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Abstract

This programme of research is concerned with investigating novel methods for enhancing the
machining of metals in terms of increasing material removal rates while maintaining surface
finish and dimensional tolerance. This thesis provides a detailed investigation of the interaction
between the drive control system, the power converter and the cutting process. Especially the
coupling between the controller and power converter behaviour and the dynamic cutting
conditions is the key novelty in this research.

Specifically, the research explores the merits of high speed and precise torque modulation of the
drive and its influence on the cutting tool to suppress chatter in milling operations. The study
focuses on the following areas:

1. The open-loop torque matching to achieve precise speed control. A high frequency
component of the machine load is generated due to the milling process, resulting in speed
fluctuation. This research demonstrates a method for precise speed control using a low
bandwidth PI controller by applying a torque correction signal to the control loop.

2. Rapid torque modulation for chatter suppression in milling operations. The past research
of variable speed milling on chatter suppression is limited by industrial milling machines.
The industrial speed controller limits the frequency of speed variation that can be applied
around the operating condition. This thesis increases the speed variation frequency capability
for high speed milling process.

3. Investigating the complex interactions between speed control settings and cutting
performance. By applying torque match and rapid torque modulation the speed variation
frequency capability is significantly increased. A detailed investigation of the dynamic
behaviour with a high frequency speed variation and the effect of chatter suppression on high
frequency variable speed milling (HFVSM) is presented.

4. Detecting the onset of chatter using speed measurements. The cutting torque fluctuation is
reflected as a disturbance of the motor speed. Chatter can then be identified by monitoring
the motor speed. The application of this technique benefits the milling industry by providing
a more robust chatter detection compared with conventional techniques.

5. Combined dynamic operation. The combined operation of torque match, rapid torque
modulation and chatter detection is demonstrated and has potential application to a milling
machine capable of detecting and auto suppressing chatter during milling.

By combining auto chatter detection identification technique and high frequency variable speed
milling, this research provides a detailed study with significant potential for industrial application.
The key enabling methods demonstrated increase the operating speed capability for milling activities
and hence reduce the time taken to manufacture a part and consequently increase the productivity of
a milling machine.
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Chapter 1 - Introduction

1.1.Background

1.1.1.  Introduction to milling

Milling is a widely-used technique for the removal of metal in manufacturing. In all the
industrial sectors in which milling is used, there is a continuing drive towards increasing
material removal rates and enhancing surface finish while also minimising tool-wear and energy

consumption.

Milling provides a precise and reasonably high through-put means of machining a component to
its final, or very near final, dimensions. The essence of the milling process is shown in Figure 1.
A milling cutter, which is usually a cylindrical tool equipped with a series of cutting teeth, is
rotated about the axis shown. By progressive traversal of the work-piece, material is removed to
a prescribed depth along a well-defined path. Many modern milling machines are computer
controlled (so-called Computer Numerically Controlled or CNC). These machines are able to
take Computer Aided Design (CAD) drawings and directly convert these into a series of
traversal paths to produce the final component geometry. Many larger and more advanced
machines are equipped with the ability to automatically change the cutting tools, often with

many tens or even hundreds of tools in a carousel.

In recent decades, technologies applied in milling operations have advanced greatly, with the
addition of computer control and increased use of sensors. These have provided many
opportunities to increase productivity and accuracy. Although production capabilities have
increased significantly as a result of the development of new concepts, devices, tool materials,
new tool shapes, coatings, etc. [QUI 11] there remains significant potential to increase the

accuracy, flexibility and productivity of milling machines. One of the major problems is the



build-up of vibrations during milling and hence understanding milling fundamentals and

machine vibration mechanism has become a topic of significant research.

This programme of research is focussed on establishing methods for realising dynamic control
of the cutting process. The ability to dynamically control torque and/or speed (recognising that
the latter is limited by the effective moment of inertia) may provide a means of enhancing

cutting rate, through avoiding the onset of chatter more effectively than simple set-point control.

Milling cutters

Within the general term ‘milling’ there are many different type of operation, which can broadly
be divided into two categories: face milling and peripheral milling. A schematic of each of these

is shown in Figure 1 (a) and (b).

Workpart

(a) Peripheral milling (b) Face milling
Figure 1 Schematic representations of common milling processes (Source: [ALT 00])
The cutting tools which perform the milling come in a wide variety of shapes and sizes. The
most widely used cutters are so-called end-mills which can be applied in various operations,
including face milling, slotting, channel cutting, plunging and even drilling. Within the broad

category of end-mills, there are a number of different geometries as shown in Figure 2
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\%

Flat Nose Ball Nose Bull Nose Chamfer

Figure 2 Different geometries of the end-mills (Source: [ALT 00])

Flat nose end-mills, which are also often referred to as square end mills are usually preferred for
square corner milling. This leaves a square shape bottom in the work piece. Ball nose end mills
are hemispherical at their ends and are usually used for milling complex 3D shapes. Bull nose
end-mill is also referred to as rounded edge end-mill. These types of the cutter usually have
longer tool life, because of the rounded edges on the cutter tips. The research reported in this
thesis is focussed on a straight flute end milling. Figure 3 shows a HTC 780-4625 straight end

mill tool which is representative of the milling tool simulated in this thesis.

Figure 3 Typical straight end mill tool (Source: [HTC 17])
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1.1.2.  Control of milling machines

Almost all modern high-performance milling machines are driven by electrical machines
controlled by power electronic converters. The combination of machine and power converter is
often referred as a spindle drive. They are capable of providing precise speed control, although it
is important to recognise the outer speed control loop is often built around an inner torque

control loop.

Standard spindle drives tend control speed to a prescribed set-point, although this set-point can
be varied during operation [SS 08], e.g. ramped up during starting, adjusted as different depths
or wall thicknesses are encountered. This speed control is usually achieved with a relatively
standard PI control structure, although additional features such as current limits are often

included [SS 08].

The extent to which the speed controller responds to very short-term events, e.g. periodic
fluctuations in cutter torque with individual passing of teeth, depends on the gains selected. The
standard factory default gains for commercial PI controllers are often low with an emphasis on
stability and reducing longer-term deviations from the set-point [SS 08]. A key feature of these
controller is that speed and/or torque is not usually being controlled dynamically within one

revolution.

During the milling process, the load torque applied on the shaft of machine varies dramatically
as individual cutting teeth enter and leave the work-piece, although the exact form of the torque
pulsations depends whether the curter is straight edged or helical [ALT 00]. Speed controllers
tends to control average speed and average power of the motor. For the remainder of this thesis,

this mode of control will be referred to as set-point speed control.

Modern electrical machines and power converters can exercise very precise control over the

instantaneous torque, the limiting factor being the electrical time constant, i.e. the rate at which



current can be changed. It is possible to achieve very high dynamic rates of change of current by
oversizing the converter in terms of its VA rating as compared to the VA rating required to
provide the average power. This ability to dynamically control current, and hence torque, in
principle provides a means to realise complex torque waveforms during one revolution, or even
during an individual cutter tooth passing interval. Detailed control systems which aim to exploit

this dynamic capability will be discussed and presented in the later chapters

1.1.3.  Vibrations in machining processes

One of the limiting factors on the metal removal rate is the need to avoid excessive vibration of
the cutter. Other limitation includes excessive temperature rise of the cutter and work-piece
[ABU 06]. In addition to limiting material removal rates, vibration of the cutter will also
inevitably affect the quality of surface finish. There are three main types of the vibrations
encountered in milling machines, viz. free vibrations, forced vibrations, self-excited vibrations
[ALT 00]. Free vibrations occur in a mechanical system when it is displaced from its
equilibrium position and is allowed to vibrate freely. In milling, free vibrations are usually the
result of erroneous operations such as an incorrect tool paths leading to cutting tool and
work-piece collisions. Forced vibrations occur when an external source of excitation excites the
system harmonically [KHA 13]. In milling, this predominantly occurs when the cutting edges of
the tool successively enter and exit the work-piece. Both free vibration and forced vibration can

be mitigated to some degree by various methods when the source of the vibration is identified.

Self-excited vibrations are the main causes of chatter, also referred to as regenerative chatter.
Self-excited vibrations, from the energy perspective, start with excess energy and then grow at a
rate which depends on the damping of the system [ALT 00]. During the milling process, a
mismatch between the surface remaining from the last cut and the surface being generated from

current tooth path, leads to the progressive growth of chatter.



Figure 4 shows the effect of related phase difference and dynamic under-formed chip thickness.
If the phase difference is zero, the chip thickness will only relate to the feed rate and cutting
speed. However, if the relative phase difference is at m, the variation of the dynamic chip
thickness is at its maximum value which leads to cutting force varies dramatically, resulting in
tool vibrations. The vibration left new waves on the work surface. This process is called the

regenerative effect and eventually leads to the regenerative chatter.

Current wave

c=0rad Previous wave

AN NN e g
NN

s=mnrad

Figure 4 The effect of related phase difference and dynamic chip thickness [ALT 00].

The topics of online chatter monitoring, measurement and control have received significant
academic and industrial attention in recent years as this is arguably the main obstacle to

achieving increased through-put in many milling applications.

Rahman and Ito [RAH 86] proposed a method to detect the chatter by measuring the horizontal
deflection of the work piece using microphone and dynamometer. This showed some promise in
terms of being able to detect chatter, but did not propose any novel methods to deal with the
chatter once detected. Liao and Young [LIA 96] proposed an online chatter detection and

avoidance method. The method proposed was based on reading a dynamic cutting force signal



from a dynamometer and analysing the signal with the Fast Fourier Transform (FFTs). Once a
characteristic chatter signal was detected, a real-time control system calculates a new spindle
speed to disturb the regeneration behaviour which is causing the chatter. However, this method

requires additional dynamometer equipment.

Skilled machining operators can readily identify the onset of chatter from a distinct change in
acoustic noise. There are several papers which have successfully employed microphones to
detect and identify the characteristic signature of chatter [DEL 92] [SCH 01] [SCH 02] [SCH 03]
[WEI 06]. However, such techniques are very sensitive to the local acoustic environment, as the

micro-phone can be easily influenced by the other sources of acoustic noise.

High speed milling has developed a great deal in recent years. It offers scope for greater material
removal rates and fine surface finish through a combination of very high spindle speed and feed
rate. [MEB 16] The typical milling speed for high speed milling is above 7000 rpm on spindle
speed and 0.05 mm/tooth on the feed rate. However, with high-speed milling, the spindle drive
will need to run at high speeds and accommodate high frequency variation in the load on the

cutter.

1.1.4.  Existing chatter suppressing strategies

Machine tools experience two major vibrations during the machining process, forced vibration
and self-excited vibration. In the milling process, cutting forces applied on the machine tool are
normally periodic at four or five times the tooth passing frequency. Forced vibration occurs
when any of these harmonics resonate with machine system and/or work piece natural frequency.
However, this category of vibration can be readily solved while self-excited vibration is a more

problematic issue.

Self-excited vibration, which is also referred as chatter, is a major cause of poor surface finish,

and often limits the material removal rate that can be achieved. During the milling process, the



machine tool leaves a wave like surface due to relative displacement between the tool and the
work-piece, i.e. vibrations. Since previous cutter passes also left a wave surface, the phase shift
between the two waves cause the chip thickness to vary, which can lead to the cutting force
growing if it is oscillating at the chatter frequency. This increasing force produces further
vibrations, and eventually enters full chatter which can leave a poor surface finish. Self-excited
chatter either caused by mode-coupling or regeneration effects. Due to the nature of
mode-coupling, regenerative chatter often occurs earlier than mode-coupling in milling process.

This research mainly focuses on regenerative chatter.

Starting from the principles of regenerative theory, many methods to suppress the chatter have
been developed. In general, industrial milling processes use straightforward set-point control of
speed especially in high speed milling processes. To suppress the onset of chatter, several

methods have been proposed and employed. [YUS 10A] [DUN 05]:

e Increase the effective stiffness of the mechanical components

e Introduce additional damping by adding dampers or reducing cutting speed (low speed
milling),

e Use of cutting tools with variable pitches or with variable helix angles in order to disrupt the

regenerative effect.

However, these established approaches have their short comings. Magnetorheological fluid is a
popular way of changing the mechanical stiffness by varying the magnetic field applied to it.
However, this method is only valid for boring operations [SAT 08] [MEI 09] [MEI 10] [BRE
10]. Most added dampers would have limited application, for particular operations such as a
resonator [OLG 98] [DOH 04] and variable pitch and helix angle method [SHI 96] [BUD 03A]
[BUD 03B] [SIM 08] [TUR 06] [TUR 07] [FAZ 09] [YUS 10B] or risk been contaminated by

the coolant fluid, like piezoelectric actuator [PRA 01] [BRO 97] [ZHA 05].



Many studies have focused on variable speed milling as a potential solution. Variable speed
milling first appeared in the 1970's, having been proposed by Takemura et al. [TAK 74] It has
been demonstrated by many papers [ALT 92] [JAY 00] [SAS 02] [REG 03] [YAN 03] [ZAT 08]
that with low-speed milling, spindle speed variation around a set-point can be very effective in

suppressing chatter.

In 1979, Stoferle and Grab [STO 72] introduced sinusoidal spindle speed variation (S3V), a
technique which is straightforward to implement on a CNC machine. It has been demonstrated
that regenerative chatter can be suppressed in the milling process with an appropriate
combination of amplitude and frequency of speed variation [ALT 92] [STO 72] [LEE 91].
However, despite these advances, variable speed milling still poses challenges in terms of
acceptance in industry, especially for sinusoidal spindle speed variation. The main problem is
the absence of a systematic means to determine the combination of speed variation amplitude

and frequency for a given milling task.

Variable speed operation in high-speed milling can have opposite effect and cause chatter in
what would otherwise be stable operation. [LIN 90] [TSA 93] To overcome this problem,
research has also focussed on energy balance theory. Al-Regib, et al [REG 03] in 2003 proposed
a new method based on varying the spindle speed for minimum energy input to work piece. This
method considered sinusoidal spindle speed variation using a systematic procedure to select the

effective amplitude and frequency for designing a stabilizing spindle speed profile.

In 2009, S. Seguy et al. [SEG 10] recognised that speed variation not only benefits low speed
milling processes but also assists in high-speed milling processes. More specifically, with
variable speed technique, the stability properties such as critical depth of cut can always be
improved. Furthermore, the authors also demonstrated that that amplitude of speed variation has

a greater effect on system stability than frequency.



1.1.5.  Variable speed milling

The underlying principle of variable speed milling for avoiding chatter is to cycle the spindle
speed, such that the regenerative delay is progressively varied in duration. In this way, the
regenerative reinforcement is disturbed, resulting in reduced the self-excited vibrations. During
milling, the spindle speed is modulated around a mean speed [SEG 09] [SEG 10]. In the case
reported in [SEG 09], a triangular modulation was employed with the general form shown in
Figure 5. There are two different approached to modulation, viz. by amplitude and by frequency.
In both cases, performance is limited by the spindle dynamic response abilities [SEG 09].

N [rpm]

A RVA X N,

t[sl
Il | 1 | =

0 T/2 T 372 2T

Figure 5 Typical triangular speed modulation [SEG 09]

For each periodic variation period, T, the spindle has mean value,N,, with amplitude variation,

N,. The shape function of the triangular variation in speed is:

S®)=Sit+7T) (1-1)



Where:

4mod (t,T)

S(t) = T if 0<mod(t,T)<T/2

(1-2)
~3 + 4mod = if T/2<mod(t,T)<T

where mod (t, T) is the modulo function, i.e. the integer remainder of t/T.

By defining RVA = N,/N,, the triangular modulation can be expressed as: [SEG 09]

4 NgRVA

N(t) =

No(1+ RVA) — mod (t,T) if 0<mod(t,T)<T/2
4 NoRVA (1-3)

No(1 — 3RVA) +Tmod (t,T) if T/2<mod(t,T)<T

In the regenerative theory, the time delay between two blades of the cutter is critical in

determining the behaviour.

For a constant spindle speed N,, the time delay is constant:

60

T = (1-4)

mNO

For variable speed milling, the time delay for regenerative vibration is:

t N(s) _ 1
ff—f(f) 60 ds = m (1-5)

Thus, for triangular modulated variable speed milling, the regenerative delay is:

7o(1 = RVA) + =Lmod (t,T) if 0 <mod (t,T) <T/2
() = 4ToRVA . (1-6)
To(1 4+ 3RVA) ——=——mod (t,T) if T/2<mod (t,T)<T
60 60
Define RVF = — = gof and T = =, (1-7)
NoT  Ng f

In conventional variable speed milling, the frequency of the modulation is only 1-2 Hz. The

resulting time delays which are achieved with this method, can be adjusted more readily at low



speed then at high speeds. This limitation of variable speed milling leads to poor performance in

high speed milling.

1.1.6.  Energy balance theory for chatter identification

The basic dynamics of machining process are well established and documented [KHA 13]. In
steady state, a single degree of freedom can represent the key dynamic using the following

equation of motion:
My =F, —Cy — ky (1-8)

During the milling process, the force equation is:

Fy = F;, — de (1-9)
which in turn leads to :
My +Cy +ky =F —Fpy (1-10)

The energy balance equation can be established by straightforward integration:
t . t . t . t . t .
ftlz My ydt + ftlz Cy ydt + ftlz ky ydt = ftleC ydt — ftlz Fpq ydt (1-11)

Since kinetic energy and potential energy are conservative, they can be neglected during the

calculation of net changes in energy.

Hence:

t . t . t .
ftlz E ydt = ftlz cy ydt + ftlz Fpq ydt (1-12)

W, = W, + Wy (1-13)



From this energy based theory, it is possible to suppress the chatter from being initiated either by
reducing the excess energy with better balancing of the force acting on the material and the shear

cutting force or through increasing the system damping though ancillary devices.

In this thesis, unstable operation is defined both in terms of the energy balance and
self-excitation damping ratio [SIM 05]. Figure 6 shows a comparison between stable operation
and unstable operation at 3,000 rpm, conditions which are achieved with depths of cut of 10 mm
and 14 mm respectively. The details of the cutting parameters and milling model will be
presented in the later chapters. The chip thickness under stable cutting follows a well-defined
profile which is governed by the tool geometry and the feed rate. When the cutting is unstable,
the chip thickness profile includes significant disturbances which is caused by vibration of the

tool in the feed direction.

