrix and is
already estimated as part of the state vector, it is not calculated separately in another

step.

The algorithm that describes the nonlinear model of the system is presented in Algo-

rithm 12.

Algorithm 12 Nonlinear Model for Method 4
Require: (u,ts, Xy, Rs, Ry, Ly, Lg, Ly, p, 7y, Ki, by, r, Ao, Br, By, 1y, 1)

Ensure: x;

[Liss» Iq557 Idrsa Iqrs7 Wm, 0T7 Ws, Tc] = Xk
Wy = WP
_ T
X1,k = [Id557 [q357 [drsa [qrs]
_ LyRs L2 we LRy Ly Lywe
2 ol v v
N L?nwe _ L.Rs _ LimLywe LRy
Al — i Y il Y
L Rs . LsLmwe _ R, L _ LsLyrwe
Y Y Y Y
LsmeE LmRs LTLSLUQ _ RTLS
L vy v 8l
G, = ehits
—1
H =A"(G,-1,)B;

X1 = Gix1 1 + Giu

Te = Kt(Xl,kn(Q)XlJm(B) — X17kn(1)xl7kn(4))

Xok = [Wm ‘9T WS]T
Uz = [Te Tc]
G, = eAets

Hy, = A;Y(G, —1,)B,
Xo kn = GoXo i + Gaoug

T T TC]T

Xkn = [Xl,kn X2,kn
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Explanation of the steps in Algorithm 12:

1. Inputs from Algorithm 11:

Input vector containing the voltages, u
Sampling time, ¢,

State vector, Xy,

R,, R,: Stator and rotor resistances

L, L,, L,,: Stator inductance, rotor inductance, and mutual inductance
p: Number of pole pairs

v=L,L, — L2,

Cutting tool radius, r

State matrix of the mechanical subsystem, A,
Input matrix of the electric subsystem, B
Input matrix of the mechanical subsystem, B,
Identity matrix (4x4), I;

Identity matrix (3x3), I

2. Output of the function:

Xien = |Lass, Lasss Lars, Lgrss Wm, O, ws]T: States of the entire system cal-

culated by this algorithm.

3. Calculation steps:

Separate all states from xy,

Calculate rotor velocity, w,, from motor velocity, w,,

Create the state matrix for only the electric subsystem variables, x;
Calculate and update the state matrix, A1, used in the electric equations
Discretize A to obtain G,

Discretize B, to obtain H;

Calculate new states for electric subsystem variables at the next step, x; i,
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e Calculate the electric torque, 7,

e Create the state matrix for the mechanical subsystem variables, x; j
e Create the input matrix for the mechanical subsystem, u,

e Discretize A5 to obtain Go

e Discretize B, to obtain Hy

e Calculate new states for the mechanical subsystem variables at the next

step, X kn,
e Create the state matrix that includes all variables for the entire system,

Xkn

Algorithm that describes the calculation of the Jacobian Matrix can be seen from 13.
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Algorithm 13 calculate of the Jacobian Matrix for Method 4

ReqUire: Xk, st LT? L’ma Rra R57 7, P, Ny, ‘]mv Jsa ka bt7 b’ma bsa tsa hta Kt

Ensure: J;

[dss = Xk(1>
Lgss = Xp(2)
Iqrs = Xk(g)
Igs = Xk<4)
Wi = Xk(5)
j(17 5) — (IqssL?n“F{;;rsLer)p
. Tass L2 +1grs Lin Ly
J(2,5):_(ds m""r;irs P
3 _ (I ssLsLim+1, rsLer)p
J(37 5) — g ’y q
3 — (IdssLsLm+IdrsLer)p
J(4,5) = -
- L’I‘RS L?nw(i LmRr Lerwe . 0 0
Y 2l v vy j1’5
_L2we LRy _ LmLwe  LmRr [y 0 0
Y v v v >
L Rs _ LsLpwe _ Ry Ls _ LsLywe - 0 0
v R v Y J3.5
1 — LsLmwe LmRs Ly Lswe _RTLS . O 0
J B! d g o Ja5
_KtIqTS Ktldrs KtI‘ISS _Ktldss _btn§+bm _kﬂ thLg
Im Im Im Im Im Im I
0 0 0 0 ng 0o -1
ngby k _ bi+bs
L 0 0 0 0 Js Js Js
. o 'ts
Jp=¢
_ ts
']k(7v 8) A

