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Abstract

The complexity and variation of parts are continuously increasing due to technologically ori-
ented consumers. The objective of present manufacturing industry is to increase the quality
while decreasing the machining costs. This thesis presents a smart machining strategy which
allows the automated prediction of chatter-free cutting conditions using sensors integrated
to Computer Numerical Controlled (CNC) machine tools.

The prediction of vibration free spindle speeds and depth of cuts require to have mate-
rial’s cutting force coefficient and frequency response function (FRF) of the machine at its
tool tip. The cutting force coefficients are estimated from the cutting force measurements
collected through dynamometers in laboratory environment. The thesis presents an alterna-
tive identification of tangential cutting force coefficient from average spindle power signals
which are readily available on machine tools. When tangential, radial and axial cutting force
coefficients are needed, the forces need to be collected by piezoelectric sensors embedded to
mechanical structures. The structural dynamics of sensor housings distort the force mea-
surements at high spindle speeds. A Kalman filter is designed to compensate the structural
modes of the sensor assembly when the spindle speed and its harmonics resonate one of the
modes the measuring system. The FRF of the system is measured by a computer controlled
impact modal test unit which is integrated to CNC. The impact head is instrumented with
a piezo force sensor, and the vibrations are measured with a capacitive displacement sensor.
The spring loaded impact head is released by a DC solenoid controlled by the computer.
The impact force and resulting tool vibrations are recorded in real time, and the FRF is
estimated automatically. The measured FRF and cutting force coefficient estimated from
the spindle power are later used to predict the chatter free depth of cuts and spindle speeds.
The machine integrated, smart machining system allows the operator to automatically select

the chatter-free cutting conditions, leading to improved quality and productivity.
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Chapter 1

Introduction

Present computer numerical controlled (CNC) machine tools have integrated tool setting,
in-situ inspection, positioning error compensation, vision and communication with remotely
located maintenance computers for on-line troubleshooting. However, machining process
control and monitoring tasks have not been widely implemented in industry, despite intensive
research efforts since 1980s, due to poor reliability of algorithms and sensors. Industry
removed most tool condition monitoring systems since they frequently failed to detect the
tool wear and breakage, and stopped the machines which led to poor productivity. The
recent advances in electronics, sensors and computer technology created new opportunities
to add intelligence to CNC machine tools. However, any new on-line process monitoring
and control task must be reliable and should not hinder the production flow. This thesis
proposes an automated approach to one problem commonly encountered in industry: chatter
prediction.

A common problem in industry is the chatter vibrations during milling and wear of the
spindles. If the selected depth of cut and spindle speeds in the NC program are incorrect,
the machine tool becomes unstable and experiences severe vibrations, which lead to tool
failure, damage to the machine tool spindle and workpiece. The machine tool vibrations can
be avoided by predicting the critical depth of cut and speeds, and choosing a spindle speed
and depth of cut in the stable region. This stable region depends on the frequency response
of the machine at the tool tip and cutting force coefficients of work material to be machined.
Each frequency response function and cutting force coefficient are strongly dependent on the
particular tool geometry and work material, and their preparation in the data base prior to
production is rather a costly process, and require scientific expertise.

This thesis presents robust sensors and on-line algorithms to measure the material cut-

ting coefficients and dynamic stiffness changes of the spindle. From this data, the chatter
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Chapter 1. Introduction

free, stable depth of cuts and speeds are identified automatically. The Frequency Response
Function is measured with a computer controlled impact testing unit, and cutting force
coefficients of materials are identified automatically from the spindle power sensor when ac-
tivated by the operator on demand. A communication protocol between the CNC and an
external PC is designed, which allows command and data exchange between the machine
tool control (CNC) and measurement (PC) units. An automated impact hammer is inte-
grated to CNC machine tool to measure FRF at the tool tip. The operator can activate
the FRF measurement from the panel through computer commands. The tool is positioned
automatically at the impact testing station placed at the corner of the machine tool table.
The measurement unit is activated and FRF of the tool is measured automatically. The
operator is allowed to conduct trial test cuts with the same tool and specific work material.
The spindle power is collected and sent to measurement computer. The power data, which
is calibrated against cutting forces and torque, is used to identify cutting force coefficients
automatically. The measured FRF and cutting force coefficients are used to predict chatter
stability charts, which enable the operator to select optimal depth of cut and spindle speeds
without violating the maximum torque and power limit of the machine tool.