For stable cuts, the tool centre is vibrating asynchronously with the tooth passing frequency and
provides a tight tool centre distribution. While for chatter occurs, the tool vibrations are not
synchronous with the spindle rotation and oscillate around the system natural frequency. This
chatter frequency can be detected from the tool centre vibrations using short time Fourier
transfer once per revolution. More factor which determines whether the operation is deemed
stable or unstable is the accumulated work done by the contact loss. Specifically, whether the
work done by the contact loss is non-zero and increasing the system is deemed to be unstable.
This definition is consistent with the definitions used in [KHA 13] and [SIM 05]. In the case
shown in Figure 6, when the cutting is stable, the accumulated work done by loss of contact
remains to zero, while for unstable cutting, it is clear that this component of work is growing and
hence this point is considered to be unstable. It is important to note that the work associated with
contact loss is much smaller than the other components of work and is plotted on a greatly

expanded scale.
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Figure 6 Comparison between stable and unstable operation at 3,000 rpm

1.2.Thesis layout

The research reported in this thesis is an investigation into the scope for exploiting the full
dynamic response of modern spindle drives to improve milling performance. The research
encompasses machine controls, machine modelling, chatter identification and chatter

suppression strategies.

Chapter 2 describes the development of a system model that encompasses the drive system
model and detailed cutting models. The system model is validated through comparisons with

published simulation results and experimental measurements.

Chapter 3 investigates dynamic performance under three modes of control: standard speed
control, open-loop torque matching and rapid torque modulation. A series of simulations are

discussed which demonstrate the potential to overcome chatter.

Chapter 4 investigates, through a series of simulations, the potential to identify in real-time the
onset of chatter using rotational speed. Studies are performed on both an ideal speed signal and

from a detailed model of incremental encoders.



Chapter 5 draws the various control and monitoring methods together to model the performance
of a system following a complex schedule of operating conditions, including responding to the

detection of chatter.

Chapter 6 summarises key conclusions from the research and describes potential avenues for

future research which build on the findings reported in this thesis.



Chapter 2 - System level model

2.1.Drive system model

Published models of the milling process such as [LEE 91] [OLG 98] [SAS 02] [SIM 08] [MEI
10] [MEB 16] are based on a simplified model of the system which drives the cutting tool. In all
the published cases [ALT 92] [LEE 91] [BUD 03A] [SIM 08] [MEI 10] [BRE 10] [MEB 16],
the drive is modelled as an ideal constant speed drive which is speed-stiff, i.e. the speed does not
fluctuate in response to changes in the load torque applied to the cutter. This is a reasonable
approximation for many aspects of analysis given the good speed regulation achieved by modern
speed controlled drives and the moment of inertia of typical higher power spindles. However,
the research described in this thesis is concerned with interactions in the milli-second range and
hence a higher fidelity model of the drive system is required. This chapter describes a complete
system model, the key elements of which are shown in the top-level block diagram of Figure 7.
The block diagram in Figure 7 is the basic version with a standard closed-loop speed controller,

to which various additional control elements will be added in later chapters.

Controller Model of Physical System

Current A

“|Speed controllerl__y) Plcurrent | oy power electronic oot »| Spindle motor
controller converter model »| electrical model
E/M torque

Speed demand

Peripheral milling
mechanical model

Speed Feedback

Figure 7 Block diagram of basic system model



2.1.1.  Permanent magnet synchronous motor (PMSM)

Although AC induction motors are used in some CNC machining centres, the highest levels of
performance in terms of efficiency and dynamic control are achieved with permanent magnet
synchronous machines (PMSMs). In this thesis, a Siemens1FE series PMSM was selected as
the reference machine design. This is a 11.5 kW machine with a maximum speed rating of

10,000 rpm. A detailed specification of this machine is contained in Appendix A

The instantaneous electromagnetic torque T, produced by a star-connected three phase
permanent-magnet synchronous machine in d-q reference frame is given by well-established

torque equation [LIU 05]:

3 dLg ., dMgq, | dey : ALy . dMgq. | dor ,
Te=5Pn [( Ligg +— g + d(zr: - <P5q) isq + (—ql +—i, + 1+ <psd) lsq](2-l)

dbre ° dbyre dbre °9 " dby dbyre

To maximise the torque produced for a given magnitude of current (and hence loss) it is usual to
control the three-phase stator currents which orients the stator field. Maximum torque is
achieved by aligning that the current with the so-called quadrature or ‘q’ axis while the current
in the direct or ‘d’ axis is regulated to zero. Since the flux linkage due to the permanent magnets
in an idealised PMSM varies sinusoidally with time, then ¢,; =0 and @4 = @, =

constant.

In a well-designed PMSM, this sinusoidal flux distribution can be realised to a high degree of
conformity and in such cases the expression for the electromagnetic torque when the maximum

torque condition is satisfied by appropriate field control can be simplified to:
3 .
Te = Epn(pmlsq (2-2)

The corresponding d- and g-axis voltage equations are given by:



. dis .
Vsq = Rgisq + Ly —;t‘i — weLgisq 03
) di, ) -
Vsq = Rsisq + Lg d—tq + woLgisg + Koy,

Where:
W, = Wy, X P,
Ke = (pm X PTL

The rotational motion expression which gives transient response of the machine is given by:

dom 1
ot =7 T =T, = Bwy) (2-4)
2.1.2.  Servo control system

For applications such as spindle drives for milling machines, servo control is by far the most
widely implemented control method. Three-term PID control is one of the most widely
implemented control structures, although for most industrial machinery, PI controllers are often

sufficient.

In a PI controller, the measured quantity being controlled is compared with the demand to
generate an error signal. The control action is taken by combining contributions which are
proportional to the error and the integral of the error over a prescribed interval. Different control
actions have different effects. The proportional term produces control action which is

proportional to the error:
u(t) = kpe(T) if €min ses €max (2'5)

Where the term e,,;,€max are the control band, the controller is only valid within the control

band. However, since a proportional controller needs an error to produce any control action,



which leads to a so called steady-state error. This shortcoming can be overcome by introducing

integral control action:
u(t) = k; f e(v)de (2-6)

Most machine dynamics problems can be solved by PI controllers. Derivative control action can
be used to refine the control effect by providing an anticipative ability for the control system.
The principal of the derivative controller is to calculate the slope of the error over an interval
and apply a gain k,. The equation (2-8) shows the control law:

de(t)

u(t) =ky at

(2-7)

A representative block-diagram for a PI speed controller is shown in Figure 8.
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Figure 8 Block diagram of a typical PI speed controller

For a typical brushless AC motors in d-q reference frame, the de-coupled current control
schemes for the d- and g-axes are shown in Figure 9. For the g-axis controller, improved

performance is achieved by accounting for the back-emf from the permanent magnet flux.
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Figure 9 d- and g-axis current control block diagrams - d-axis demand of zero is for maximum

torque conditions and non-field weakening. (Source [WAN 2011])

For detailed PI controller turning, please see Appendix B.

2.1.3.  Pulse width modulation (PWM)

The control over the voltage applied to the PMSM is a key requirement for precise servo control.

Except for some very low power drives, the control of output voltage in modern power

converters is achieved almost universally by controlled switching of a DC voltage link rather

than through linear amplifier control. The most widely used method for producing a given

voltage waveform at the converter output are based on so-called pulse width modulation (PWM)

techniques. Several variations of PWM strategies have been developed to achieve different aims

[ZHO 02].
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The basic principles of pulse width modulation to modulate a reference signal are illustrated by
Figure 10. In the case shown a high frequency triangular waveform modulated a sinusoidal

reference waveform signal to produce a pulse train.

2 T T T !

S
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Figure 10 Pulse width modulation of sinusoidal reference signal with triangular carrier

The frequency of the modulation signal, also called PWM frequency, must be much greater than
the fundamental of the reference signal in order to avoid excessive distortion in the output. It is a
convenient rule of thumb the PWM frequency should be at least an order of magnitude higher
than the reference signal. For a 10,000 rpm speed spindle, the PWM frequency is often at least
5000 Hz [SS 08]. Whereas this will lead to some distortion of the current waveform, it is likely
to be adequate for set-point speed control which is reliant on average power delivery. However,
for a highly dynamic control technique, such a low PWM frequency could be problematic. If the
cutter has four flutes and torque needs to be modulated twice for each flute, the PWM frequency
will need to increase up to 30kHz, a value towards the top-end or even beyond the capability of

many industrial drives.
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Space-vector PWM (SVPWM)

Space-vector PWM, has become a favoured PWM method in many three-phase converters. It is
well suited to implementation in microprocessors to compute the duty cycle of the switches

[HOL 92]. A classical Space-vector PWM technique from textbook is presented in [ZHO 02].

Space-vector PWM has eight different switching states. These eight switching states S, ..., S,
are defined by eight voltage vector combinations between U, = [000], ..., U, = [111] as
shown in Figure 11. Voltage vectors FO), 77) are zero vectors while the remaining vectors,

Fl), s Fe) are switching state vectors and all vectors are displayed in Figure 12 shows the

corresponding states of switches in the inverter. For detailed calculation see Appendix C

- A
U, = —U, :
U, = —Us PO, —452(110)
U, = U, i
Us = U, SECTOR 2
Uy=U,=0 b
o SECTOR 3 /_SECT OR}\
Ty/T, ZaN
< AEL) S0(000) FO) B 71) A -
SECTOR 4 SECTOR 6
SECTOR 5
Us )
S5(001) S6(101)
v

Figure 11 The corresponding states of switches in the inverter [ZHO 02]
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Figure 12 Voltage vector space [ZHO 02]

2.2. Time-domain milling model

2.2.1.  Average cutting force model

The most straightforward representation of the cutting process is a simple constant load torque
applied to the spindle drive. Although this is a very simple representation, it may well be
adequate for modelling some aspects of behaviour, e.g. steady-state speed set-points, tuning of
slow response speed controllers, calculation of machine efficiency and/or power consumption,
rating of machines. It is important to recognise that even though the representation of the cutting

load is very simple, the calculation of its magnitude may well be far from straightforward.

2.2.2.  Dynamic modelling of cutting force

In order to investigate the relationship between cutting performance and the spindle control
system it is necessary to establish a high-fidelity model of the cutting process including

instantaneous predictions of dynamic forces on the cutting tool. The overall force exerted on the
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cutting tool can be categorised into cutting forces and process damping forces. For a fixed depth
of cut, the cutting force is proportional to the under-formed chip thickness. The process damping
forces are caused by deformation of the work piece by the cutter [WU 88]. During milling, the
cutter leaves a waved surface finish due to vibrations, process damping force occurs when the

cutter interacts with the waved surface.

In high speed milling, the cutting forces dominate the process damping force and the latter can
often be neglected [KHA 13] [SIM 08] [SIM 05]. Consequently, this research mainly focusses

on the cutting forces in high speed milling process.

2.2.3.  Vibration-free model of the cutting process

The most straightforward cutting models of the peripheral milling process do not account for
vibration of the cutter. This approach assumes that there is no relative displacement between the
cutter and the work-piece and hence the chip formation between successive passes of the cutter
blades remains consistent and defined by the geometry of the cutter and the feed rate. The
vibration free model employed in this thesis is formulated from orthogonal cutting theory,
building on the model presented by Tlusty [TLU 00]. The overall cutting force is formed
through a combination of differential, tangential and radial cutting force components:

dF; = K;t(p)dz (2-8)

dF, = cdF; (2-9)
The key factor in establishing the magnitude of the cutting force is the tangential cutting force
coefficient, K. This is established using the method proposed in [LIU 02] [WU 88] Figure 13
shows a schematic representation of the helical flute edge geometry of a peripheral end milling

cutter. The cutting force is dependent on the under formed chip thickness
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Figure 13 Helical flute edge geometry (Source: [SHA 05])

K, = k;'Rcotpf (2-10)

The calculation of tangential cutting force coefficient is based on the size effect of under formed

chip thickness and the influence of effective rake angle as presented in [SHA 05].

! e— e t
For ki = uy(1— %)(ﬁ)oz (2-11)

Calculation of t(¢)

In the up-milling process, for i" helical tooth of ideal non-vibration model the under formed chip

thickness at position ¢; can be calculated as [SHA 05]:

sin @; ifo<p; <0
(o) = {500 Y O= @ (2-12)

Where f; is feed per tooth per revolution, Q is the cutter radial immersion angle within the
radial depth of cut, and Q = arccos (1 — %), where d is radial depth of cut in peripheral milling

and the position angle is:
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Pi=@+0+(—-1D=  (I<i<m, 05p<1h)

Y is the helix lag angle is determined by:

__bgtanp

=l (2-14)

Substituting (2-14) and (2-15) back into (2-13) and (2-12) yields:

e Ue L
dFy = uo(1 = =50 () *?Rt())cotfdp,
dFTi = CdFti (2-16)

The cutting forces can be resolve into a Cartesian x-y system

For the tangential component of cutting force:

{dFtix = —ks't(¢;)RcotB sin ¢; do;
dFyy, = ks't(@;)Rcotf cos @; dg;

and similarly, for the radial component cutting force:

dF,i = —cks't(p;)Rcotp cos ¢; do;
dF,;y, = —cks't(@)Rcotp sin ¢; do;

Summing these two sets of equations together yields:

dF;, = —ks't(¢;)RcotB(sin ¢; + c cos ¢;)de;
dF;, = kg't(@)Rcotp (cos ¢; — c sin ;) do;

The cutting force applied on entire cutter for i flute is:

{Fix = f;e dFide;
Fy = f:: dF,do;

(2-20)

(2-13)

(2-15)

(2-17)

(2-18)

(2-19)



Where &5 and ¢, are the start and end points angular locations of cutting edge.

For the whole cutting tool with m flutes, the summation of the cutting forces gives:

2-21
Fy =it F ( )

Fx = ﬁlFix
iy

2.2.4. Mathematical model of Peripheral Milling with vibrations

The main difference between this model and idealised vibration free model is the continuous
calculation of a dynamic chip thickness. In the vibration free model in section 2.2.3, the under
formed chip thickness in up-milling is assumed to be constant and hence does not reflect any
displacements during vibration. In order to incorporate vibration into the model, the dynamic
chip thickness calculated from a combination of the current tooth is tip position and the waved
surface of the work piece. The model adopted in this thesis draws on the analysis method
developed in [SIM 05] but has been implemented in a custom SIMULINK function and included
several additional features, i.e. vibration free, errors on the frequency and amplitude. The
detailed calculation is shown in the following sections. (Note: all coordinates are defined in the

global coordinate system)
Calculation of current tooth tip position:

For any instantaneous time-step, the tooth tip position (Scix,Scry) in iy layer can be
calculated from machine tool centre (Sytx, Sory), the angular position ¢; and machine tool

radius 7; as:

{Sctx = Yotx + Tt COS((pi) (2_22)

Scty = Yoty + Tt COS((pi)

Calculation of current work piece wave surface points:

At each time step, the work piece wave surface can be discretised into number of points using

semi-discretized theory. For the current tooth tip position, the two nearest surface points along



the previous wave surface segment geometry are (Ssxq, Ssy0) and (Ssx1, Ssy1). As the surface

wave is left by the tool tooth tip from previous passes, the points on the surface is determined by

the tooth tip position from a previous pass of a tooth. However, is it not necessarily from the

most recent passing tooth pass, e.g. excessive vibration can cause the tooth to jump out of the

work piece and in such a case the wave pattern will be determined from a previous pass of a

cutting tooth. The angular position from previous wave surface points to current tooth centre are:

@0 = tan_l(soty—ssyo
p Sotx—Ssx0

Opy = tan_l(soty_ssyl
P

SOtx_Sle

Calculation of the dynamic chip thickness:

(2-23)

As the chip thickness is distance between current tooth tip position and wave surface segment,

the distance from tool centre to two points on the wave surface 1y, r; needs to be calculated.

The geometry representation of Figure 14 can be used as the basis for the calculation of dynamic

chip thickness.
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Figure 14 Geometry for chip thickness calculation



The expressions for r, and r; are:

{7’0 = \/(Sotx - SsxO)2 + (Soty - SsyO)2 (2_24)
n = \/(Sotx - Ssxl)2 + (Soty - Ssyl)2
6y = |p; —
{ 0 |(pl (Ppol (2_25)
01 = |9 — ¢l
The length of the segment is given by:
lo1 = \/1& + 12 — 21y7c0s (8, + 6;) (2-26)
2,92 _..2
0. = cos~ (R0 (2-27)
27"0[01
Since
Ty = Teq €OS By + lycosB,,
{ TeqgSinfy = lysinf (2-28)
Thus
_ sinfcq 229
Tea = To sinfBycosB.q+cosbysinbcg ( ) )
For calculation of dynamic chip thickness h,
h=r1—1.4 (2-30)

Dynamic cutting force depends on the instantaneous chip thickness formation, since the
thickness is directly related to the current tooth tip position and the waved surface left by the last
cut. The cutting force applied on the cutter then excites vibration in the cutting system, which
yields a small shift in the cutting tool centre. This results in a change in the coordinates of tooth
tip position. As the tooth tip shifts away from its original nominal trajectory, it leaves a

fine-scale wave like surface in the material. When the second cutter engages the material, the



wave like surface and the oscillating cutter generates an uneven cutting force, giving rise to
further vibration. Due to phase shifts in the tool position with successive passes, the vibration

can either be reinforced or diminish with time.

The term ‘chatter’ refers to the case when the vibration builds up in magnitude with successive
tooth passes resulting in a growing and unstable vibrations. The transition between stable and
unstable cutting is influenced by a number of complex interactions and not simply with

increasing rotational speed or material removal rates.

A second order representation is usually deemed adequate to describe the dynamics of the
milling cutter [SIM 05]. Figure 15 shows a block diagram representation of the model

mechanism.
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Second order system

Figure 15 Dynamic model of vibration



2.3.Validation by comparison with published simulations

In the absence of access to an instrumented milling machine in direct support of this research,
the validation of the system model, in particular the cutting model, was initially performed by
comparison with published simulation and experimental results [KHA 13] and [SIM 05]. The
simulations presented in [KHA 13] which form the basis of the comparison are for an up-milling

operation using tool parameters and machine settings listed in Table 1.

Table 1 Tool parameters and machine settings from [KHA 13] for validation

Parameter Value

Cutting tools radius 10 mm

Radial depth of cut 10 mm
Maximum axial depth of cut 20 mm (10 12 14 16 &18 mm)
Number of teeth 4

Feed rate 0.05 mm/tooth
Natural frequency 700 Hz
Stiffness 8x10"N/m
Damping Ratio 0.3%
Tangential cutting coefficient 796.1 N/mm?
Radial cutting coefficient 168.8 N/mm?
Helix angle 0°

Spindle speed 3000 rpm
Iteration per revolution 256 (iters)

This is a tool with straight sided teeth (i.e. no helical twist) and hence there will be intervals
during which there is no tool engagement and hence zero load torque. It is also likely that impact

effects associated with the tool will be more pronounced that is the case for a helical tool.



The model described and deployed in [KHA 13] is based on an idealised speed-stiff drive
system. The authors in [KHA 13] and [SIM 05] employed a fixed-time step of 7.8x1075%¢ in
their simulations. The rationale for selecting this time step duration was not discussed in any

meaningful sense in both papers.