Jp = augmenter2(ji, Jx(7,8))

1. Inputs from Algorithm 11:

e State vector, xy,

e L., L., L, Stator inductance, rotor inductance, and mutual inductance

e R, R,: Stator and rotor resistances
e v=L,L,— L2
e p: Number of pole pairs

ng: Gear ratio of the transmission

Jm, Js: Motor and spindle inertia
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e k: Torsional spring coefficients

e b, bs, b;: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient

e ¢ : Sampling times
2. Output of the function:

e J,.: Jacobian matrix in discrete time
3. Calculation Steps:

e Separate the first five states from x;, and assign the related variables

Calculate specific elements of the matrix j

Construct the matrix j as a (7x7) matrix

Discretize j to obtain ji

Create the elements to be included in the augmented matrix Jy

Use the ’augmenter2’ function to obtain the augmented and discretized

Jacobian matrix, J;,

The algorithm for obtaining the augmented matrix for the Jacobian matrix, Jy, is

presented in Algorithm 14.

Algorithm 14 Augmentation of the Jacobian Matrix

Require: ji, Jx(7,8)

Ensure: J,
jm:[o 00000 Jk(7,8)]
Z=[0 00000 0]

i (7x7) | jra(x1)

Jp =
Z(1x7) | 1

1. Inputs from Algorithm 14:

e ji: Jacobian matrix of the seven states

e J,(7,8): Matrix elements associated with the tangential cutting torque, 7.
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2. Output of the function:
e J,: Jacobian matrix in discrete time
3. Calculation Steps:

e Create a (7 x 1) matrix, ji o
e Create a zero matrix, Z, of size (1 x 7)

e Combine jy, ji 2, Z, and put 1 to obtain J

The simulation block created for Method 5 is illustrated in Figure D.10.

Vds X
Vags
ht &
2k calcEKF

zk xk_p
»{Pkp10
B xkp10 Tc_Est

Tc_est

Method5-Extended Kalman Filter

D‘
D‘

Figure D.10: Simulation Block for Method 5

The algorithm for Method 5 differs from the others as it is specifically developed
for the special case where drifting occurs in the transition angle 67 due to various

factors.These factors can be listed as follows:

1. Minor errors in the motor encoder that cause small inaccuracies in the motor

angular position, 6,,,.
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2. Minor errors in the spindle encoder that cause small inaccuracies in the spindle

position, 6.

3. The driver might be missing readings while reading the encoder or encoders.

The algorithm developed to address this drifting issue is presented in Algorithm 15.

Algorithm 15 Calculation of Extended Kalman Filter Equations for Method 5

/* Inputs ,which are time dependent, taken from Simulation */

Require: Vi, Viss,2,P) %),
/* Inputs ,which are time independent, taken from Matlab Workspace */
Require: H;, Q. Ry, LR, Ry, Ly, Ly, Ls,p,7y,JmsJs,0msbs,be kg, ts, K
/* inputs ,which are time independent, taken from Matlab Workspace and necessary
matrix for calculation of the nonlinear Model */
Require: Ay, B{,B,. 1,
Ensure: fck,x,;,P,;,Tc
K, =P, H/ (H,P,H +R;)!
Xk = x;, + Ki(zr — Hix)))
U = Vs, Vgss]"
P, =(1-K;H,)P,
x, = nLModel3(u,ts, Xk, Rs, Ry, Ly, Ly, Ly, p, 7y, K, 7, Ao, B, Bo, I)
Ji. = calculate J3(Xy, Ls, Ly, Ly, Ry, Rg, v, D, gy I, Js, K, by, b, by, T5)
P, = J:PuJl + Qi

An explanation of the algorithm is provided below:

1. Inputs from Simulation (Time-dependent):

o Vi, Vyss: Stator voltages represented in the stationary reference frame

for the D-Q axis.
e z,: Measurement vector at time step k.
e P, : The prior estimate of the state covariance matrix.