Henceforth, the thesis is organized as follows. Chapter 2 presents related literature about
on-line machine tool monitoring, control and chatter prevention methods. The estimation of
cutting forces and cutting force coefficients from the machine spindle load meter is presented
in Chapter 3. The integration of automated impact hammer to CNC machine tool and its
reliability are explained in Chapter 4. The cutting force measurement technique developed in
Chapter 3 are sufficient for measuring the average torque on the spindle, but cannot be used
to reliably measure the instantaneous torque, or the cutting forces in the other two directions.
If these forces are required, a dynamometer must be used. However, dynamometers distort
the cutting forces if the spindle speed or tooth passing frequency is close to a mode of the
dynamometer. This can occur during high-speed machining. Chapter 5 presents a method
for compensating the dynamics of a dynamometer to make them more useful during high
speed machining. The impact test and cutting force coefficients are integrated to a previously
developed chatter stability and machine tool diagnostic system in Chapter 6. The thesis is

concluded with a summary and future research issues in Chapter 7.



Chapter 2

Background and Literature Review

As machined parts become more complicated and the time given to develop them shortens,
it becomes more important to decrease the length of the the machining process time of a
part. Smart machining systems aim to improve productivity and part machining quality by
integrating sensors to the machine tool, combined with physics based predictive models to
provide actionable information to the machine tool operator. This allows a smart machining
system to provide the first and every part correct; improve the response of the production
system; realize rapid manufacturing; and provide data on an as-needed basis[8].

The objective of this thesis is to develop a system which can be integrated to machining
centers to automatically determine chatter free, stable cutting conditions for a machining
operation. The cutting coefficients, which relate feed per toot to the cutting force need
to be determined. The frequency response function at the tip of the cutting tool must be
measured, and this information is used with a model of the chatter process to determine the
chatter-free cutting conditions.

A method of extending the effective bandwidth of dynamometers is also examined. Al-
though dynamometers are not practical in the average machine shop, this technique allows
less costly dynamometers to be used in laboratories to measure cutting forces at high spindle

speed.

2.1 Identification of Cutting Force Coefficients

In order to predict the chatter-free pockets in a machining operation it is necessary to identify
the cutting forces which will be generated for a given depth of cut (a). The tangential (F})

and radial (F}.) cutting forces in milling are expressed as

F, = Ki.ah(¢) + KieaF, = K .ah(¢) + K ea (2.1)
3



Chapter 2. Background and Literature Review

where (K., K,.) are the cutting force coefficients, and (K., K,.) are the edge force coeffi-
cients in tangential and radial directions, respectively. The chip thickness change periodically
as h = csin ¢ where c is the feed per tooth, and ¢ is the immersion angle of the cutter which
changes with the spindle speed (£2)

o= (2.2)

Note that the chip is zero when the cutter is outside the material, h = 0 if ¢ < ¢4 or
¢ > Pez)-

The cutting force coefficients are ideally identified from direct cutting force measurements
carried out with dynamometers.

Tool wear can be correlated to the cutting force since as the cutting tool wear, the
cutting force increases due to a larger friction load. There are different approaches used in
force measurement for TCM: Direct measurement using a dynamometer, force plates and
rings, force-measuring bearings, force and torque at spindles, pins and extension sensors,
displacement sensors, and motor current and effective power.