A series of simulations were performed with the model described previously in sections 2.1 and
2.2, for a cutting depth of 10 mm and a nominal rotational speed of 3,000 rpm. These conditions
were used as they provide stable cutting conditions. In the first instance, all simulations were

performed with a fixed time-step of 4x10° s. Two different models were considered:

e A simple speed-stiff input to the cutting model block in order to provide a like-for-like
comparison with the results presented in [KHA 13]

e A model in which the full spindle drive model was used. Parameters of the motor applied
in this research are given in Appendix A. The speed controller bandwidth was set to 314
rad/s (~50 Hz), settings which led to a typical speed fluctuation of +95 rpm during
milling for a set-point of 3,000 rpm. These conditions are near constant speed and hence
provide a reasonable comparison with the speed-stiff results presented in [KHA 13] but

are likely to include additional features introduced by the speed controller.

2.3.1. Simulations for a 10 mm depth of cut at 3000 rpm

Figure 16, Figure 17 and Figure 18 show comparison of cutting forces predicted in [KHA 13]
and those predicted by the two simulation models. There is good agreement in terms of cutting
force peak magnitude torque (3.64 Nm, 3.64 Nm and 3.65 Nm respectively), the corresponding
time variations in chip thickness and the work done to the system. (Note: all the figures are

based on first 20 revolutions)
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Figure 16 Comparison of cutting forces predicted by three models for a nominal rotational speed
of 3000 rpm and a cutting depth of 10 mm (all other parameters as specified in Table 1)
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Figure 17 Comparison of chip thickness predicted by three models for a nominal rotational speed of
3000 rpm and a cutting depth of 10 mm (all other parameters as specified in Table 1)
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Figure 18 Comparison of work done to the system predicted by three models for a nominal
rotational speed of 3000 rpm and a cutting depth of 10 mm (all other parameters as specified in
Table 1)
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2.3.2. Simulations for a 14 mm depth of cut at 3000 rpm

The comparisons in section 2.3.1 are at stable cutting operation with a combination of speed at
3000 rpm and depth of cut at 10 mm. If the cutting depth is increased to 14 mm at the same
speed of 3,000 rpm, then the results in [KHA 13] indicate cutting is unstable. It is stable in that
the vibration predicted in [KHA 13] does not keep increasing to become unstable, but it does
involve some significant vibration. This is evident in the form of the various cutting waveforms.
Figure 19 shows the variation in cutting force for the two speed-stiff models at this new
operating point (the corresponding speed controller waveform is separated out on this occasion).
As will be apparent, the cutting force predicted in [KHA 13] is no longer periodic with
successive blade passes as there are vibration induced effects which are not synchronous with
the blade passing. The cutting force predicted by model described in section 2.2.4, and which is
shown in Figure 19 (b), is good agreement in both form and magnitude with the force variation
from [KHA 13]. It is worth noting that due to absence of periodicity, it was necessary to scan
through the full waveform if cutting force with the speed stiff model to identify the

corresponding interval with that published in [KHA 13].
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Figure 19 Comparison of cutting forces predicted for the two speed stiff models for a
nominal rotational speed of 3000 rpm and a cutting depth of 14 mm (all other parameters as
specified in Table 1)

With a cutting depth of 14 mm, the speed controller with a bandwidth of 314 rad/s eventually
leads to unstable cutting. The evolution of this instability is shown in Figure 20. The first 0.5 sec
involves the spindle machine accelerating up to the reference speed of 3000 rpm with no cutting
action. At 0.5 sec, the cutter begins to engage with the work-pieces. Three zoomed-in
waveforms for intervals A, B and C of Figure 20 are shown in Figure 21. As will be evident
from Figure 21 , the variations of total cutting force at time 0.58 sec, 1.4 sec and 2.602 sec

predicted by the model described in this chapter shows good agreement with those from [KHA

57 / 189



13] in the case of the speed stiff model and reasonable agreement with the speed controller

model. The effect of the speed controller on the chatter building up is neglectable.
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Figure 20 Predicted cutting force for a speed controlled drive (bandwidth of 314 rad/s) for a

nominal rotational speed of 3000 rpm and a cutting depth of 14 mm (all other parameters as
specified in Table 1)
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Figure 21 Close-up of key regions in Figure 20 Predicted cutting force for a speed controlled
drive (bandwidth of 314 rad/s) for a nominal rotational speed of 3000 rpm and a cutting depth of
14 mm (all other parameters as specified in Table 1)
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Figure 22 the dynamic chip thickness at operating time shown in Figure 20 Predicted cutting
force for a speed controlled drive (bandwidth of 314 rad/s) for a nominal rotational speed of
3000 rpm and a cutting depth of 14 mm (all other parameters as specified in Table 1)
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2.4.Validation by comparison with published experimental measurements

Detailed experimental milling trials were reported by Insperger et al in [INS 03]. An
instrumented work-piece mounting plate shown in Figure 23 was used to investigate vibration
behaviour during milling, including assessing stability at a range of rotational speeds and depth
of cut. It is worth noting that although speed measurements were logged, this was based on a

simple once per revolution measurements.

spindle

sensor (1/rev)

3/4" end mill
o 1- Optical
. workpicce Tachometer
- SigLab
displacement )
flexure sensor Sensor
Controller

[

l I
S 2

Figure 23 Schematic representation experimental arrangements used in [INS 03]

(Source [INS 03])

Figure 24 shows the results of stability assessment performed at a series of discrete speeds
between 3,300 rpm and 3,600 rpm and a number of cutting depths between 0.6 mm and 4 mm.
Stable cutting combinations are designated by an ‘o’ while unstable cutting combinations are
denoted by an ‘x’. Also shown in Figure 24 are the theoretical stability lobes predicted in [INS

03].
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Figure 24 Experimental measurements of stability reported by Insperger (Source: [INS 03])

A series of simulations were performed with a speed stiff input into the cutting model described
in section 2.2.4. The cutting parameters extracted from [INS 03] are summarised in Table 2. A
series of simulations were performed at selected speeds that match those used by the authors of
[INS 03]. Table 3 shows a summary of the simulated stability at a series of speeds and depths of
cut alongside the measured indication of stability in [INS 03]. As shown, there is good
agreement between the simulations performed and the measured results reported in [INS 03].
There are a few operating points, shaded in Table 3, in which there are some discrepancy.
However several of these test points, e.g. 3530 rpm are on the transition between stable and

unstable operation.



Table 2 Tool parameters and machine settings from [INS 03] for validation

Parameter Value

Cutting tools radius 9.525 mm
Number of teeth 1

Feed rate 0.1016mm/tooth
Natural frequency 146.8 Hz
Stiffness 2.2x10°N/m
Damping Ratio 0.38%
Tangential cutting coefficient 1.9x108 N/m?
Radial cutting coefficient 1.52x108 N/m?
Helix angle 0°

Table 3 Comparison between stability predicted by the model in section 2.2.4 and measured
stability in [INS 03]

(o — stable, x — unstable)

Speed (rpm) Depth of cut (mm) Stability from Stability
simulations measured in
[INS 03]
1.0 0 0
1.2 0 0
1.4 0 0
3300
1.6 0 X
1.8 X X
2.0 X X
3400 2.0 0 0
2.3 0 0
2.5 X 0
2.7 X 0
2.9 X X




3500 2.0
3520 1.5
2.0
3530 1.1
1.2
2.0
3540 0.5
0.6
0.8
2.0
3550 0.6
2.0
3560 1.0
1.2
1.3
1.4
1.5
3570 1.0
1.4
1.5
2.0
3580 1.4
1.6
3590 1.4
2.0
3600 2.0
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In addition to stability measurements, the performance at three specific points (designated as A, B
and C in Figure 20) were measured. Figure 25 shows a comparison between the vibration at point A
shown in Figure 25 and predicted with a speed-stiff input to the model described in section 2.2.4.
Although the vibration in the predicted waveforms is not growing in magnitude, this combination of
speed, depth of cut and feed rate produce unstable cutting as indicated from the contact loss
accumulated work. The time sequences in Figure 25 have different start-up profiles (not provided in
[INS03]) and hence it is only the vibration beyond 5 sec in the measured data can be compared with

the simulation output. As shown, there is good agreement in terms of the magnitude of vibration.
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Figure 25 Comparison between measured [INS 03] and simulated vibration at a rotational speed
of 3,300 rpm and a depth of cut of 2 mm

2.5.Influence of time-step duration

One important consideration in determining the likely accuracy of a cutting model is the
selection of an appropriate time-step for a given simulation. The authors of [KHA 13] used a
fixed time step of 7.8x107 5 which they deemed to be appropriate, but did not provide
comprehensive evidence to support their assertion of the suitability of the time-step duration
selected. In order to both verify the model and understand the interactions between time step
duration and model performance, a systematic study was undertaken using the model developed

in this section.

Figure 26 shows the influence of simulation time step on the peak cutting force predicted for the
same conditions of a depth of cut at 14 mm for a rotational speed of 3,000 rpm. The peak cutting
force provides an indication of the degree of disturbance to the cutting torque profile and hence

the level of vibration and whether chatter is developing. As shown by Figure 26, time steps
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greater than 20us tend to predict stable cutting, while a time step of less than 10us is required to

capture the full dynamics of the chatter. This is consistent with the selection of 7.8us in [KHA
13].

700

)
=
v
o
7

=)

o

o
»

Y Become stable
550

[
=]
=]

v

PRy SR

Last revolution peak cutting force (N

IS
o
o

400
0 5 10 15 20 25 30
Time Step(s) X207¢

Figure 26 Influence of simulation time step on the peak cutting force at 3000 rpm and 14 mm
depth of cut.

2.6.Calculation of average load torque on machine for different cutting
conditions

The validated cutting model can be used to map the variation of the average cutting torque for a
range of machine speeds and feed rates. As will be apparent from Table 1, the feed rate is
expressed as a traversal distance per tooth, specifically 0.05 mm per tooth for the reference
conditions of Table 1. This is an entirely logical definition in terms the detailed modelling of
chip formation rather than specifying a traversal per unit time. The feed rate in terms of the
advance per second, and hence the material removal rate, is proportional to the rotor speed. By
way of example, at 3,000 rpm and a feed rate of 0.05 mm per tooth, the rate of tool advanced

into the work-piece is 10 mm/s. These simulations were performed with the low bandwidth

speed control (314 rad/s).



Figure 27 shows the variation of the average cutting torque per mm of cut depth as a function of
rotational speed at four different feed rates. As would be expected from the equations (2-8) and
(2-9) in section 2.2.2, as a given feed rate (expressed in mm/tooth) the torque is independent of
the rotational speed while the average torque scales linearly with feed rate. Since these values
were taken for a 1 mm depth of cut, all the conditions were for stable cutting. There are some
very minor variations in the torque at a given feed-rate. The corresponding RMS values are

shown in Figure 28.
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Figure 27 Predicted variation in average cutting torque per mm of cut depth as a function of
rotational speed and feed-rate (feed rate expressed in terms of traversal per tooth passing)
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Figure 28 Predicted variation in rms cutting torque per mm of cut depth as a function of
rotational speed and feed-rate (feed rate expressed in terms of traversal per tooth passing)
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2.7.Influence of the inertia in the drive train system

From the equation (2-4), it is apparent that the inertia of the drive train would affect the result
significantly. Assuming the inertia from the tool holder and other mechanical system is J,,,. The

equation (2-4) then can be rewritten as follows:

dom 1
at  J+Im

(T, — T, — Bwp) (2-31)

Since inertia | is time irrelevant, hence the equation (31) can also be expressed as:

1
J+Jm

Wy =

f(Te — T, — Bwy)dt (2-32)

Assume electromagnetic torque keeps constant at a small-time interval, under the same load
torque characteristics, equation (32) shows the motor speed is inverse to the drive train inertia.
The speed change would then affect the electromagnetic torque. Refer to the motor parameters
from appendix A as an example, Figure 29 shows the peak to peak speed ripple versus drive
train inertia, (scaled proportionally with the motor inertia), load with milling conditions from
Table 1 at 10 mm depth of cut and 3000 rpm cutting speed. Figure 30 shows the peak to peak
torque ripple versus drive train inertia under the same conditions from Figure 29. As the inertia
in the whole drive train increases from 0.0003 kgm?2 to twice the motor inertia, the peak to peak
speed ripple reduces from 96 rpm to 48 rpm. This 50% speed ripple reduction results in 40%
electromagnet torque ripple decrease. However, as the inertia further increases, the reduction of
the speed ripple slows down. The speed ripple of the motor still could be as big as 12 rpm at 8
time the motor inertia. The techniques purposed in this thesis limits the overall inertia of the

drive train within 2 times the motor inertia.
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Figure 29 Peak to peak speed ripple versus drive train inertia with 3000 rpm and 314 rad/s speed
controller bandwidth.
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Figure 30 Peak to peak torque ripple versus drive train inertia with 3000 rpm and 314 rad/s
speed controller bandwidth.

71 / 189



2.8.Stability lobe diagrams

The cutting model can be used to establish a so-called stability lobe diagrams (SLD). This type
of diagram offers a convenient method for mapping the combinations of cut depth and rotational
speed which result in stable operation. It is important to note that an SLD is specific to a
particular tool feed-rate. Figure 31 shows a calculated SLD for the cutting parameters shown
previously in Table 1 for the case of a speed-stiff input to the cutting mechanical model. Regions
above the boundary line correspond to unstable operation while those below gives rise to stable
operation. This type of stability lobe diagram is established by undertaking many simulations
and is a very time-consuming process since each critical depth is established from many iterative
simulations at each speed, i.e. many hundreds of individual simulations may be required

depending on the resolutions of steps used in both speed and depth.

As shown by Figure 31, there are some speeds at which even small cutting depths are prone to
instability for the parameters shown previously in Table 1, e.g. ~5 mm at 4,500 rpm. It is worth
noting many of the depths for which stable cutting is predicted solely from essentially
two-dimensional dynamic considerations may in practice be deeper than the tooth height. This is
illustrated in Figure 31 by the superposition of the maximum 20 mm cutting depth of the tool in
Table 1, a limit set by the height of the cutting teeth. It is also worth noting that many of the
depths encountered results in an average cutting torque that exceeds the rating of the spindle

drive.

Figure 32 shows a close-up of the predicted stability lobe diagram, onto which is superimposed a
series of operating points from [KHA 13] which are denoted as stable and unstable. As shown,

there is good agreement in terms the transition from stable to unstable cutting at this speed.



Depth of cut (mm)

Depth of cut (mm)

140

120

100

80

60

40

Cutting tool depth

m TN

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Speed (RPM)

Figure 31 Predicted stability lobe diagram for cutting parameters

in Table 1 with a speed-stiff input

20

18

® Unstable operating points from [KHA 13]
16

4 Stable operating points from [KHA 13]
14

[
N

=
o

4]

2800 2900 3000 3100 3200 3300 3400 3500
Speed (rpm)

Figure 32 Zoom-in of predicted stability lobe with
corresponding operating points from [KHA 13]

73 / 189



Chapter 3 - Dynamic behaviour with a range of control strategies

3.1.Introduction

Having developed and validated the system model developed in section 2.2, the model was
employed in a series of configurations to explore several aspects of dynamic performance. The
classical feedforward control system with PI controller alone cannot fully reject disturbance
signal while keep a good reference signal tracking. To overcome this problem, the new control
strategies are designed to reject disturbance signal caused by the milling operation, so the PI
controllers can focus on keeping a good reference signal tracking. This chapter investigate the
dynamic behaviour and maximum capability of the servo system and the effects that different
control strategies might have on stability of the cutting process. In this chapter, three alternative

control strategies are considered, in some cases in combination:

® Standard speed control
® Torque balance control

® Modulation of torque by rapid torque reversals

3.2.Standard speed control

3.2.1. Introduction

As noted previously, almost all commercial machine tool spindles operate with set-point speed
control, although often in combination with some ramp rate settings. A block diagram of typical
speed loop structure is shown in Figure 33. There is an outer speed loop which produces a torque
demand for an inner current loop. In commercial spindle drives, the closed loop controllers are
usually tuned quite conservatively with modest response time and therefore are likely to have

little or no influence on the dynamic cutting behaviour. A key motivation in this series of



simulations is to establish whether more highly tuned speed control loops will enhance or
diminish performance and stability, and whether factors such as the PWM nature of the

converter output voltage or the dynamics of the converter current loop have an effect.

Speed Torque Current
Speed Demand error .
Pl Speed Mach
p s achine > Pl Current
C Q controller constant controller
Measured
Speed

Figure 33 Block diagram of the speed controller

In each case, the aim was to demonstrate the intrinsic torque and speed ripple caused by the
PWM behaviour of the converter or the current and speed controller. These simulations provide

some in-depth knowledge of system performance for a typical PI controlled feedback system.

This section presents a series of simulations for three different control set-ups, i.e. open-loop
set-point control and closed loop speed control with both high bandwidth and low bandwidth

controller settings.

The series of simulations performed was based on various controller settings (of the same
structure but with different gains and hence bandwidths) attempting to maintain a set point speed
of 3,000 rpm with 10 mm depth of cut (stable cutting). In the case of SIEMENS SIMODRIVE
611 universal control, the default settings for closed-loop speed control derived from the
operating manual are a speed control bandwidth of 314 rad/s and 50,000 rad/s bandwidth for the

internal current loop



In this series of simulations, the PWM frequency is set at 50 kHz in this first instance. In the
later simulations, presented in section 3.2.8, the influence of PWM frequency on overall
performance is investigated. In order to establish the link between the PI speed controller
bandwidth and the ability of the system to match the torque profile of the cutter in speed control

mode within one cutting cycle, a series of combinations of gains were considered.

3.2.2.  Open loop set-point control

This control strategy is not representative of commercial machine tools but is useful for
predicting the baseline system response in the absence of closed loop speed control. As noted in
section 2.6 , the cutting torque (which is the dominant contributor to the ‘load’ torque of the

machine) varies as a function of cutter feed rate.