e x, : The prior estimate of the state vector.
2. Inputs from MATLAB Workspace (Time-independent):
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e H;: Observation (measurement) matrix, relating the state vector to the

measurement vector.
e (Q;: Process noise covariance matrix.
e R,: Measurement noise covariance matrix.
e I: Identity matrix (9x9).
e R., R,: Stator and rotor resistances.
e L., L., L, Stator inductance, rotor inductance, and mutual inductance.
e p: Number of pole pairs.
e v=L,L,—L?.
o K, =1.5pL,,.
e J.., Js: Motor and spindle inertias.

e b, bs, b;: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient.
e k: Torsional spring coefficients.
e n,: Gear ratio of the transmission.

e . : Sampling time.
3. Inputs from MATLAB Workspace (Time-independent) for Nonlinear Model:

e State matrix of the mechanical subsystem, A,
e Input matrix of the electric subsystem, B,
e Input matrix of the mechanical subsystem, B,

e Identity matrix (4x4), I;
4. Output of the function:

e X,: Estimated state vector.
e X, : Prior estimate of the state vector.

e P, : Prior estimate of the state covariance matrix.
5. EKF Calculation Steps:

e Calculation of Kalman gain, Kj.
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e Updating the estimation of the states, X;.
e Covariance update, Py.

e Prediction of the next state (prior estimate) using the 'nLModel’ function,

Xk .
e (Calculation of the Jacobian matrix using the ’calculate]’ function, Jj.
e Updating the prior covariance prediction, P .

e Calculation of the estimated cutting torque from the estimated states, T..

The algorithm that describes the nonlinear model of the system is presented in Algo-

rithm 16.

Algorithm 16 nLModel3
Requil‘e: (u, ts, Xk, Rs, Rr, Lr; L37 Lm,p, v, Kt; ht; r, A.27 B17 BQ, Il)

Ensure: x;

[Id557 Iq557 Idrsa Iqrs; Wm, 0T7 Ws, 5ng7 KtC7 Kte] = Xk

Wy = WP
— T
Xl,k - [Id357 [q557 [drsa [qrs]
( _ L,-Rs Lgnwe Lm Ry L Lrwe
2 ol 7 v
_L2we _LyRs _ LmLrwe L R:
Al — v v Y v
L Rs . LsLmwe . R.Ls _ LsLyrwe
Y Y Y Y
LsmeE LmRs LTLSOJQ _ RTLS
ol ol 2l -

G, — Al
H, =AY(G, -1,)B;

X1 = Gix1 1 + Giu

Te = Ki(X1,56n(2)X1,56n(3) — X1 40 (1) X1 4n(4))
T. = r(Kiche(1) + Kiehy(2))

Xok = [wm GT Ws 5ng]T
U = [Te Tc]
Gy = eAats

H2 - A;l(GQ - Il)Bz
Xo on = GoXa i + Gouy

— T T T
Xkn = [Xl,kn Xo kn Kte K]
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Explanation of the steps in Algorithm 16:

1. Inputs from Algorithm 15:

e Input vector containing the voltages, u

e Sampling time, 7

e State vector, X;,

e R., R,: Stator and rotor resistances

e L. L,, L,,: Stator inductance, rotor inductance, and mutual inductance
e p: Number of pole pairs

o v=L,L,—L?

e Cutting tool radius,

e State matrix of the mechanical subsystem, A,
e Input matrix of the electric subsystem, B,

e Input matrix of the mechanical subsystem, B,

e [dentity matrix (4x4), I;
2. Output of the function:

® Xpn = [Lass, Lass: Larss Lgrs, Wi, 07, Ws, On, s Kie, Kie] '+ States of the entire

system calculated by this algorithm.
3. Calculation steps:

e Separate all states from x;,

e (alculate rotor velocity, w,, from motor velocity, w,,

e Create the state matrix for only the electric subsystem variables, x; j,

e Calculate and update the state matrix, A, used in the electric equations
e Discretize A, to obtain G,

e Discretize B; to obtain H;

e Calculate new states for electric subsystem variables at the next step, X;

e Calculate the electric torque, 7,
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e Create the state matrix for the mechanical subsystem variables, x; j
e Create the input matrix for the mechanical subsystem, u,

e Discretize A5 to obtain Go

e Discretize B, to obtain Hy

e Calculate new states for the mechanical subsystem variables at the next
step, X2 kn
e Create the state matrix that includes all variables for the entire system,