A nominal speed of 3000 rpm produced average cutting load torque of 2.08 Nm for a cutter
depth of 10 mm (all cutter parameters are summarised in Table 1). A g-axis current set-point of
3.65A produces an essentially smooth electromagnetic excitation torque of 2.08 Nm which
would balance this cutter torque at a nominal speed of 3000 rpm. In the simulation of this
operating condition, the machine is fed from standstill with a g-axis current demand of 0.57A
(d-axis current regulated to zero) and hence accelerates from standstill up to this balanced torque
speed and then establishes a steady-state operating point for an interval as shown in Figure 34.
However, this is an unstable equilibrium. Since the feed rate of the machine is fixed to nominal
speed, i.e. 0.05 mm per tooth or 10 mm/s at 3000 rpm, then when the speed drops below 3000
rpm the cutting force increases and vice versa. Hence the speed of the machine eventually either

decays until it reaches standstill or increases uncontrollably.
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Figure 34 Transient start-up speed profile for a fixed g-axis demand current of 3.65A
The resulting variations in the electromagnetic and cutting torques are shown in Figure 35 along
with the net accelerating torque that is simply the difference between the smooth applied
electromagnetic torque and the cutting torque. As will be apparent, there is significant
instantaneous mis-match in torque on the timescales of individual tooth passing events. This

results in the speed variations shown in Figure 36.
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——Electromagnetic Torque Te
——Cutting Torque Tcut
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Figure 35 Predicted dynamic torque waveforms for a fixed controller demand torque of 2.08 Nm
at 3000 rpm with a cutting depth of 10 mm
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Figure 36 Simulation speed fluctuations for open-loop set-point control for a speed of 3,000 rpm
and a cutting depth of 10 mm

3.2.3.  Low bandwidth speed controller at 3000 rpm

The first case considered was with the motor running at 3000 rpm for a low bandwidth speed
controller, using the manufacturer default bandwidth settings of 314 rad/s. The bandwidth of the
inner current loop was set to 100,000 rad/s. As noted previously, this speed controller setting
provides good set-point control of speed rather than any meaningful dynamic control, at least
within individual passes of cutting edges. Figure 37 shows the predicted electromagnetic torque
produced by the machine (Te), the load torque on the cutter and the net accelerating torque (Ther).
The resulting variation in the rotational speed is shown in Figure 38. As would be expected
given the 50 Hz bandwidth of the speed controller and the 200 Hz disturbance forces generated
by successive tooth passes, the speed controller does little to modify the torque during each tooth
pass and the tool and motor are exposed to significant torque ripple. However, the moment of
inertia ensures that the resulting speed variation is only ~98 rpm which is small in the context of
the 3,000 rpm set-point. The three-phase currents for the same time interval are shown in Figure

39. As will be apparent, the fluctuations in the I; demand generated by the speed controller



(which mirror the electromagnetic torque variation in Figure 37) cause the currents to fluctuate

in magnitude even though the current is essentially in steady-state.

Torque (Nm)

-4 ——Electromagnetic Torque Te
——Cutting Torque Tcut
——Net Torque Tnet

Time (s)

2.015

2.020

Figure 37 Instantaneous predicted load torque on cutter, electromagnetic torque produced by the
machine and residual acceleration torque at 3,000 rpm for a speed controller with a speed loop
bandwidth of 314 rad/s and torque loop bandwidth of 100,000 rad/s (10 mm depth of cut and

tool parameters from Table 1)
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Figure 38 Instantaneous predicted speed variation around a set-point of 3,000 rpm for a speed
controller with a speed loop bandwidth of 314 rad/s and a torque loop bandwidth of 100,000
rad/s (10 mm depth of cut and tool parameters from Table 1)
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Figure 39 Predicted three-phase currents a set-point of 3,000 rpm for a speed controller with a
speed loop bandwidth of 314 rad/s and a torque loop bandwidth of 100,000 rad/s operating at a
PWM frequency of 50k Hz (10 mm depth of cut and tool parameters from Table 1)
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3.2.4. High bandwidth speed controller at 3000 rpm

Although several intermediate speed controller bandwidths were simulated (the results from
which are summarised later in Table 4), it is useful to consider the case of the highest bandwidth
speed controller in detail. In this case, the control bandwidth for the speed control loop was set

to 50,000 rad/s (corresponds to 16 kHz) and the inner current loop to 100,000 rad/s.

The resulting variation in the various components of torque are shown in Figure 40. In this case,
there is significant modulation of the electromagnetic torque by the controller on the timescales
of individual tooth passes and it is able to reduce the net accelerating torque from that shown
previously in Figure 38 for the low bandwidth controller. This reduces the speed ripple to 5.9
rpm as shown in Figure 41. However, Figure 41 also demonstrates that the controller is unable to
fully counteract the rapid drop in cutting torque as each tooth exits the work-piece. There is a
rapid increase in speed which corresponds to an acceleration of ~6000 rad/s?. This is a
consequence of the use of a straight-edged cutter. A helical cutter would result in a less abrupt

reduction in load torque and even some overlap with the next tooth.

The three-phase currents show an even more pronounced modulation than with a low bandwidth
controller, as would be expected given the I; demand that generates the electromagnetic torque

variation in Figure 42.
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Figure 40 Instantaneous predicted load torque on cutter(Tcu), electromagnetic torque produced
by the machine (Te¢) and residual acceleration torque (Thet) at 3,000 rpm for a speed controller
with a speed loop bandwidth of 50,000 rad/s and a torque loop bandwidth of 100,000 rad/s.
(Depth of cut is 10 mm and tool parameters as listed in Table 1)
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Figure 41 Instantaneous predicted speed variation around a set-point of 3,000 rpm for a speed
controller with a speed loop bandwidth of 50,000 rad/s and a torque loop bandwidth of 100,000
rad/s (Depth of cut is 10 mm and tool parameters as listed in Table 1)
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Figure 42 Predicted three-phase currents a set-point of 3,000 rpm for a speed controller with a
speed loop bandwidth of 314 rad/s and a torque loop bandwidth of 100,000 rad/s operating at a
PWM frequency of 50k Hz (10 mm depth of cut and tool parameters from Table 1)

3.2.5. Low bandwidth speed controller at 10,000 rpm

The preceding results for the low bandwidth speed controller in section 3.2.3 were for a speed of
3,000 rpm and a tooth passing frequency of 200 Hz. In this section, the speed is increased to
10,000 rpm which corresponds to a tooth passing frequency of 667 Hz. It is to be expected that
the low bandwidth speed controller will exert even less influence on the timescales of individual
tooth passing. Figure 43 shows the variation in the electromagnetic torque, the cutting torque
and the net torque while Figure 44 shows the resulting variation in speed. The three-phase motor
currents are shown in Figure 45 from which it is apparent that the level of fluctuations is far
smaller than was the case at 3,000 rpm where the low bandwidth speed controller was able to

exercise more control at the lower tooth passing frequency.
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Figure 43 Predicted steady-state variations in cutting torque, electromagnetic torque and net
accelerating torque at a 10,000 rpm speed demand set-point at a depth of cut of 10 mm for a low
bandwidth speed controller (314 rad/s)
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Figure 44 Steady-state speed fluctuations at 10,000 rpm for a depth of cut of 10 mm and a low
bandwidth speed controller (314 rad/s)
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Figure 45 Three-phase currents at 10,000 rpm for a depth of cut of 10 mm and a low bandwidth
speed controller (314 rad/s) and a PWM frequency of 50 kHz

3.2.6.  High bandwidth speed controller at 10,000 rpm

The same conditions of a 10 mm deep cut at 10,000 rpm were simulated for the case of a high
bandwidth (50,000 rad/s) speed controller. The resulting torques, speed variation and
three-phase currents are shown in Figure 46 Figure 47 and Figure 48 respectively. As would be
expected, although the tooth passing frequency is increased from 50 Hz to 166 Hz compared to
the 3,000 rpm case, the high bandwidth speed controller is still capable of dealing with the
disturbance force caused by the tool cutting into the work-piece, although again it struggles with

the very abrupt drop in torque on the motor when the tooth exits the work-piece.
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Figure 46 Predicted steady-state variations in cutting torque, electromagnetic torque and net
accelerating torque at a 10,000 rpm speed demand set-point at a depth of cut of 10 mm for a high
bandwidth speed controller (50,000 rad/s)
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Figure 47 Steady-state speed fluctuations at 10,000 rpm for a depth of cut of 10 mm and a high
bandwidth speed controller (50,000 rad/s)
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Figure 48 Three-phase currents at 10,000 rpm for a depth of cut of 10 mm and a high bandwidth
speed controller (50,000 rad/s)
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3.2.7. Summary of speed controller performance

The simulation results presented in sections 3.2.3 and 3.2.4 were for a series of speed loop
control bandwidths from 314 rad/s up to 50,000 rad/s. Bandwidths beyond 50,000 rad/s could
not be exploited as the controller saturated in terms of the available DC link voltage. The
resulting variation in torque and speed ripple as a function of speed controller bandwidth is
summarised in Table 4 for the case of a speed demand of 3,000 rpm.

Table 4 Predicted variation in speed ripple and accelerating torque for a range of speed
controller bandwidths for a 10 mm depth of cut at a nominal speed of 3,000 rpm

Speed Standard deviation of
controller Peak-to-peak speed Peak-to-peak magnitude  Peak-to-peak magnitude
bandwidth ripple (RPM) of Thet (Nm) of Thet (Nm)

(rad/s)

50,000 5.92 5.24 0.34
25,000 9.02 4.39 0.39
15,000 14.98 4.37 0.49
10,000 22.36 4.42 0.59
7,500 29.16 4.61 0.68
5,000 40.81 4.62 0.82
2,500 64.86 4.61 1.08

314 98.2 4.24 1.37

As it is apparent from the above table, even with a control bandwidth which is around 30 times
higher than the default setting for commercial spindle drives, the ability of the speed controller
to match the instantaneous cutting torque is limited. An inevitable feature of controlling speed is
the lag between torque fluctuations caused by the cutter and the torque response of the spindle
drive which is attempting to correct the speed error. The resulting speed fluctuations even with

the low bandwidth controller are very small in comparison to the rated speed (30 rpm out of



10,000 rpm which corresponds to ~0.3%) and hence from a set-point control point of view, this

performance would be deemed excellent.

3.2.8.  Influence of PWM frequency on dynamic behaviour

There are several factors to consider when selecting a PWM frequency for a power converter.
On the one hand, it is desirable to have a large separation in frequency between the fundamental
electrical frequency and the PWM frequency, by at least an order of magnitude, in order to
minimise the distortion of the stator current waveform. However, the switching losses in the
power converter increase in direction proportion to the switching frequency. Hence, it is usual to
establish a trade-off between the quality of the waveform and converter efficiency. Other
considerations in a practical drive can include a desire to avoid the audible range (i.e. > 20 kHz),

electromagnetic interference and filter size.

Figure 49 shows the motor current and speed response with 10 kHz, 20 kHz and 50 kHz PWM
frequencies for a depth of cut of 10 mm and a speed demand set-point of 10,000 rpm. The
fundamental frequency of the current at this maximum operating speed for this 6-pole machine
is 500 Hz. As will be apparent, there is some distortion of the current waveform with the 10 kHz
PWM frequency, but as would be expected with the 20:1 frequency difference, the distortion is

small. Figure 50 shows an FFT of the 10 kHz PWM waveform.
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Figure 49 Current waveforms for converter switching frequencies of 10,20 and 50 kHz (10,000 rpm,
10 mm depth of cut with low bandwidth speed controller)
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Figure 50 FFT spectrum of phase current for 10 kHz PWM
3.3.0pen-loop torque matching

3.3.1.  Description of the method

As shown previously in Figure 40 a high bandwidth speed controller (50,000 rad/s) is able to
produce a torque that matches closely the cutting torque in response to speed error. However,
there is a residual mismatch when each cutting tooth exits the work-piece and the cutting force

falls rapidly, events that correspond to the rapid acceleration shown in Figure 38.

An alternative control strategy which can be used in conjunction with a low-bandwidth speed
controller is to match the cutting torque in an open-loop manner with torque generated by a
cutting torque model. This would be added on top of the set-point control torque demanded by
the speed controller. This predicted cutting torque is generated on an open-loop basis solely
from the depth of cut and the instantaneous angular position. The torque is calculated from
vibration-free model presented in section 2.2.3 and hence is only applicable under stable cutting
conditions. This should provide a reasonably well matched cutting torque prediction under

normal stable cutting conditions and minimise the influence of tooth impact. There is no



published literature on the merits of instantaneous torque matching of the cutting force in terms
of managing impact, tool wear or improving stability. Indeed, from a milling point of view there
may be limited value in closely matching torque. It nevertheless provides an interesting case

study in terms of the ability of the spindle drive to achieve very high dynamic response.

A key enabler for this approach is a means of predicting the depth of cut so that the normalised

torque waveform in the controller can be scaled appropriately.

3.3.2.  Depth prediction

The cutting model developed and validated in Chapter 2 which is based on a two-dimensional
model assumes that the torque waveform remains fixed in shape with a magnitude that scales in
linear proportions with the depth of cut. In order to apply a torque waveform to the spindle with
the correct magnitude it is necessary to account for the depth of the cut at that instant. In
principle, once a block of material has been completely traversed, then the CAD system will
have knowledge of the form of the part and hence the cutting depth can be calculated. However,
during initial passes over the stating piece, there is a need to reliably estimate cutting depth in
real time. In order to achieve this without the need for any additional sensors, e.g. a proximity
sensor running ahead of the tool, a method based on monitoring the power consumption of the

motor can be employed.

The net electrical power over one electrical cycle can be readily and reliably calculated in a
practical machine from the measured drive current and voltage. High performance permanent
magnet spindles tend to exhibit high efficiency over much of their operating range (>95% being
common) and hence a reasonable estimate of the mechanical output power could be derived
from simply the electrical input power. However, it is relatively straightforward to account for
copper loss in the machine (although some correction for coil temperature may be necessary).

Iron loss, although more complex, could be accounted for with a rudimentary representation, e.g.



simple loss versus speed relationship based on open-circuit losses. With an estimate of average
mechanical power (which can be updated every electrical cycle if required) then the depth which
yields the correct power balance from the cutter force model can be established. A block

diagram of the depth predicting model is shown in Figure 51.
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average Divide . cutting depth
Subtract | Depth resulation
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data base cutter Divide1 average torque predicted

Figure 51 SIMULINK block diagram of cutting depth predictor

3.3.3.  Simulation results for open-loop torque matching

In order to separate out the effect of the depth predictor and effect of the chatter model. Three

different series of simulations were performed:

e In the most straightforward case, a fixed, known depth was fed into both the vibration
free cutter force model which represents the mechanical load on the cutter and the
vibration free cutter force model which is implemented within the controller to predict the
torque to be added to the spindle demand.

¢ In the second series of simulations, a prescribed depth was set in the vibration-free cutting
force model which represents the mechanical load on the cutter while the value used in

the controller predictive load drew on the predicted depth.
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e In the third series of simulations, the full cutting model which includes vibration
represents the mechanical load while the predictive model within the controller is

unchanged with depth of cut feed in from the depth predictor.

The first two series of simulations, the model was run under different parameters of control
bandwidth, ranging from 314 rad/s to 50,000 rad/s. This series of simulations was performed at a
rotational speed of 10,000 rpm. Figure 52 show the speed ripple and net accelerating torque
between electromagnetic torque and cutting torque with ‘stiff” torque match function at 10,000

rpm at 10 mm depth of cut with both 315 rad/s and 50,000 rad/s band width speed controller.
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Figure 52 Speed ripple and net accelerating torque between electromagnetic torque and cutting

torque with ‘stiff” torque match function

There is a very abrupt reduction in cutting torque when the tool exits the work-piece which the

motor fails to track precisely. The response of the motor is limited by the dynamics of the

current controller. This is due to a combination of the PI controller bandwidth and the maximum

current slew rate which can be achieved given the available maximum converter output voltage,

the back emf and the inductance of the winding. In an attempt to remedy this problem, the

torque match profile was reduced by half an electrical time constant 3x107 ¢ as shown in

Figure 53.
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Figure 53 Modified torque match profile

Table 5 summarise the speed ripple for both a prescribed known depth set in the model and a

depth predicted from the electrical power. As between torque ripple, speed ripple and control

bandwidth.
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Table 5 Torque ripple, speed ripple under different control bandwidth at 3000 rpm with a 10 mm

depth of cut
Speed bandwidth Speed Ripple (RPM) Net accelerating Torque ripple
(rad/s) (Nm)

Predicted Prescribed Predicted depth Prescribed
depth depth (Standard depth/ Standard

deviation) deviation
50,000 2.08 2.08 3.96 (0.17) 3.96 (0.17)
25,000 2.16 2.15 4.25(0.17) 4.23 (0.17)
15,000 2.25 2.23 4.27 (0.17) 4.24 (0.17)
10,000 2.27 2.26 4.28 (0.18) 4.24 (0.17)
7,500 2.35 2.32 4.29 (0.19) 4.26 (0.18)
5,000 2.62 2.58 4.34 (0.22) 4.29 (0.20)
2,500 3.52 3.45 4.37 (0.23) 4.30 (0.20)
314 4.40 4.38 4.37 (0.26) 4.31 (0.20)



Table 6 Torque ripple, speed ripple under different control bandwidth at 10000 rpm with a 10
mm depth of cut

Speed bandwidth Speed Ripple (RPM) Net accelerating Torque ripple
(rad/s) (Nm)
Predicted Prescribed Predicted Prescribed
depth depth depth / depth/
Standard Standard
deviation deviation
50,000 1.5 1.5 3.87/0.25 3.86/0.23
25000 1.6 1.5 3.88/0.25 3.86/0.23
15000 1.6 1.6 3.88/0.25 3.86/0.23
10000 2.01 1.97 4.14/0.26 4.12/0.25
7500 2.03 1.99 4.16/0.27 4.14/0.25
5000 2.07 2.05 4.18/0.27 4.17/0.25
2500 2.18 2.12 4.21/0.27 4.18/0.26
314 2.37 2.3 4.21/0.27 4.18/0.26

Table 5 and Table 6 demonstrates the accuracy on depth predictor, although it should be noted
that the mechanical model which represents the physical system is that same as that used to

predict the depth which results in some inevitable self-consistency.

The key results from a third series of simulations are shown in Figure 54 which shows the
electromagnetic torque ripple, cutting torque and net accelerating torque at 3,000 rpm speed
demand with depth of cut of 10 mm operating with 50,000 rad/s speed control and 100,000 rad/s
current control loop. Figure 55 shows the speed ripple for the same conditions. In comparison,
Figure 56 and Figure 57 below shows the torque ripple and speed ripple at 3,000 rpm speed
demand with depth of cut of 10 mm and operating with a 314 rad/s speed control and 100,000

rad/s current control loop.
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Figure 54 Predicted steady-state variations in cutting torque, electromagnetic torque and net
accelerating torque at a 3,000 rpm speed demand set-point at a depth of cut of 10 mm for a high
bandwidth speed controller (50,000 rad/s)
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Figure 55 Predicted stead-state speed ripple at a 3,000 rpm speed demand set-point at a depth of
cut of 10 mm for a high bandwidth speed controller (50,000 rad/s)
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Figure 56 Predicted steady-state variations in cutting torque, electromagnetic torque and net
accelerating torque at a 3,000 rpm speed demand set-point at a depth of cut of 10 mm for a low
bandwidth speed controller (314 rad/s)
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Figure 57 Predicted stead-state speed ripple at a 3,000 rpm speed demand set-point at a depth of

cut of 10 mm for a low bandwidth speed controller (314 rad/s)

101 / 189



As will be evident from the results shown above, the speed ripple and torque ripple can be
reduced significantly by adding in an open-loop torque match, although the issue of

self-consistency in a ‘perfect’ mechanical representation of the load is recognised.

In order to establish whether torque matching would yield some benefits in terms of reducing
chatter, a large number of simulations were performed with this torque match controller for
speeds between 2,600 rpm and 10,000 rpm. At each discrete speed, the depth of the cut was
increased until chatter was detected. This series of simulations were performed with a speed-stiff
input and did not limit the depth of cut to either the physical height of the cutter teeth (20 mm)
or the maximum torque rating of the machine. The resulting stability lobe diagram for this
torque match is shown in Figure 58 along with the SLD calculated previously for a simple speed
stiff input to the model with no torque match. As shown, there is negligible difference in terms

of stability and hence torque match offers very little in terms of reducing vibration.
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Figure 58 Stability lobe diagram with cutting force predictor
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3.4.Rapid torque modulation

3.4.1.  Description of method

As noted previously, conventional variable-speed milling tends to involve relatively slow
modulation of the spindle speed, with cycles in the range of a second to a few seconds. The
method described in this section involves rapid torque modulation and is intended to achieve
significant changes in speed on the timescales of tens of milliseconds. In order to achieve the
maximum rates of deceleration and acceleration around a set-point, an open-loop square wave
torque demand is added to the torque demand from the speed controller as shown in the block
diagram of Figure 59. The new open-loop torque modulation works in combination with a low
bandwidth closed loop speed controller (314 rad/s) and a model of the cutting force to regulate

the average speed.

Controller Model of Physical System
Speed demand Lb Current A
Speed controller + Current &
. || Plcurrent | Jf Power electronic Surrente Spindle motor
<N controller converter model »| electrical model
Add E/M torque
Instantaneous cutting torque Cutﬁng torque
( predictor
Peripheral milling
< mechanical model
- Pulsed torque
generator
Speed and Angular
position

Figure 59 Block diagram of controller for implementing open-loop square wave torque
modulation with torque match
It is important to note that although the torque pulsations are applied in an open-loop manner,
their magnitude is limited by the operating conditions, specifically in terms of the average
cutting torque. All electrical machines have maximum continuous torque ratings, usually
determined by thermal limits. The maximum magnitude of the square wave torque pulsations

which can be applied are limited by the torque rating and the proportion of the torque rating



which is used to overcome the average cutting force. Figure 60 shows a cycle of torque
modulation which is centred around a net positive torque which matches the average cutting
torque, T,. In order to assist with maintaining the desired speed set point, the modulating torque

has a 50:50 duty cycle such that the acceleration and deceleration introduced by these pulsations

are balanced.
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Figure 60 General form of torque waveforms used to rapidly modulate speed

It is important to recognise that these torque pulsations will inevitably affect the efficiency of the
machine. Many high performance permanent magnet machines achieve efficiencies of 95%+ at
their maximum rated operating point. Since the torque waveform of Figure 60 only contributes a
net torque equal to T,. Providing the power converter has regenerative capability the additional
power consumption of this mode of control is determined only by the losses and not any
additional work done (at least when process damping forces are neglected). It is nevertheless

important to minimise the losses associated with this torque modulation and hence it is useful to
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establish the minimum value of T,, which ensures stable cutting rather than use the maximum

available T,.

As will be apparent from the block diagram, the torque modulation block and the speed
controller operate alongside a cutting torque predictor. The speed controller is in conflict with
the torque modulation function as it attempts to maintain the speed at the set-point while the
torque pulsations are introduced in order to modulate the speed. Clearly, a high bandwidth speed
controller would be more effective in counteracting the effect of the torque pulsations. However,
a modest bandwidth speed controller will tend to yield very poor dynamic response with a high
propensity for instability. Hence, a balance must be struck between ensuring sufficient speed
control action to regulate the average speed while not introducing excessive speed control action
which counteracts the effect of the torque pulsations. Hence, a cutting force model, which
provides an output which should match to a reasonable degree the cutting force, was added into
the control scheme to assist the low-bandwidth speed controller in maintaining the average
set-point speed over an extended timescale. This compensation of the cutting force greatly
enhances the ability of the speed controller to regulate the average speed of the cutter with a

modest bandwidth.

As the cutting torque, T,, increases, the maximum available accelerating and decelerating torque
must be reduced to remain within the maximum thermal rating of the machine. For a given RMS
cutting torque of T, and a rated RMS motor torque of T, the peak flat top, 50:50 duty cycle,
the maximum torque which can be applied to remain within the thermal rating of the machine is

given by:



As noted previously, this is a maximum available T, rather than the value that needs to be used
to achieve stable cutting. The key to minimising the additional losses associated with the torque

modulation is to use the minimum value of T,, which ensures stable cutting.

Rather than specifying the duration of the torque modulating cycle, 7,,, in terms of a time
interval, this study defined 7,, in terms of multiples of the tooth passing intervals. In the case of
the 4 tooth cutter with the parameters shown previously in Table 1, one tooth pass corresponds

to a quarter of a mechanical revolution.

3.4.2. Simulation results

A series of simulations were performed with progressively increasing values of the cycle
duration 7, for the spindle operating at 4500 rpm (all other parameters as specified in Table 1).
A baseline for this new speed point was established for the case of no torque modulation and a
low bandwidth (314 rad/s) speed controller. The depth of cut at which there is an onset of chatter
was determined from the stability lobe diagram shown previously in Figure 31. For this speed
and tool parameter combination, the maximum depth of cut is only 5 mm. As will be apparent

from the stability lobe diagram, this is one of the most challenging speeds in terms of stability.

A large number of simulations were performed to quantify the benefits of torque modulation. At
a given depth of cut and a given value of 7,,, the magnitude of T,, was progressively increased
in increments of 1 Nm until stable cutting was achieved. For these simulations, the torque was
not hard limited in the simulations to the maximum available value T, i.e. torques greater than
the rated torque of the machine was allowed at the largest cutting depth to explore the behaviour,

although it was recognised that this may not be achievable in practice.

Figure 61 to Figure 64 show the variation in the minimum value of T, required to achieve

stable cutting and a feed rate of 0.05 mm/tooth for values of 7,, between 4 and 16 tooth passes.

Also shown in the characteristics is the limiting contour of T, calculated from the cutting



torque per mm of cut depth shown previously in Figure 27 and equation (3-1). As would be
expected, the available modulation torque decreases with cutting depth because of the increased

cutting torque required.

As will be apparent, for all values of 7,,, there is a significant increase in the cutting depth
compared to the standard speed controller with no torque modulation. Only the very short

duration 7,, which corresponds to 4 tooth passes, is unable to reach the full tool cutting depth

of 20 mm (limited by length of the teeth).
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Figure 61 Variation in minimum T, to achieve stable cutting at 4,500 rpm at a series of cutting
depths and a modulation cycle duration, t,,, of 4 tooth passes
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Figure 62 Variation in minimum T, to achieve stable cutting at 4,500 rpm at a series of cutting
depths and a modulation cycle duration, t,,, of 8 tooth passes
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Figure 63 Variation in minimum T, to achieve stable cutting at 4,500 rpm at a series of cutting
depths and a modulation cycle duration, t,,, of 12 tooth passes
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Figure 64 Variation in minimum T, to achieve stable cutting at 4,500 rpm at a series of cutting
depths and a modulation cycle duration, t,,, of 16 tooth passes

Table 7 shows a summary of the variation in the critical cutting depths at 4,500 rpm which are at

the limit of stability as a function of 7,, along with the minimum value of T, required and the

maximum and minimum speeds achieved during the simulations.

As will be apparent, all the combinations in Table 7 result in an increased critical depth
compared to the original baseline condition of no torque modulation in which the critical depth
was only 5.5 mm. It is also apparent, that there are joint optima on this resolution, with value of
T, Which corresponds to 12 or 16 tooth pass intervals and frequencies of 25 Hz and 18.7 Hz
respectively. Finally, it is interesting to observe that for the longer duration pulses, the speed
controller begins to exercise increasing control over the speed, limiting the speed excursion to
less than would be expected from the relative durations of the acceleration and deceleration

intervals.
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Table 7 Predicted variation of critical cutting depth with duration of torque modulating pulses

Number . . Speed .
Calculated | Maximum Minimum Critical
of tooth change
T, (mS) . torque T, speed speed depth of
passes in (pk-to-pk
(Nm) (rpm) (rpm) cut (mm)
(i rpm)
6.67 2 11 5100 3938 1162 7
13.34 4 8 5241 3754 1487 12
26.68 8 6 5372 3622 1750 16
40.02 12 5 5359 3642 1717 18
53.36 16 5 5393 3612 1781 18
66.70 20 6 5580 3413 2167 16
80.04 24 6 5604 3395 2209 16

* - Based on thermal rating and equation

Regardless of the speed controller action, this open-loop torque modulation still results in very

large speed changes which are centered around the steady-state set-point speed.

Of all the cases considered a 7, value of ~40ms (corresponding to 12 and 16 tooth passes)
results in the maximum critical cutting depth, with a near four-fold increase in the depth of cut
compared to a standard speed set-point controller. At this depth of cut, operated within the

machine’s thermal rating, the pulsed torque waveform with minimum 7,, of 5 Nm.

Figure 65 to Figure 68 show a series of time variations for key quantities in the model for the
case of the optimal cycle duration of 12 tooth passes at a cutting depth of 18 mm. As will be
apparent from the rotational speed waveform of Figure 65, the deceleration element of the
modulating torque pulse train results in a large transient drop in speed at the tool engages the
work-piece. However, once this initial transient is overcome, the speed settles into a steady cycle

between ~3600 rpm and ~5400 rpm.
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Figure 65 Predicted rotational speed of machine for 1, = 40.02 ms, T,, = 5Nm and cutting
depth of 18 mm at 4500 rpm spindle speed
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Figure 66 Predicted cutting torque waveform for 1, = 40.02 ms, T,, = 5Nm and cutting depth
of 18 mm at 4500 rpm spindle speed
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Figure 67 Predicted chip thickness waveform for T, = 40.02ms, T,, = 5Nm and cutting depth
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Figure 68 Predicted displacement in the direction of feed for 1, = 40.02 ms, T, = 5Nm and

cutting depth of 18 mm at 4500 rpm spindle speed
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It is interesting in terms of understanding the role of the torque modulation to consider an
unstable case which leads to chatter in the same detail. This can be achieved by considering the
case of the same speed controller (bandwidth 314 rad/s) at 4,500 rpm with no torque modulation

and the same cutting depth of 18 mm.

Figure 69 shows the variation in rotational speed over a 3s interval, which includes the initial
acceleration ramp to 4500 rpm followed by engagement of the tool with the work-piece at 0.5
sec. As will be apparent this engagement results in a marked speed drop which the speed
controller recovers over a period of ~0.4 sec. As will be apparent from the cutting torque
waveform in Figure 71 and the corresponding variation in chip thickness in Figure 72, there is
significant chatter with increasing mismatch between the applied electromagnetic torque and the
cutting torque. This leads to the growing speed fluctuations between 1 sec and 1.5 sec in Figure

69. Eventually at ~1.7 sec there is a significant increase in rotational speed

5000

1000

0.0 0.5 1.0 15 20 25 3.0
Time (s)

Figure 69 Predicted rotational speed of machine for a standard set-point speed control (314 rad/s
controller) at a depth of 18 mm and a 4500 rpm spindle speed
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Figure 70 Predicted electromagnetic torque output for a standard set-point speed control (314
rad/s controller) at a depth of 18 mm and a 4500 rpm spindle speed
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Figure 71 Predicted cutting torque waveform for a standard set-point speed control (314 rad/s
controller) at a depth of 18 mm and a 4500 rpm spindle speed
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Figure 72 Predicted chip thickness variation for a standard set-point speed control (314 rad/s
controller) at a depth of 18 mm and a 4500 rpm spindle speed
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Figure 73 Predicted variation in displacement in the feed direction for a standard set-point speed
control (314 rad/s controller) at a depth of 18 mm and a 4500 rpm spindle speed
The waveforms in Figure 69 to Figure 73 show typical behaviour with chatter, recalling that the

critical depth for a standard speed controller at this speed and feed rate is only 5.5 mm and hence
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a cutting depth of 18 mm is well beyond the point at which chatter is problematic. The cutting
torque waveform of Figure 71 shows a progressive increase in torque after 0.8 sec as the
vibration builds up as shown in Figure 73. However, at ~1.75 sec, the vibration suddenly drops
and the cutting shows signs of approaching stability. However, this is short-lived and the
vibration and cutting torque begins to grow once more. In order to understand this behaviour, it

is useful to consider a few key factors.

e The feed rate is fixed throughout the simulation at a rate that is equivalent to 0.05
mm/tooth for the nominal speed of 4,500 rpm. This corresponds to a 15 mm/s and this
feed rate does not vary as the speed changes around the nominal speed during the
simulation. As a consequence of this constant feed rate with respect to time, a speed
above the nominal set-point results in a reduced feed rate in terms of mm/tooth. This
lower feed rate per tooth is likely to assist in maintaining stable cutting.

e As the speed changes, the system moves along the SLD shown previously in Figure 31,
although the varying feed rate caused by speed changes will modify the SLD to some
degree. At the nominal speed of 4,500 rpm the SLD indicates a critical depth of 5.5 mm.
However, at 5,700 rpm, which is the maximum speed achieved in this series of
simulations, the critical depth on the SLD increases to ~115 mm (which is a theoretical

value given that the height of the cutter is only 20 mm).

The combined effect of these two factors is that for speed increases above the nominal set-point,
there will a tendency for the cutting to become more stable. A zoom-in of the speed variation
between 1.7 sec and 2.0 sec is shown in Figure 74 while Figure 75 shows the corresponding

variation in the cutting force.
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Figure 74 Zoom-in of predicted rotational speed of machine for a standard set-point speed
control (314 rad/s controller) at a depth of 18 mm and a 4500 rpm spindle speed
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Figure 75 Predicted cutting force between 1.7 sec and 2.0 sec for a standard set-point speed
control (314 rad/s controller) at a depth of 18 mm and a 4500 rpm spindle speed
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3.4.3. Comparison with standard variable-speed milling

Another useful reference case is to employ more standard variable speed milling approach using
the guidelines described in [KHA 13] [JAY 00] [SAS 02]. For this case, no torque modulation
was applied, but the demand to the speed controller was cycled as shown in Figure 77. Hence,
the dynamics of the speed controller also come into play. Figure 76 shows the block diagram of
a system for standard variable speed milling. This was deemed a more realistic representation
than forcing the speed profile directly into the cutting model. The demand speed variation
corresponds to £10% from the nominal 4,500 rpm set-point with a cycle frequency of 1 Hz. The
depth of cut was progressively increased until chatter was observed. The resulting critical depth
of cut at which the system remains just stable with conventional approach to variable speed

milling is only 7 mm, i.e. an increase of only 2 mm compared to fixed speed demand.

Controller Model of Physical System
Pa— d CurrentA
eed deman > e <
i Speed controller__y| Pl current Lyl Power electronic Caranro——»]|  Spindle motor
controller converter model p| electrical model
o ‘/\/\ E/M torque

Peripheral milling
mechanical model
J

Speed Feedback

Figure 76 Block diagram of system used for standard variable-speed milling
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Figure 77 Demand speed profile used in simulation of conventional variable-speed milling

The resulting variations in some key time-varying quantities for the critical depth of cut are

shown in Figure 78 to Figure §2.
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Figure 78 Predicted rotational speed of machine with standard variable speed milling with the
demand speed profile of Figure 77 (314 rad/s controller) at a depth of7 mm and a 4500 rpm
spindle speed
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Figure 79 Predicted speed controller torque output for standard variable speed milling with the

demand speed
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Figure 80 Predicted cutting torque waveform for standard variable speed milling with the
demand speed profile of Figure 77 (314 rad/s controller) at a depth of 7 mm and a 4500 rpm

spindle speed
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Figure 81 Predicted chip thickness variation for standard variable speed milling with the demand
speed profile of Figure 77 (314 rad/s controller) at a depth of 7 mm and a 4500 rpm spindle
speed
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Figure 82 Predicted variation in displacement in the feed direction for standard variable speed
milling with the demand speed profile of Figure 77 (314 rad/s controller) at a depth of 7 mm and
a 4500 rpm spindle speed

121 / 189



The simulations were repeated for a total of five additional combinations of magnitude (£10%,
+15% and £20%) and frequency of triangular modulation of the speed demand (1 Hz and 2 Hz),
in all cases the nominal speed of 4,500 rpm. Table 8 shows a summary of the resulting critical
cutting depths for these five combinations along with the earlier 1 Hz, £10%, combination. As
will be evident, there is a modest benefit of increased critical cutting depth from increasing the
frequency but a reduction in critical depth with increased magnitude of speed modulation.
However, in all cases the critical cutting depths are far smaller than predicted for the rapid
torque modulation.

Table 8 Summary of critical cutting depths for triangular modulation of speed for a nominal
speed demand of 4,500 rpm

Speed | Critical cutting depth for 1 Hz | Critical cutting depth for 2 Hz
variation modulation (mm) modulation (mm)

+10% 7 8

+15% 6 7

+20% 6 6

This series of simulations has demonstrated that rapid torque modulation offers a significant
improvement in avoiding chatter as the material removal rate is increased compared to the more
standard approach to variable-speed milling. This is achieved well within the torque capability
of the machine, although there is inevitably an increase in machine copper loss. Finally, it is
worth recalling that at the critical depth, although the cutting is stable according to the work
done by the loss of contact, there may still be excessive vibration if a high-quality surface finish

is required.



Chapter 4 - Real-time chatter detection

4.1.Introduction

To maximise the material removal rate, it is necessary to operate the cutter at the maximum
possible depth and feed rate while also avoiding chatter. One means of achieving this optimal
performance is to continuously monitor the cutting process to detect the onset of chatter, at
which point remedial action can be taken to avoid the build-up of chatter, e.g. reduce the feed
rate and/or change the spindle speed [TEK 05]. There are many possible means of detecting
chatter such as monitoring of acoustic emissions [WEC 75] [DEL 92] [SCH 01] [SCH 02] [WEI
06], direct measurement of vibration [HAS 96] [RVA 98] and multisensory approaches to
detection chatter [FAA 03] [KUL 08] [KUL 09]. It is desirable that any method for detecting

chatter in real-time satisfies the following criteria:

1. Minimum influence on overall system stiffness.
2. Minimum or no change to milling machine structure.
3. Robust to changes in cutting conditions.