Xkn

Algorithm that describes the calculation of the Jacobian Matrix can be seen from 17.
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Algorithm 17 Calculation of the Jacobian Matrix for Method 5

ReqUire: Xk, st LT? L’ma Rra R57 7, P, Ny, ‘]mv Jsa ka bt7 b’ma bsa tsa hta Kt

Ensure: J;

Jp = augmenter3(jx, Jx(7,9), Jx(7,10))

[dss = Xk(1>
Lgss = xk(2)
Iqrs - Xk(g)
Igs = Xk<4)
W = X(5)
3 — (IqssL?n""IqrsLer)p
J(1,5) = -
. Tyss L2 +14rsLin Ly
J(2,5):_(ds m""r;irs P
3 _ (I ssLsLim+1, rsLer)p
J(37 5) — g ’y q
3 — (IdssLsLm+IdrsLer)p
J(4,5) = -
[ L.R L2 we LR, L Lywe .
_ L%’Lwﬁ _ LrRs _ L Lrwe LRy J
v v v ¥ 2,5
Ly Rs _ LsLywe _ R,Lg . LsL,we ]
¥ 5 v v 3,5
Lsmee LmRs LrLsUJe _ RTLS <
j _ 107 5 y v ]42,5
o Kt]qrs KtId'rs Kthss o Ktldss . btnngbm .
Im Im JIm Jm JIm
0 0 0 0 (ng+0n,
0 0 0 0 ngbe
Js
0 0 0 0 0
i = e’
_ rht(l)t
Ju(7,9) = ===
T’ht(2)ts
J1(7,10) = — "l

§>‘ o O o O
o

o H= o §|

1. Inputs from Algorithm 15:

State vector, X,

v=L,L, — L2,

p: Number of pole pairs

R, R,: Stator and rotor resistances

ng: Gear ratio of the transmission
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Jm, Js: Motor and spindle inertia

k: Torsional spring coefficients

e b, bs, b;: Motor damping friction coefficient, spindle damping friction

coefficient, and transmission friction coefficient

ts: Sampling time

h;: Geometric matrix providing information about the cutting geometry

r: Cutting tool radius
2. Output of the function:

e J,.: Jacobian matrix in discrete time
3. Calculation Steps:

e Separate the first five states from x;, and assign the related variables
e Calculate specific elements of the matrix j

e Construct the matrix j as a (8x8) matrix

e Discretize j to obtain jj,

e Create the elements to be included in the augmented matrix Jj

e Use the "augmenter’ function to obtain the augmented and discretized Ja-

cobian matrix, J,,

The algorithm for obtaining the augmented matrix for the Jacobian matrix, Jy, is

presented in Algorithm 18.
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Algorithm 18 augmenter3
Require: ji, J.(7,9),J(7,10)

Ensure: J,

0 0
0 0
0 0
, 0 0
Je2 = 0 0
0 0
0 0
| 3u(T.8) 3u(7,9) |
7 _ 00 0O0O0O0O0O©
0 00O0O0O0OTO0O
(o
o
5 | E® )

Z(2x8) | 1(2x2)

1. Inputs from Algorithm 18:

e ji: Jacobian matrix of the seven states

e J,(7,9): Matrix elements associated with the tangential cutting force co-

efficient, K.

e J,(7,10): Matrix elements associated with the tangential cutting force

coefficient, K.
2. Output of the function:
e J,: Jacobian matrix in discrete time
3. Calculation Steps:

e Create a (8 x 2) matrix, j o

e Create a zero matrix, Z, of size (2 x 8)

218



e Create an identity matrix, I, of size (2 x 2)

e Combine ji, ji 2, Z, and I to obtain J
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E Verification Test Setup

In this appendix, the hardware and software utilized in the test setup is discussed in

greater detail.

TwinCAT 3, developed by Beckhoff, turns standard PCs into real-time controllers for
industrial automation. It features a modular architecture, integrates with Microsoft
Visual Studio, and supports IEC 61131-3 and high-level languages like C/C++. The
platform is scalable, supports various communication protocols, and includes safety

features compliant with SIL 3 [16].

The Beckhoff C6930 is a compact and high-performance Industrial PC (IPC) for de-

manding applications [17]. Key specifications include:

e Processor: Intel® Core™ i5.

e Memory: 16 GB DDR4 RAM.

e Storage: 256 GB SSD.

e Cooling: Fanless design for low maintenance.

e Operating System: Windows and TwinCAT 3.

e Interfaces: Ethernet, USB 3.0, and PCle slots.

e Power Supply: 24 V DC.

e Mounting: Space-saving, control cabinet installation.

e Temperature Range: 0 to 55°C.

The Beckhoff C6930 is shown in Figure E.1.
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Figure E.1: Beckhoff C6930

The spindle motor is a Franz Kessler DM 112/4L. AC induction motor, with its datasheet

shown in Figure B.1 and its picture in Figure E.2.

Figure E.2: Franz Kessler DM112/4L. AC Induction Motor

The Beckhoff AX5125 is a high-performance servo drive designed for precise and

dynamic motion control [18]. Key specifications are:

e Rated Current: 25 A.

Power Supply: 3-phase, 400...480 V AC.

Output Power: Up to 12 kW.

Control Features: Supports EtherCAT for high-speed communication and

seamless integration with Beckhoff control systems.

Feedback Interfaces: EnDat, BiSS, Resolver, and incremental encoders for

precise positioning.
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e Safety: Integrated STO (Safe Torque Off) functionality according to IEC 61800-
5-2.

e Cooling: Fan-cooled design for efficient thermal management.

e Mounting: Compact design suitable for control cabinet installation.

The Heidenhain ROD 480 1800 is a high-resolution incremental rotary encoder com-
monly used in precision motion control applications [19], and its picture is presented

in Figure E.3. Key specifications are:

e Resolution: 1,800 lines per revolution.

e Output Signal: Incremental, with sine/cosine 1 Vpp interface.

e Shaft Type: Solid shaft, 10 mm diameter.

e Maximum Speed: 12,000 rpm.

e Accuracy: Angular accuracy up to £20 arc seconds.

e Operating Temperature: -20°C to +100°C.

e Protection Class: P64, ensuring protection against dust and splashes.

e Mounting: Suitable for applications requiring high precision and dynamic per-

formance.

Figure E.3: Heidenhain ROD 480 1800

The Beckhoff AM8062 is a high-performance servomotor designed for industrial ap-

plications [20]. Key specifications include:
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o Standstill Torque: 21.1 Nm to 29.9 Nm, depending on the winding.
e Rated Speed: 1,400 min—!, 3,000 min~—*!, and 5,000 min~" options available.
e Cooling Method: Convection cooling, with an option for forced cooling.

e Feedback System: OCT feedback system (absolute encoder) for precise con-

trol.
o Shaft Dimensions: Shaft diameter of 32 k6 and a free shaft end of 58 mm.

e Rotor Moment of Inertia: 20.0 kg-cm?, contributing to high dynamic re-

sponse.

e Protection Class: [P54, with an IP65 option with shaft seal for enhanced dura-
bility.

e Ambient Temperature Range: Operational range from +5°C to +40°C.

The Beckhoff AX8640 is a power supply module within the AX8000 multi-axis servo
system, designed to convert mains voltage into DC link voltage for axis and option

modules [21]. Key specifications include:

e Function: Power supply module.

e Rated Supply Voltage: 3-phase, 200480 V AC.

e DC Link Voltage: Up to 848 V DC.

e DC Link Output Current: 40.0 A DC.

e System Bus: EtherCAT.

e Drive Profile: CiA402 according to IEC 61800-7-201 (CoE).

e Ambient Operating Temperature: 0°C to +40°C; up to +55°C with power

reduction.
e Approvals/Markings: CE, cULus, EAC.

e Protection Rating: 1P20.
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e Dimensions (Hx W x D): 230 mm x 90 mm x 192 mm (without connectors).