4. Mechanically and environmentally robust system

This chapter will first investigate existing methods for real-time chatter detection. After
comparing all the various methods published in literature, a new method for real-time in-process

chatter detection based on detecting changes in speed will be presented.

On-line chatter detection has attracted significant interest as a research topic in recent years.
Although a stability lobe diagram (SLD) provides some valuable a-priori guidance, it is specific
to a combination of cutting parameters which may well vary during the manufacture of a

component. The cutting parameters such as cutting coefficient, structural damping ratio and



natural frequency are all likely to vary during the milling process. In an attempt to address these

limitations, this chapter discusses the potential for real-time chatter detection.
4.2.Review of methods for real-time chatter identification

Several methods for detecting the onset of chatter have been reported, and in all cases, chatter
detection is achieved through the introduction of an additional sensor. Amongst the sensors that
have been reported are microphones [DEL 92], accelerometers [DIM 00], laser displacement
sensors [RVA 98] [GRA 05], eddy current gap sensor [DEV 07], and dynamometers [TAN 12]
[ISM 97].

The monitoring of changes in the acoustic emissions with microphones during cutting provides a
practical method of detecting the onset chatter during milling process [DEL 92]. According to
the findings in [DEL 92], microphones can be set-up to be sensitive to chatter onset. However,
microphones also have limitations, including modest frequency response (typically as low as
1000 Hz in 1992’s while chatter frequencies can be up to 5000 Hz) and a potential for false

triggering due to external acoustic disturbances.

Riviere et al. [RIV 06] improved this method by integrating the microphone itself into the tool
holder which make it more immune to external disturbances, but this did not resolve the
problems of modest frequency response. D.E. Dimlaet al. [DIM 00] and F.Ismael et al. [ISM 97]
employed accelerometers and plate dynamometers to measure vibrations caused during milling,
but this is a complex arrangement that does not lend itself to widespread adoption in production

machines.

M. Hashimoto et al. [HAS 96] and A. Devillez et al. [DEV 07] investigated eddy current
displacement sensors while O. Ryabov [RVA 98] and J. Gradisek [GRA 05] considered laser
displacement sensor. In both cases, the aim was to monitor displacement of the tool relative to

some datum as a means of tracking vibration. E. Kuljanic et al. [KUL 08] considered a



multi-sensor approach for chatter detection to increase the effectiveness and robustness of the
detection. Although some of these studies reported promising results, they were all based on the
introduction of bespoke sensors into a very harsh environment local to the cutting tool, in which

coolant or swarf may be present

For the various signal sources reported in literature, four signal processing method have been
employed to extract key information: Fast Fourier transform (FFT), power spectral density
(PSD), wavelet transform (WT), and Pattern recognition. Although interest has been focused on
wavelet transform due to its ability to extract information in both the time domain and frequency
domains. [CHO 03] [YAO 10] [WAN 09], it can only be readily applied when the chatter
frequency is known in advance. With an unknown chatter frequency, wavelet methods have
difficulty in determining both mother wavelet function and sufficient number of levels of
decomposition. In the case of pattern recognition algorithms, these have two very significant
problems, in that it either requires long learning or adaptation before being deployed and

moreover it cannot identify the chatter frequency [TAN 12].

The limitation of classical Fourier Transform and power spectrum density analysis is that these
methods can only identify the chatter frequency when regenerative chatter has occurred [13]. To
reduce the effect of this retrospective approach, the use of short time Fourier transform (STFT)
has been proposed. The essence of STFT is to create a short duration ‘window’ in which the
Fourier transform analysis is performed rather than on the entire data set. To apply this method,

the sampling frequency and time length of the ‘window’ need to be carefully considered.

In this chapter, a novel chatter detection method based on identifying small variations in

rotational speed is developed using an STFT algorithm.



4.3.Utilisation of measured rotational speed for chatter detection

A key element for the servo control of a spindle machine is the speed feedback loop, which is
usually reliant on a speed sensor that is sufficiently precise to provide high fidelity position and
speed data for the system controller. The onset of chatter will change the nature of the cutting
force on the tool, which will result in a change in the instantaneous torque mismatch between the
spindle machine and the load and hence intervals of acceleration / deceleration. The closed loop
speed controller will try to correct these speed fluctuations, but is unlikely to fully suppress
higher frequency speed fluctuations, particularly if the speed controller has a modest bandwidth
compared to the frequency of the speed variation caused by chatter. In principle, the detection of
changes in speed fluctuations provides a means of detecting chatter, e.g. by tracking the growth
of a frequency in the spectrum of the speed signal. In many regards, a high-resolution speed

sensor provides a convenient and practical means of detecting chatter:

e  The method does not require additional sensors - although a higher performance
replacement position/speed sensor than a standard sensor may need to be fitted

e  No modifications required to spindle machine, tool-holder or work-piece base-plate. There
will therefore more robust and do not require additional information

e  Well established mechanistic analysis of dynamics of both motor rotational speed and

milling process.

When chatter occurs, the average cutting torque tends to increase in magnitude at the chip

thicknesses.

The classical equation of rotational motion for a non-salient PMSM machine is:

w, = %f(Te — T, — Bw,y,)dt (4-1)

while the electromagnetic torque generated by the motor is given by:



Te = Kiigq (4-2)

where K, is the machine constant.

Due to the nature of servo control system, the Fourier expansion of T, consists of two elements:

slow reacting PI controller C,;4(t) and very high PWM switching frequency f;,,:
To(t) = Cpig(t) + X2, Pre?™kfout (4-3)

where N, is the harmonic number for switching frequency. Pj is the amplitude of the

harmonic.

Since in idealized machining process, the load torque T; is equal to:

T on stable

— c .
T= {TC + Tenatter on chatter (4-4)

The cutting torque T, is generated by cutting force F, applied on the machine tool. As
established in (4-3), and take periodic rectangular function from(4-4) into account, Fourier
expansion of F,(t), the total force acted on the motor shaft, consists of three parts: tooth passing

frequency fipqss, chatter frequency  fepgerer, and white noise (e.g. noise in sensor) :

_ vVtpass 27jk t N, 27 k t
F() = )72 Aetast 4 3N | [Biror onatorifpas)t 1

B;e27Tj(—fchatter_kftpaSS)t] + W(t) (4-5)

where A, and Bj are amplitudes for the harmonic of cutting reaction and chatter reaction.
Nipass and N, are the harmonic numbers. In practice, only limited order of harmonics are
considered, because of the 90% of the energy are distributed in the first 3 harmonics [TES 05],

hence higher orders of harmonics can neglected.



By combining (4-3) and (4-4) and substituting into (4-5), the Fourier expansion of the rotational

speed can be rewritten as:

_ v : ' Nt ik N 2mj k
Wy, = kS=MI/VSW Ktlsqu”kaswt + Zk=p1\‘ll:;ass AkeZ”J ftpasst + ZkC=NC [Bl‘:e ”](fchatter"’ ftpass)t +
B;ezn'j(_fchatter_kftpass)t] + W(t) + Cpid (t) (4_6)

This equation reveals the spindle speed contains five potential sources of information:

High frequency and small motion changes due PWM switching frequency

e  Periodic motion reaction on the shaft due the normal machining process

e  Motion disturbance due to the regenerative effect in machining

e  Motion change due to speed controller trying to maintain the commanded speed

e  White noise due to the measuring system

Although the method proposed in this chapter deals with the full spectrum of the speed signal, it
is useful to consider the contributions from the five terms in equation (4-6). Around the
frequencies of interest, i.e. those associated with the dominant mechanical dynamics of the
system, the first term associated with PWM disturbance will be very low in comparison to the
remaining terms. Under nominal steady-state speed conditions, the disturbance from PI speed
controller will tend to modest and, in the case of the speed controller with a bandwidth of 314
rad/s, will tend to exert the majority of its control action below 50 Hz. When the machining
process is stable, i.e. no chatter, then the spindle load force will be dominated by the normal
cutting force. As the chatter starts to build up, the regenerative element will start to build up and

eventually dominate the total force unless some reactive action is taken.

The thesis employed short time Fourier transform (STFT) to analysis the instantaneous signals
during the milling process. STFT is a form of Fourier transform used to analysis the frequency

and amplitude of a signal as it changes over time [SEJ 09]. Hence short time Fourier transform is



well-suited to producing a moving spectrum of speed during the milling operation. To achieve a
useful resolution of STFT, a once per revolution sampling strategy (OPRS) strategy was

employed.

To analyse a signal using STFT, requires the specification of a sampling frequency. The length
of the data set, and the overall sampling frequency sets the resulting resolution of the spectrum.
As an example, if the sampling frequency is at 25 kHz, and the data length at 2048 points, then

the resolution of the frequency is 25 kHz/2048 = 12.21 Hz per data point.
4.4.Simulation and results

To explore the speed disturbances which result from chatter, a simulation of a representative
unstable cutting was performed. A particular focus is the frequency spectrum of the speed
variation. In this first series of simulations, a ‘perfect’ speed signal was used, i.e. the continuous
variable within the SIMULINK model that is used for all the mechanical elements.
Representations of a system with a more realistic speed signal is described in later in this chapter.
The simulations employed in this chapter use the same reference set of cutting parameters that
used throughout this thesis, and which were shown previously in Table 1. In the first series of
simulations, the low bandwidth speed controller (i.e. bandwidth of 314 rad/s) was used. This
low-bandwidth speed controller was chosen as it is less likely to correct the higher frequency

speed fluctuations caused by chatter and hence mask the signal of interest.

4.4.1. Low bandwidth speed controller

The first simulation performed was for the operating point with a rotational speed of 3,000 rpm
and a depth of cut of 14 mm, conditions that are known to give rise to chatter and instability with
both an ideal speed stiff input and a standard speed controller. The speed demand profile
consisted of a start from standstill, acceleration up to the demand speed of 3,000 rpm, followed

by engagement of the tool with work-piece at 0.5 sec. The simulation was then run for a further



2.5 sec to allow sufficient time for the chatter to fully develop. Figure 83 shows the variation in
the rotational speed during the simulation. The initial ramp up from standstill to the set-point
results in a small overshoot which settles. When the tool engages, there is an abrupt drop in
speed which the speed controller gradually corrects over ~0.4 sec. Also, apparent in the speed
profile is a gradual growth in the speed variation, which is indicative of chatter. However, it is
useful to note that the magnitude of this speed variation is smaller than the disturbance which
occurs when the tool engages with the work-piece and hence simply measuring deviations from

the demand speed is unlikely to provide a robust indication of chatter.

At this speed, the tooth passing frequency is 200 Hz. Figure 84 shows the speed variation during
the interval 2.00 sec to 2.02 sec. The dominant variation in speed is at the tooth passing
frequency of 200 Hz, with some smaller variations at higher frequency. In the speed variation in
the later interval between 2.5 sec and 2.52 sec which is shown in Figure 85, this 200 Hz
variation is still very evident but the influence of the higher frequency variation from the

growing chatter are more apparent.

The corresponding variation if the electromagnetic torque produced by the machine is shown in
Figure 86. As will be apparent, there is a much greater change in the electromagnetic torque
required to regulate the speed than a change in speed. However, the direct measurement of
torque is both challenging and likely to require significant modification to the mechanical
structure of the machine. There is an option to monitor the trend in the g-axis current, which
would simply be a scaled version the torque waveform. Almost all power converters, at least
those that have current control capability, have some form of built-in current sensor and hence
establishing g-axis current from measured phase currents is straightforward. However, tracking
the magnitude of the g-axis current may not be a robust indicator of chatter under all conditions

since for example, a change in cutting depth.
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Figure 83 Predicted speed variation during simulation for a cutting depth of 14 mm at a nominal
demand set-point of 3000 rpm with a 314 rad/s bandwidth speed controller (tool and cutting
parameters as Table 1)
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Figure 84 Close up view of interval between 2.0 sec and 2.02 sec
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Figure 85 Close up view of interval between 2.50 sec and 2.52 sec
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Figure 86 Predicted electromagnetic torque variation during simulation for a cutting depth of 14

mm at a nominal speed set-point of 3000 rpm with a low bandwidth speed controller (314 rad/s)
-tool and cutting parameters as Table 1
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Figure 87 Predicted displacement in the direction of feed for a cutting depth of 14 mm at a
nominal speed set-point of 3000 rpm with a low bandwidth speed controller (314 rad/s) - tool
and cutting parameters as Table 1

In order to explore the information with the measured speed signal, a Fourier analysis was
employed, more specifically an STFT method which was introduced earlier in this chapter. In
chapter 3, it was noted that the typical time taken for chatter to build up is at least 5 to 10 tooth
passes. Figure 88 shows the time evolution of a STFT of the speed over time. There is an initial
low frequency component which relates to the dip in speed which occurs as the tool first engages

with the work-piece.
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Figure 88 Evolution of the short-time Fourier transform of the speed - cutting depth of 14 mm at
a nominal speed set-point of 3000 rpm (tool and cutting parameters as Table 1)

As will be apparent, when the tool is cutting, and the initial speed dip has been recovered, i.e.

after 1 sec or so, there are several notable harmonics. These harmonics are summarised in Table

10. As will be apparent, the most significant harmonic in terms of magnitude is associated with

the tooth passing frequency and the impact of the straight edged-tool with the work-piece.

The key to detecting of chatter is a reliable method for identifying from the STFT spectrum the
main chatter frequency and detecting that it is growing in magnitude. In order to assess whether
there is any variation in chatter frequency with rotational speed, a series of simulations was
undertaken for a series of speeds between 3,000 rpm and 10,000 rpm. For each speed, it was
necessary to use a depth of cut that resulted in chatter. This selection was undertaken using the
SLD for these cutting conditions shown previously in Figure 31. In two cases (4,000 rpm and
6,000 rpm) the depth of cut required to ensure chatter is much greater than the depth of the

cutting tool, would require a torque that is greater than the capability of the machine and a
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voltage that is higher than the maximum converter. Hence, chatter at these speeds could not be

initiated within the constraints of the system.

Table 9 shows the chatter frequency identified from the resulting STFTs for the remaining
speeds, with a frequency resolution of 12.2 Hz. As shown Table 1, the chatter frequency
(underlined) remains more or less constant over this range of speeds.

Table 9 Influence of rotational speed on chatter frequency for low bandwidth speed controller
(cutting parameters as per Table 1). Main chatter frequency underlined.

Rotational | Depth of cut Nominal Components in spectra (Hz)
speed simulated* | tooth passing | Tooth passing and Others
(rpm) (mm) frequency multiples (Hz)

(Hz)
3,000 14 200 195, 403, 598 98, 293, 488, 684
4,000 38 Depth of cut required exceeds system capability
5,000 7 333 330, 659 73¢.,366, 696
6,000 93 Depth of cut required exceeds system capability
7,000 20 467 476 232,671
8,000 8 533 537 171, 696
9,000 8 600 598 110,696
10,000 14 667 659 37,696

* Selected to ensure unstable cutting - values greater than 20 mm exceed tool depth
¢ - Magnitude only 0.43 rad/s.
For speeds above 6,000 rpm there are only three components which exceed the threshold of a
magnitude of 0.5 rad/s or at the time where the regenerative effect is fully developed. Taking
8,000 rpm as an example, and recalling that the exact frequencies have a resolution of +£12 Hz,

the following components are present in the STFT:

e A component that matches to the tooth passing frequency of 533 Hz.



e A large and growing component at 696 Hz which corresponds to the main chatter
frequency
e A component at 171 Hz that corresponds to the difference between the chatter frequency
and the tooth passing frequency, i.e. 696 Hz — 533 Hz.
This pattern repeats for all the speeds from 7,000 rpm upwards. In cases, where only three
harmonics that follow this pattern are present, the identification of chatter is straightforward.

However, it is important to note that the robust setting of the threshold to 0.5 rad/s on an a-priori

basis may be problematic.

In the cases of speeds below 6,000 rpm there are additional components which exceed the
selected threshold of a magnitude of 0.5 rad/s, with the greatest number of harmonics at
3,000-rpm. Table 10 shows the magnitude of the various harmonics from which it is apparent
that the three largest components correspond to the pattern observed for speeds of 6,000 rpm and
above, i.e. the tooth passing frequency, the main chatter frequency a and a frequency which
corresponds to the difference between these two frequencies. Of the remaining components, 403
Hz and 598 Hz are multiples of the tooth passing frequencies, which could be readily screened
out. The remaining components correspond to the frequency difference between the main chatter
frequency and the multiples of the tooth passing frequency, i.e. 98 Hz = 684 Hz — 98 Hz, 293 Hz
~ 684 Hz — 403 Hz and 488 Hz = 684 Hz -195 Hz. In the case of 5,000 rpm, there is a
component at 73 Hz which more or less satisfies the pattern, but this had not reached 0.5 rad/s

threshold.



Table 10 Summary of harmonics in STFT of 3000 rpm with a magnitude greater than 0.5 rad/s at
a time of 2.7 sec

Frequency | Magnitude (rad/s) at Magnitude (rad/s) at
component | t=2.0 sec t=2.7 sec

(Hz)

98 0.16 0.50

195 4.7 4.05

293 0.25 0.5

403 1.26 1.01

488 0.35 0.93

598 0.61 0.58

684 0.5 1.69

These findings are consistent with those reported by Insperger et al [INS 03] who investigated
the origin of the multiple frequencies present during chatter. This demonstrated the strong link

between tooth pass frequency harmonics and chatter frequency.

4.4.2.  High bandwidth speed control

The same condition of 3000 rpm and a 14 mm deep cut was simulated with a high bandwidth
speed controller (50,000 rad/s). It would be expected that the higher bandwidth controller is
more effective in counteracting the speed variations at chatter frequency, hence masking out the
signal that would is useful for monitoring the onset of chatter. However, it is important to
recognise that the speed controller bandwidth is not the only factor that dictates how well the
speed is controlled in response to high frequency speed fluctuations. The machine has a torque
limit dictated by thermal limitations and is likely to be implemented as a hard-instantaneous
torque limit. In addition, the controller could also saturate when the converter output voltage

reaches its maximum limit.



The variation in speed and electromagnetic torque from the start of the simulation are shown in
Figure 89 and Figure 90 respectively. As will be apparent from the gradual increase in the speed
variation and the significant increase in the electromagnetic torque (which at some instants hits
the torque limit). However, as would be expected, the much higher bandwidth of the speed
controller reduces the speed error significantly as shown in the STFT of Figure 92, which is
plotted on the same vertical scaling as the corresponding STFT for the low bandwidth speed

controller. Although there is some evidence of a chatter signature at ~680 Hz, this is not

sufficiently pronounced to be a reliable indicator of chatter.