The Heidenhain LS403 is a sealed linear encoder designed for precise position mea-

surement in industrial applications [22]. Key specifications are:

Measuring Standard: DIADUR glass scale.

Output Signals: 11 pApp, with a signal period of 20 um.

Accuracy Grades: +5 um and +3 um, depending on configuration.

Measuring Lengths: Available in lengths from 70 mm to 2040 mm.

Recommended Measuring Steps: 1 um and 0.5 pm options.

Reference Marks: One or two reference marks for position referencing.

The Kistler 9257B is shown in Figure E.4.

Figure E.4: Kistler 9257B Dynamometer

The Kistler 9257B is a quartz three-component dynamometer for measuring force in

three orthogonal directions [23]. Key specifications are:

e Measuring Range: I, F,;: £5kN; F,: £10kN

e Calibrated Partial Ranges: I, F;: 0 to 500 N and 50 N; F.: 0 to 1,000 N
and 100 N

e Overload Capacity: F,, I, F’,: £7.5kN; F, (if F,, F, < 0.5 x F,): £15kN
e Threshold: < 0.01N; Sensitivity: I, F};: ~ —7.5pC/N; F,: =~ —3.7pC/N
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e Linearity/Hysteresis: < £1% FSO/ < 0.5% FSO
e Cross Talk: < +2%
e Rigidity: c,, c,: > 1kN/um; c,: > 2kN/pum

e Natural Frequency: f,(x,y, z): = 3.5 kHz (unmounted), f,,(z,y): ~ 2.3kHz,
fn(2): =~ 3.5kHz (mounted)

e Operating Temp.: 0°C to 70°C
e Capacitance: ~ 220 pF; Insulation: > 10 Q (at 20°C)

e Protection: IP67; Weight: 7.3 kg; Clamping Area: 100 mm x 170 mm

The Kistler LabAmp 5167A is shown in Figure E.5.

Figure E.5: The Kistler LabAmp 5167A

The Kistler LabAmp 5167A is a laboratory charge amplifier with integrated data ac-

quisition for piezoelectric sensors [?]. Key specifications include:

e Channels: 4 or 8, with BNC connectors for input and analog output.
e Measuring Range: +100 to +1,000,000 pC.

e Frequency Range (-3 dB): Up to 45,000 Hz.

e Input Noise (typical): As low as 0.007 pC;,s (1 Hz to 10 kHz).

e Drift (DC Mode): < +£0.03 pC/s at 25°C and 60% RH.

e Data Acquisition: 24-bit, up to 100 kSps per channel.

o Filters: Flexible low-pass, high-pass, and notch filters.
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Synchronization: PTP option for multi-device data acquisition.

Control: Web-browser interface or KiStudio Lab Software.

The NI cDAQ-9174 is a 4-slot USB CompactDAQ chassis for sensor measurement

systems [24]. Key specifications include:

Slots: 4

Connectivity: USB 2.0

Analog Input FIFO: 127 samples per slot

Sample Rate: Dependent on installed C Series modules

Timing Accuracy: 50 ppm; Resolution: 12.5 ns

Operating Temp.: -20°C to 55°C

Shock/Vibration: 30 g peak (shock), 0.3 g rms (operating vibration)
Dimensions: 88.1 mm x 180.0 mm x 180.3 mm

Weight: Approx. 1.27 kg

The NI 9234 is a 4-channel, 24-bit C Series module designed for sound and vibration

measurements [25]. Key specifications include:

Channels: 4 analog inputs

ADC Resolution: 24 bits

Sampling Rate: Up to 51.2 kS/s per channel

Input Range: +5V

Input Coupling: Software-selectable AC/DC

IEPE Excitation: 2.1 mA per channel, software-selectable

Connectivity: BNC connectors
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Compatibility: CompactDAQ and CompactRIO systems
Operating Temperature: -40°C to 70°C
Dimensions: 88.1 mm x 88.1 mm x 25.4 mm

Weight: Approximately 150 g
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