However, the control action applied by the speed controller to counteract the speed variation
provides a useful indicator of chatter. Figure 93 shows the STFT of the torque output of the

speed controller that provides the demand for the PI current controller. As shown, there is a

much more pronounced signal at the chatter frequency which could be tracked in the same

manner at the speed error was for the low bandwidth speed controller.
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Figure 89 Predicted speed variation during simulation for a cutting depth of 14 mm at a nominal
demand set-point of 3000 rpm with a 50,000 rad/s bandwidth speed controller -tool and cutting

parameters as Table 1
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Figure 90 Predicted electromagnetic torque variation during simulation for a cutting depth of 14
mm at a nominal speed set-point of 3000 rpm with a high bandwidth speed controller (50,000
rad/s) - tool and cutting parameters as Table 1
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Figure 91 Predicted speed controller output torque (hard torque limited to 11 Nm) during
simulation for a cutting depth of 14 mm at a nominal speed set-point of 3000 rpm with a high
bandwidth speed controller (50,000 rad/s) - tool and cutting parameters as Table 1
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Figure 92 STFT of the speed error signal for a cutting depth of 14 mm at a nominal speed
set-point of 3000 rpm with a high bandwidth speed controller (50,000 rad/s) - tool and cutting
parameters as Table 1 (Note: Plotted on the same vertical scale as the corresponding STFT for

the low bandwidth speed controller)
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Figure 93 Predicted variation in time of the STFT of the speed controller output torque demand
for the current controller for a cutting depth of 14 mm at a nominal speed set-point of 3000 rpm
with a high bandwidth speed controller (50,000 rad/s) - tool and cutting parameters as Table 1
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Figure 94 Predicted displacement in the direction of feed for a cutting depth of 14 mm at a
nominal speed set-point of 3000 rpm with a high bandwidth speed controller (50,000 rad/s) -
tool and cutting parameters as Table 1

4.5.Implementation of chatter detection with practical encoders

As demonstrated previously in this chapter, a precise measurement of speed offers the potential
to detect chatter from speed fluctuations. However, the simulations presented up to this point
have been based on access to a continuous and ‘perfect’ speed variable within the SIMULINK
model. In any practical implementation, the speed signal from which chatter would be detected
would need to be provided by a speed sensor. In principle, so-called ‘sensor-less’ position /
speed estimation strategies could be used, but the accuracy and uncertainty in such methods are
unlikely to meet the exacting requirements for chatter detection, e.g. the speed variations are
typically of the order of 0.1% of the overall speed. The following sections consider the
feasibility of detecting chatter from practically realisable speed measurements. The performance

requirements for a speed sensor and the associated signal processing requirements are
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established and a model is developed and deployed to establish the performance that is likely to

be achieved.

Many high performance electrical machines, including many of those used for high speed CNC
machines are equipped with digital rotatory encoders or analogue resolvers to provide a measure
of rotational speed/or and position. These measurements are used in closed loop speed and/or

position control systems.

4.5.1.  Analogue resolver

Resolvers are rotary electrical device that can be used to measure the speed of rotation.
Resolvers are electromagnetic devices that outputs analogue signal to indicate rotation and are
capable of absolute positions measurement. The most widely used analogue resolver are to
so-called brushless transmitter resolvers. The major difference in configurations of the wires is
that the brushless transmitter resolver two sets of windings: an exciter winding and two sets of
two phase windings. The exciting winding also referred as X winding, acts as a rotary
transformer. Since there is no direct electrical connection, brushes are not required. This exciting
winding is laid on the top. The other two sets of two phase winding also called Y windings laid
on the bottom with 90° degrees phase difference. As the shaft rotates the two sets of winding,

generates sine signal and a cosine signal.

The advantage of resolver is that it can provides very high resolution and accurate analogue
signal. One of the most important specifications for a resolver is number of sinusoidal cycles in
one revolution. Due to the nature of the structure of the resolvers, the number of cycles is limited
by the sizes of the device. Due to the simple structure, robustness and reliability, resolvers are
popular for harsh environments. However, the analogue nature of the output signal tends to limit
their application in servo control area. Despite some useful features, resolvers were not selected

as the speed measurement device in this thesis.



4.5.2. Digital angular position and speed encoders

There two major types of digital rotatory encoders, absolute and incremental. Absolute encoders,
which can be magnetic or optical devices, employ multiple tracks and sensor arrays to provide
position information immediately on powering up the device. They are complex and high cost
devices which measure position directly to a resolution which is set by the number of tracks on

the encoder.

Incremental encoders only measure changes in positions, but when equipped with a once per
revolution reset pulse, position can be inferred from counting pulses from the reset reference
position. Incremental encoders are lower cost devices with more straightforward conditioning
electronics and hence as by far the most common type of encoder used in drive systems.
Incremental angular position encoders which produce a stream of digital pulses with rotation can
be used to indirectly measure speed. In principle, the accuracy of the speed measurement is
reliant only on the precision with which the encoder disk and sensing element is manufactured,
i.e. the repeatability of the pulse intervals, and the precision to which the pulse edges can be

detected.

The mechanical error, also referred as pulse width error, is one factor that can influence of the
accuracy of position measurement. An error of ¢ in angular degrees between successive
pulses will set a limit on the accuracy by which speed can be measured, unless some elaborate

calibration is performed.

The vast majority of general purpose incremental encoders have two output channels in addition
to a once per revolution reset signal. The two channels, which are often referred to as channel A
and B, are configured to be in quadrature with respect to each other as shown in Figure 95. This
provides a mechanism to detect rotation. Since each pulse represents a defined angle of rotation

(subject to a tolerance) an estimate of the shaft speed can be obtained by either counting the



number of pulses within a defined interval or by measuring the time between successive rising

or falling edges.
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Figure 95 Typical incremental encoder channel outputs

The pulse stream generated by an incremental encoder is often processed by dedicated hardware
within in microcontrollers or DSPs. Many modern or Digital Signal Processors (DSPs) which
are tailored for motion control applications incorporate dedicated circuitry for encoder inputs,
which is usually referred to as a Quadrature Encoder Interface (QEI). The QEI has dedicated
high speed electronics for reading and decoding the signal from incremental encoder. The key
element of the QEI for this chapter is its capability for precise time-stamping of the rising and
falling edges of the encoder signal. This process runs independently from the main control loop
in the DSP (which may only be running on a cycle in tens of microseconds). By way of example,
the QEI on a DSPTI320f28335 samples the input channel at 100 MHz. Whereas the rising and
falling edges can be time-stamped to a high resolution and hence provide a precise estimate of
average rotational speed between successive edges, this method does limit the rate at which

speed can be updated.

For a two-channel encoder with N, pulses per channel per mechanical revolution, a new estimate

of speed can be derived four times within one period, e.g. from the time difference between the



rising edge of channel B and the falling edge of channel A as shown previously in Figure 95.
The rate at which speed estimates can therefore be updated (f,,) is limited by the number of

pulses per revolution and the rotation angular frequency ; according to:

__ ANpwr

fu (4-7)

21

By way of an example, for a 1000 pulse per revolution encoder, rotating at 4000 rpm (equivalent
to 418.9 rad/s) estimates of speed are available at a rate of 266 kHz, which corresponds to an

update every 3.75 ps.

This section will focus on what are the requirements of QEI and encoder to detect the often very
small speed fluctuation caused by chatter in high speed milling process. The challenge can be
illustrated by considering the cases considered earlier in chapter. In these cases, the speed errors

were of interest were of the order of 0.5 rad/s extracted from a speed of 942 rad/s at 9,000 rpm.

Encoders are often specified in terms of lines (per revolution). In terms of the waveforms shown
previously in Figure 95, this can also be expressed in terms of pulses per revolution. The input

frequency on any given channel is given by 1/period of pulse as defined in Figure 95.

The frequency of the square wave output signals on channels A and B are proportional to the
rotational speed of the shaft. For an encoder with N, pulses per revolution on a motor rotating
at Syp, revolutions per minute (rpm), the input frequency on each encoder channels is given

by:

Srpm
fech = % X Nep (4'8)

There are two possible sources of error in deriving rotational velocity from a time-stamped

encoder pulse train:



¢ Any intrinsic mechanical errors in the manufacture of the encoder disk or sensor position,
which will result in variations in the angular distance between successive rising edges of
the detector. If rotational velocity is to be derived from rising edges only, then there is no
requirement for an exact 50:50 pulse train. In the following analysis the maximum
deviation in rising edge to rising edge angular displacement is 6.

e Resolution of the time stamping capability of the QEI. If the pulse train is sampled
(time-stamped) at a sampling frequency, then the error introduced by time stamping

resolution lies in the range:

€= [O, fech] (4_9)
foEI

Since the incremental encoder is a position sensor, estimating velocity can be achieved by

following two first order approximations:

The average angular velocity between two timed events (e.g between successive rising edges on

a channel or between some integer multiple of rising edges) is given simple by:

0(2) ~ (0(1) = 0(t = 1)) feen

The error in the inferred angular velocity due to mechanical tolerance in the encoder disk is:
Errorin0(t) = +8f.p

The uncertainty in the inferred angular velocity is:

Uncertainty in 0(1) ~ + fecn 0 (4-10)
foEl

For the studies considered in this chapter, a 100 MHz QEI interface was selected. This is
representative of a mainstream motion control DSP. The various trade-offs in the performance at

3,000 rpm of encoders with different number of pulses per revolution are summarised in Table



11. The encoder pulsed output frequency gives an indication of the rate at which speed estimates
are available. The uncertainty in the speed with no encoder pulse tolerance (i.e. =0) and with a
0.01% error are shown. As will be apparent, increasing the number of encoder pulses per
revolution increases the rate at which estimates of speed are available, but the uncertainty in the
speed estimate increases with encoder pulse number.

Table 11 Variation in speed update rate and speed uncertainty with the number of encoder pulses
per revolution (QEI sampling frequency 100 MHz in all cases)

Encoder Encoder pulsed output  speed uncertainty assuming
Pulses perrev ~ frequency @3000 rpm  6=0 and 4 kHz updating rate

20 1000 0.00400%
40 2000 0.00200%
60 3000 0.00133%

80 4000 0.00100%
100 5000 0.00080%
200 10000 0.00040%
300 15000 0.00027%
400 20000 0.00020%
500 25000 0.00016%
600 30000 0.00013%
700 35000 0.00011%
800 40000 0.00010%
900 45000 0.00009%
1000 50000 0.00008%

The results in Table 11 provide an indication of the achievable performance in speed
measurement from a series of different encoders. The significance of the update frequency

depends on the sampling frequency of the overall controller, i.e. the rate at which updated



measurements of speed can be usefully used. If the speed is sampled once every cycle of time of
the main control loop, then any intermediate values of speed are of no value, particularly as they

are obtained at the expense of greater uncertainty in the speed measurement.
4.6.Encoder model

The SIMULINK model shown in Figure 96 was developed in order to represent the behaviour of

a practical encoder for measuring rotational speed. The main elements in the encoder model are:

e A zero-order hold block which is set to have a sampling time which corresponds to the
update frequency,f,, calculated previously. Strictly, this update frequency varies with the
rotational speed of the machine, but for the purposes of this study, the update frequency
was fixed at a value which corresponds to the nominal steady-state operating speed.

¢ A random generator block with a maximum output of £1 that is clocked at f,,, which is
then scaled by the fractional uncertainty calculated in Table 11 for the combination of
QEI sampling frequency, encoder pulse number and rotational speed. This fractional
uncertainty is then added to the continuous input signal to provide a representation of the
effect of uncertainty. It is recognised that this uncertainty is not a random process, but
the very high QEI sampling rate precludes it being implemented in the model in a
rigorous manner. This random approach to add in uncertainty into the model is based on

an even distribution of uncertainties.
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Figure 96 Encoder block diagram

It is important to note that there will be an additional zero-order hold present at the input of the
controller to represent the rate at which the controller samples the speed signal and that this
sampling frequency may be the limiting factor on the ability of the system to measure precisely

small fluctuations in speed.

The basic operation of this model can be illustrated by considering the case of a rotational speed
of 3,000 rpm with a depth of cut of 14 mm in which the main system controller is operating at 5
kHz (i.e. a cycle time of 200 ps). Figure 97 and Figure 98 show 5 kHz sampled speed signals for
the same cutting conditions for 100 and 1000 pulse per revolution encoders respectively. As will
be apparent, the 5 kHz sampling frequency is by the far the dominant factor and in this case, and
the reduced uncertainty associated with a 100 pulse per revolution encoder is likely to yield the

better performance at this combination of rotational speed and sampling frequency.
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Figure 97 Comparison between ideal speed signal and the signal generated for 100 and 1000

pulse per revolution encoders with a speed uncertainty of 0.02% and sampled at 5 kHz (3,000

Speed (rpm)

rpm nominal demand set-point and 14 mm cut depth).

N |
{ ~ ‘v‘
|
\
/
/ \
\
| ‘,\\
\ /
A1 er
1 4‘
|
/
]
\ J‘
|
\/
Time (s)
Encoder Speed

100 pulse per revolution

f e 3020
“’ b 2
i/ \ 3000 /

3080

3060

|~ ]

/ \ f r M A wffﬁ B(ktm%
7N
/

E \N
a |
% 5 2980 /
! o /
\ ] .rrj |
\ o i \ R
\ S2960 S L} Q‘L
\ i |
! 2940 \ 1\
\ 29 .
\ / N
\ / 2920 H f
J A
{
\ J 2900
Y
2880
0 008 0 2.000 2.001 2.002 2.003 2.004 2.005 2.006 2.007 2.008 2.009 2.010
Time (s)
peed —Encoder Speed Ideal Speed

1000 pulse per revolution
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4.7.Simulation and validation

In order to establish whether a representative incremental encoder can provide sufficiently
precise speed information to detect the onset of chatter, a series of simulations were performed

using the system model shown in Figure 99

Controller Model of Physical System

Speed demand
Speed controller| : CurrentA
B » . Pl current Current B
controller

Power electronic Currentc Spindle motor

YVY

4 converter model electrical model
Add E/M torque
Instantaneous cutting torque "
’ C;tg{::gt;otrorque iy Peripheral milling
J P! mechanical model
<
Pulsed torque

generator < Speed Encoderi«

Speed and Angular
position

Figure 99 Block diagram of system model incorporating the encoder model

The cutting model was based on the parameters shown previously in Table 1. The specific
operating point considered was a cutting depth of 14 mm, a rotational speed of 3,000 rpm and a
feed rate of 0.05 mm/tooth which is equivalent to 10 mm/s at this rotational speed. Simulations
were initially performed for a 1000 pulse per revolution encoder sampled for the generation of
the STFT at frequencies of 5 kHz and 10 kHz. In all cases, the QEI was assumed to have a
sampling rate of 100 MHz and the angular uncertainty in the spacing of the encoder pulses ()
was set to 0.0036° (i.e. 0.001%). In every simulation, a low bandwidth (314 rad/s) speed
controller was used. Figure 100 shows the resulting STFTs throughout the simulation for a
controller sampling frequency of 5 kHz. Even this modest sampling frequency captures many of

the features of the corresponding STFT for an ideal speed signal (shown previously in
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Figure 100 Evolution in the STFT from the point of tool engagement at 0.5 sec for a speed
demand set-point of 3000 rpm and a depth of cut of 14 mm (1000 pulse per revolution encoder
sampled at 5 kHz)
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Figure 101 Evolution in the STFT from the point of tool engagement at 0.5 sec for a speed

demand set-point of 3000 rpm and a depth of cut of 14 mm (1000 pulse per revolution encoder
sampled at 10 kHz)
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A useful summary of these results, which illustrates the influence of the main controller sampling
rate is shown in Figure 102. This shows the magnitude of the different frequency components around
the chatter frequency for both 100 and 1000 pulse per revolution encoders at different sampling
frequencies. The magnitude quoted is for the STFT taken at 2 sec, which is near the beginning of the
emergence of significant chatter. As will be apparent, the magnitude of the component which
corresponds to chatter seems to increase with increased sampling frequency. Thjs is however in part
due to the change in the frequency resolution of the STFT.
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Figure 102 Series of spectra around 680 Hz for different controller sampling frequencies

4.8.Chatter identification algorithm

Although the results shown in demonstrate a well-defined and consistent chatter signature at the
same frequency for a range of rotational speeds, the frequency of ~700 Hz is specific to the
combination of cutting tool properties and other parameters listed in Table 1. Under different
feed-rates of with a different tool and/or work-piece, this natural chatter frequency will vary and

hence it is necessary to have a general method for identifying the chatter frequency.
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The approach adopted and implemented in the simulations which will be reported in chapter 5 is
based on a straightforward method of identifying component in the spectrum that exceed some

threshold and then discarding these according some straightforward rules.

The algorithm used takes the following approach to identifying chatter, recognising that in

practice, its frequency is not known on an a-priori basis:

e Set a threshold for the magnitude of a harmonic which makes it ‘significant’

e Identify all harmonics greater than the threshold

¢ Eliminate the tooth passing frequency and the associated direct multiples of the tooth
passing frequency

e Use the remaining frequency components in combination with the tooth passing and
multiples of tooth passing to identify a common frequency that fits the pattern identified

in Figure 9 and check that this component is present and growing in magnitude.

The next chapter considers the use of this chatter detection algorithm in a sequence of machining

operations.



Chapter S - Dynamic operation

5.1.Introduction

The preceding chapters have considered a series of monitoring and control strategies that can detect
chatter and allow stable cutting to be maintained with combinations of rotational speed, depth of cut
and feed rate that would cause chatter otherwise. This chapter considers the performance of the
system controller that combines both monitoring and control functions that is capable of adapting the

cutting conditions to main stability.

The system controller combines the speed error chatter detection method developed in chapter 4 with
the rapid torque modulation method developed in chapter 3. This system configuration is suited to a
low bandwidth speed controller in which the onset of chatter at ~700 Hz leads to speed variations
that cannot be corrected to any significant degree by a low bandwidth speed controller. It is
recognised that for a higher bandwidth speed controller, it may be necessary to make use of the

speed controller torque demand signal to monitor chatter.
5.2.Simulation specification

Simulations were performed for rotational speeds of 3,000 rpm and 9,000 rpm. The 3,000 rpm case
provides consistency with several of the cases considered in previous chapters. The SLD shown
previously in Figure 31 indicates that there are stable operating regions on either side of this
operating point, e.g. the full tool height of 20 mm can be used for speeds below ~2,700 rpm and
above ~3,500 rpm. This in part suggests that this operating point is well suited to chatter correction
using variable-speed milling or rapid torque modulation. Moreover, if the stability lobe diagram,
which is established for one set of cutting parameters provides a reliable means of selecting the
speed demand set-point then a small increase in the set-point to 3,500 rpm would result in much

more stable cutting conditions.



The 7,500 rpm operating point provides a more challenging case since there is no speed above 7,500
rpm (at least within the maximum operating range of the motor) in which stable cutting can be
achieved with the full cutting tool depth. Hence, speed fluctuations above 7,500 rpm will not enter
regions of greatly improved stability as is the case for 3,000 rpm, although there is some increase in

the critical cutting depth beyond ~9,500 rpm.

From a practical point of view, the 7,500 rpm case provides a more interesting case since the SLD of
Figure 31 indicates that the inability to operate with stable cutting beyond 7,500 rpm with the full

depth of the tool (20 mm) imposes a limit on material removal rate.

The system modelled for both speeds has a low bandwidth speed controller (314 rad/s) and a hard
torque limit of 11 Nm. The various cutting parameters where set to the values shown previously in
Table 1. The feed rate was fixed at 0.05m / tooth which corresponds to 10 mm/s and 30 mm/s for
speeds of 3,000 rpm and 7,500 rpm respectively. The operation cycle for each speed involved the

following sequence:

e Accelerate from standstill following a ramped speed demand up to the nominal speed.

e Maintain the demand speed with no cutting force up to 0.5 sec.

e At 0.5 sec the tool engages the work-piece at a cutting depth which is less than the
critical cutting depth (10 mm for 3,000 rpm and 3 mm for 7,500 rpm).

e Continue cutting at this stable cutting up to 2 sec.

e Step change in the cutting depth to a value which exceeds the critical cutting depth (14
mm for 3,000 rpm and 10 mm for 7,500 rpm).

e Continued normal cutting until the chatter detection function identifies the onset of
chatter

e Application of rapid torque modulation in order to restore stable cutting.



5.3.Simulation results at 3,000 rpm

Figure 103 shows the variation in rotational speed predicted when the machine is following the
operating schedule defined in section 5.2 with a speed set-point of 3,000 rpm. Since speed control is
provided by a low bandwidth speed controller, there are significant dips in speed at 0.5 sec when the
tool engages the workpiece and at 2 sec when the depth of cut is increased from 10 mm to 14 mm.
As the chatter starts to build up it is detected by the controller at ~3.4 sec and a series of 5 Nm pulses
with a repetition rate of 12 tooth passing intervals is applied. This causes the significant increase in
the speed fluctuations beyond 3.4 sec as shown in the close up of Figure 104. There is an initial
transient associated with the introduction of the torque modulating pulses, but this is gradually
corrected by the speed controller, bringing the speed back down so that the fluctuations are centered

on 3000 rpm.

The variation in the electromagentic torque and the cutting tool reaction torque are shown in Figure
105 and rapid torque modulation signal shown in Figure 106, while the corresponding variation in
the chip-thickness is shown in Figure 107. The displacement of the tool in the feed direction (i.e. the

tool vibration) is shown in Figure 108



Speed (rpm)

5000

4500

4000

3500

]
8

Speed (rpm)
g

5]
8

1500
1000

500

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Time (s)

Figure 103 Simulated speed variation for a nominal speed of 3,000 rpm
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The evolution of the STFT is shown in Figure 109. There is a growing component of speed error
at 695 Hz which is identified as the chatter frequency using the methodology described in
Chapter 4 - . The magnitude of the speed error frequency component at 695 Hz increases beyond

the threshold of 0.5 at 3.40 sec triggering the application of torque modulation action. When the
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open-loop torque modulation is applied the speed error inevitably increases across the full range
of the spectrum since the motor speed now includes an additional 5 Nm torque modulation

which in effect acts as a disturbance to the speed controller.
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Frequency (i)

Figure 109 Evolution of STFT of speed error (chatter detected at 3.40 sec)

It is important to recognise that once torque modulation is applied, there is no prospect of
establishing whether it is effective in terms of eliminating regenerative chatter since the speed
error STFT becomes dominated by the speed errors introduced by the modulation. Hence, the
effectiveness of a combination of magnitude and duration of the pulses cannot be assessed

through the speed signal nor from the speed controller torque action

5.4.Simulation results at 7,500 rpm

The variation in rotational speed is shown in Figure 110. As was the case for the simulations at
3,000 rpm, there are two speed dips, the first dip is at 0.5 sec when the tool engages, and the
second dip is at 2.0 sec when the depth of cut increases. In this case, the chatter detection
triggers the use of rapid torque modulation at ~ 2.1 sec. Following the detection of chatter, a

sequence of square waves of torque modulation with magnitude 8 Nm and a duration of 32 tooth
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passes were set as the demand for the PI current controller. The variation in electromagnetic
torque over the full simulation duration is shown in Figure 112 along with the cutting tool torque
and the net accelerating torque, i.e. the difference between the electromagnetic and cutting tool
torques. A close up of the force variations over the interval 2.0 sec to 2.14 sec, an interval that
spans the point at which the torque modulation starts up is shown in Figure 113. As shown, the
32 tooth passes correspond to a period of 64ms for this rotational speed. The net force demand
supplied to the current controller in the block diagram of Figure 59 comprises three components
which are shown separately in Figure 114. The speed controller, even though it only has a
modest bandwidth of 314 rad/s gradually corrects the speed error which is generated by the
open-loop torque pulsations. The tooth passing frequency variation in the net torque is generated
by the open-loop torque matching facility which is incorporated into the overall controller to aid

the speed regulation.
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Figure 110 Simulated speed variation for a nominal speed of 7,500 rpm
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The variation in the displacement in the direction of the feed is shown in Figure 115. This shows

the build-up in vibration from 1.5 sec when the depth of cut is increased to the 2.04 sec when the
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open-loop torque modulation is applied. As shown, this is effective in restoring stable cutting,
although the steady-state vibration is considerably greater than was the case with the 3 mm
depth of cut up to 1.5 sec. This vibration may be regarded as excessive in terms of a high-quality
surface finish depending on the application. The simulated variation in chip thickness in shown
in Figure 116 along with the corresponding chip thickness predicted with an ideal vibration-free
cutting model which is fed with the same speed variation. Much of the variation in chip
thickness, in particular the chip to chip variation, is present in both models and results from the
speed variation rather than from vibration. This coupling between rotational speed and chip
thickness is a consequence of the fact that the feed rate is set to 0.05 mm/tooth at the nominal
speed of 7,500 rpm and remains fixed at 25 mm/s. Hence the speed variation shown previously
in Figure 110 in which the speed varies between ~6,000 rpm to ~9,000 rpm which corresponds
to a variation in feed rate between 20 mm/s to 30 mm/s. The differences between the chip
thicknesses predicted by the vibration-free and vibration models in Figure 116 is due to the

vibration.
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Figure 115 Simulated displacement in feed direction at 7,500 rpm
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Chapter 6 - Conclusions and Further Work

This research reported in this thesis has investigated several aspects of high speed milling with a

focus on the interaction between the drive control system, the power converter and the cutting

process on short-time scales of the order of individual passes of the teeth. This coupling between

controller and power converter behaviour and the dynamic cutting conditions is the key novelty

in this research as all previous reported models of milling have been based on idealised

speed-stiff input. The research has demonstrated several interesting and novel features of milling

performance:

Rapid torque modulation provides a route to significantly increasing the critical cutting
depth at key pinch-points in the stability lobe diagram. The method developed detailed in
section 3.4 significantly out-performed more established variable speed milling
operations.

The addition of open-loop torque matching in which torque profiles are derived from
dynamic models has the potential to increase the dynamic response of milling process.
There are complex interactions between speed control settings and cutting performance,
and in many cases a speed controller with modest bandwidth offers the best solution.

A method has been developed for identifying the onset of chatter using speed
measurements. Although there remains some further work on increasing the robustness of
the approach, e.g. adaptively setting the threshold used to identify key frequencies, the
method is very attractive as it may well involve no additional hardware or modifications

in many machines.

However, there are still limitations and boundaries to apply the proposed technique. Rapid

torque modulation and high frequency variable speed milling require both high current control

bandwidth to accomplish the control effort and special designed drive train system with reduced



moment of inertia. Chatter identification with spindle speed requires the encoder with high

accuracy and speed update rate.

6.1.Future work

6.1.1. Experimental measurements

A shortcoming in the programme of research reported in this thesis is the absence of direct
experimental validation of the detailed modelling, although simulations was compared to both
published simulation and experimental results with good agreement. However, this is a very
significant task as it would involve access to an instrumented milling machine. The arrangement
shown previously in Figure 23 in which the work-piece was attached to a bed with some degree
of flexure is useful for measuring vibration, but does not have the sensing capability to measure
instantaneous speed and torque. The latter is particularly challenging. The design and
construction of a fully instrumented milling machine capable of measuring dynamic torques and

speed would be a useful test-bed in terms of experimental validation and process optimisation.

6.1.2.  Electromechanical optimisation of the spindle drive

This thesis has considered the case of a commercial spindle motor with parameters that are
representative of a high specification machine. In many respects, existing machines which are
driven at a series of fixed set-points, could be optimised to have adequate moment of inertia.
Indeed, other than during rapid acceleration or deceleration, it is likely to be desirable to
increase the moment of inertia of the spindle motor. This thesis has demonstrated the merits of
being able to rapidly change speed. This would be better achieved by a re-design of the motor to
improve the torque to inertia ratio, e.g. by changing the aspect ratio of the machine to a longer

and thinner rotor.



6.1.3.  Chatter detection algorithm

Although a chatter detection algorithm was developed and deployed in a full system model of a
machining sequence to good effect, there are several aspects of detection that could be improved
with further work, e.g. remover the limit on the upper frequency sampled and an adaptive means

of setting the threshold for harmonics to be considered significant.
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Appendices

Appendix A - Motor Parameters

Motor data for 1FE series SIEMENS permanent magnet high speed synchronous motor

App

Rated motor speed 10000 [1/min]

Motor stand still torque (TO) 11 [Nm]

Control 611D/U

drive

P1102 2758 motor code number

P1100 5333 [Hz] frequency pulse-width
modulation

P1103 19 [A] rated motor current

P1104 38 [A] Max. motor current

P1112 3 motor pole pair number

P1113 0.57 [Nm/A] torque constant

P1114 41 [V/(1000 1/min)] voltage constant

P1115 0.68 [Ohm] armature resistance

P1116 2.2 [mH] armature inductance

P1117 0.0003 [kgm?] moment of inertia

P1118 19 [A] motor standstill current

P1122 38 [A] motor limiting current

P1128 90 [°] optimum load angle

P1136 32 [A] short-circuit current




P1142 10300 [1/min] field weakening speed

P1145 70 [%] stall torque reduction factor

P1146 15000 [1/min] Max. motor speed

Appendix B — PI Tuning

For the current control loop. As showed in Figure 9, the g- axis current control loop contains a
back emf produced by the motor. However, since the current response is much faster than the
speed response, the effect of back emf on the g- axis current can be neglected in the controller

design. Hence, the transfer functions for both d- and g- axis current control loops are as follows:

id kic 1
G = — = —_
1(5) i (k”c 3 )(sLd n R)

i k; 1
G =_q=( 1)
2(5) i; Fpe + s /\sLy+R

Pk ork

are output d- and g- axis currents, and i3i; are input d- and g- axis currents.

where ig4, 1,

Bode plot is a classical way to define the frequency response (i.e. cut off frequency or bandwidth)
and phase margin of this system. The cut off frequency is the frequency where the amplitude of
output signal is at 70.7% of the amplitude of input signal. Figure 117 shows the a typical bode
plot for bandwidth at 100,000 rad/s (i.e. cut off frequency at 7,975 Hz) and phase margin at 90
degrees with the motor parameters from Appendix A. The calculated value for k. is 220 and

for k;, is 385000.



Bode Plot: Reference tracking
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Figure 117 Bode plot for current loop controller

For the speed control loop, the transfer function is as follows:

G, K,
&) K,

kis
Hs) = (kps + ?) (1 + G, (s)) Js + B

Table 12 PI tuning for speed control loop with different bandwidth

Bandwidth (rad/s) | Speed control loop proportional gain Speed control loop integral gain
ksp ksi
314 0.1652 0.9077
2500 1.303 57.02
5000 2.6 227.5
7500 3.903 512.3
10000 5.214 912.6
15000 7.869 2066
25000 13.37 5852
50000 29.07 25440




Appendix C- Space-vector PWM calculation

The vector U is composed of the two nearest voltage vectors and two zero vectorsUy, U,. For
instance, the vector U shown in figure 3.4 is in sector 1, then this vector can also have

expressed as:

U= T1 U1 + Uz + UO + U7 and Ts is the sampling time, Ty, T,, Ty, T, are the time

acting on corresponding vectors.

Resolving the vector U into af reference system, we have:

T, T,
+ Uz = cos

T, T, 3 in alpha aixs

U, = Ucos<pwt = U1

Ug = U sin Pt = U2 sm— in beta axis

Hence, the acting time T, T, are:

2 . T 2 .
T, = ﬁmTS sin (§ — (pwt) , Ty = ﬁmTS Sin @ ¢
2M Ty 1 2mT, 1
Where m is the modulation ratio m = Sin————-—— = sin
3 Tg mn(——(pwt) 3 Ts Sin Q¢

Al’ld T0+T7=TS_T1_T2

For other sectors, the results are showed in the Table 13 Switching time on each sector below:



Table 13 Switching time on each sector

Sector 1 Sector 2 Sector 3
V3 T V3 11m V3 3
T, = 7mTS sin ((ut + g) T, = 7mTS sin ((ut + T) T; = 7mTS sin ((ut + 7)
V3 3n V3 7 V3 5t
T, = —mT,sin(wt + —-) T3 = —mT,sin(wt + —) Ty = —mT,sin(wt + —)
2 2 2 6 2 6
To+T,=Ts—T,—T, To+T,=Ts—T,—T; To+T,=Ts—T;—T,
Sector 4 Sector 5 Sector 6
V3 ) 7 V3 ) 5t V3 ) T
T, = 7mTS sin ((ut + ?) Ts = > mTgsin ((ut + ?) Te = > mTgsin ((ut + E)
V3 T V3 T V3 11m
Ts = > mT sin(wt + E) Te = > mT sin(wt + g) T, = > mT sin(wt + T)

To+T, =T, — Ty —Ts To+T, =T, —Ts — T To+T,=Ts— Ty — T



Appendix D - Block diagram for cutting model
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Appendix E - Code for cutting surface and chip thickness formation:

function Chipwidth = fcn(simtime, toolcx, toolcy, cutx,cuty, toothnumber)
S#codegen

persistent data mem;

persistent prev cut;

persistent step;

persistent prev toothno; %difne cutter number

persistent stepcount; $for find previous cutting data sizes
persistent cutcount; %define cutting cycle

sample time = simtime; %globe sampling time (s)

sizes = 5000;

toolr = 0.01; %$tool radius in m
angle st = -90; %start angle (degree)
angle ex = -11.54; %exit angle (degree)

% Initialise all Variables that are persistent
if (isempty(data mem))
data mem = zeros(sizes,2);end

if (isempty(prev _cut))

angle sp = (angle ex-angle st)/sizes;
data ma = [O:sizes-1];
data max = rot90(rot90 (rot90 (data ma))) ; %deifne

initial matrix size

data angle = angle st+(angle sp) *data max;
prev_cut = toolr*[cosd(data angle) sind(data angle)];
end

if (isempty(step))
step = 1; end
if (isempty (prev_toothno))
prev_toothno = 1; end
if (isempty (stepcount))
stepcount = sizes; end
if (isempty (cutcount))

cutcount = 1; end

%$Save Data
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if (toothnumber ~=0)

if (toothnumber ~= prev toothno) % this means a new cut has started

prev_cut = data mem;

cutcount=cutcount+1l; $for finding cutting cycle

data mem = zeros(sizes,2); %clear the memory

stepcount = step-1; %this is the number of datapoints in prevous cut
step = 1;

end

%Store x,y values for this timestep

data mem(step,:) = [cutx cuty];

%increment step and store tooth number for next cur
step = steptl;

prev_toothno = toothnumber;

%calcuate Angle from current tool position to each of the previous cuts

%X,Y location also changed to degreess

theta pre =

atanZ2d ((prev_cut (l:stepcount, 2)-toolcy), (prev_cut (l:stepcount,1l)-toolcx)); %Make

sure theta is only calculated for valid data %changed to degreess

%calculate theta for current cut (current step)

theta = atan2d((cuty-toolcy), (cutx-toolcx));

%$find Point above and below current theta and test for bounds
%only one of these is required as you know other point is +1 or -1
index equ = find(theta==theta pre,1, 'first');

index above = find(theta<theta pre,1, 'first');
find(theta>theta pre, 1, 'last’');

index below

%test and mitigation for end conditions...
if (isempty(index equ))
if (isempty (index above))
index above=index below;
end
if (isempty (index below))
index below=index above;

end
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else
index above=index equ;
index below=index equ;

end

%global X Y of point above theata
x_above = prev cut (index above,1);
y _above = prev cut (index above,2);
x below = prev_cut (index below,1);

y below = prev cut (index below,2);

r 0 = sqgrt((x_above-toolcx) "2+ (y above-toolcy) *2) ; %$length above
r 1 = sqgrt((x _below-toolcx) "2+ (y below-toolcy) *2) ; %$length below

between two pre points degree
L 01 = (r O+r 1)/2;
h = toolr-L 01;

else
x_above =0;
y above =

0
x below = 0;
0

y below = 0;
h = 0;
end
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Appendix F- Published paper

e Q. Panand G. W. Jewell, "Modelling of dynamic machine behavior in peripheral milling
operations," 2017 IEEE International Electric Machines and Drives Conference (IEMDC),
Miami, FL, 2017, pp. 1-8. doi: 10.1109/IEMDC.2017.8002347

Modelling of Dynamic Machine Behaviour in
Peripheral Milling Operations |

Mr Qinwei Pan Professor Geraint Jewell
Department of Elecn.‘onic.and Electrical Engineering, Department of Electronic and Electrical Engineering,
The University of Sheffield The University of Sheffield
Sheffield, UK Sheffield, UK

Abstract— This digest describes the modelling of the dynamic behavior of a permanent magnet synchronous machine when used as
the spindle drive in peripheral milling. The system model, which includes a detailed model of the cutting process, is described and its
utility demonstrated in assessing the merits of control strategies which seek to exploit the high dynamic torque response which can be
achieved. Simulation results are presented for cases of torque matching and the injection of large torque pulsations.

Topic— Motor control, variable speed milling
I. INTRODUCTION

Machining operations, particularly milling, remain a central feature of many high value manufacturing processes with a
continued drive for reduced machining time and enhanced quality. The efficiency and quality of milling operations are influenced
by a combination of metal removal rate, tool wear, cycle time and surface finish. A key limiting factor in many operations is the
need to avoid the onset of so-called chatter in which excessive vibrations lead to poor surface finish and diminished tool life and
can ultimately seriously damage to the work-piece and/or tool. The need to avoid the onset of chatter with a given tool and
workpiece is usually achieved by avoiding particular combinations of cutting depth, tool rotational speed and feed rate. A common
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