Direct measurement using a piezoelectric dynamometer is the simplest method of force
measurement and has a high bandwidth. However dynamometers are unsuitable for use in
production due to high cost and a lack of overload-protection in case of a collision. Force
plates and rings use piezoelectric sensors mounted between elements of the turret (in the
case of turning machines), or behind the spindle flange (in the case of milling machines).
So far results have been poor due to a high-degree of cross-talk, and force distortion due
to the dynamics of the machine which may change over time. Some work has been done
to compensate the machine dynamics in such systems using a Kalman filter[19]. Park et
al. later extended the Kalman Filter compensation strategy to micro milling systems[6].
Spindle bearings are instrumented with strain gauges to measure the force. The output
of these sensors must be low-pass filtered to eliminate the ball contact frequency. The
torque can also be measured through a sensor placed directly in the machine tool spindle
or tool holder. However, a complex system is required to measure the torque through the
entire power range of the tool, and the measurement must be transmitted from the rotating
spindle[5].

Pins and extension sensors measure the cutting force indirectly through the extension of

4



Chapter 2. Background and Literature Review

machine elements. These have low sensitivity, so are not suitable for the task of measuring
cutting coefficients. Similarly cutting force can also be measured indirectly by measuring the
bending of the tool through non-contact displacement sensors. Such sensors have a high risk
of interference in the form of chips, dirt and cooling fluid. In a similar vein, strain gauges
have been mounted into a turning tool to measure the cutting forces[22]. This system had
good sensitivity, but the measured force was a combination of the tangential force, feed force
and radial force. This makes it suitable for tool condition monitoring, where the change in
force is important, but unsuitable for measuring cutting coefficients, where the magnitude
of each component is important.

The final method is to estimate the force from the current or power applied to the spindle
or axis motors. This will be discussed in more depth below, however all such systems share
some common disadvantages. Forces measured in this way include bearing and guideway
friction components, which are often much higher than the cutting forces and may vary
substantially based on the lubrication state and motor speed. Also, due to the large masses
the output signal has a limited frequency bandwidth.

The cutting forces can be measured from the motor current[1], [16]. The feed and spindle
drive servos have low frequency bandwidth and may not accurately capture cutting forces
which are periodic at the spindle speeds times number of teeth on the cutter. However,
the cutting force coefficients can be extracted from average cutting forces, which can be
correlated to average current drawn by the spindle or motor current sensors. The prediction
accuracy would improve if the friction force and inertial forces can be accurately modeled,
and separated from the current consumed by cutting process when the machine has time
varying velocities. Furthermore, this method is poor at determining the force in a direction if
that axis is not moving due to the uncertainty in the static friction force, although empirical
models have been developed for this case[14].

Spindle motor power[7] and spindle motor current[18] have been used to estimate the
cutting torque. The bandwidth of the spindle motor is lower than the bandwidth of the
axis feed drives. However, the friction which must be compensated is also lower. Since the
measurement will be averaged to determine the cutting coefficient, the bandwidth of the

sensor is less important than an accurate average measurement. This thesis will use spindle
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motor power to estimate the tangential cutting force coefficient.

The total torque drawn from the spindle motor is

D
T.=)_ 5 Fons (2.3)

where D is the cutter diameter and Fj, is the cutting force of the nth tooth. The total

power drawn by the spindle motor is

P. = T.x DS (2.4)

By measuring the average motor power (F,), the tangential cutting force coefficients (K.,
Ki.) can be identified during cutting with know depth of cut, speed and radial engagement
condition. The radial cutting force coefficient (K., K,.) cannot be predicted from the spindle
power since the spindle power is related only to tangential force (i.e. torque). However, the
radial and axial cutting force coefficients do not affect the absolute stability limits but mainly
the width of the stability pockets.

Determining the instantaneous cutting forces from power measurements is almost im-
possible at practical spindle speeds due to low bandwidth of the drives. Instead, this thesis
proposes to use average power to predict the fundamental parameter, the tangential cutting
force coefficients, from the average motor power, which is available in CNC machines. The
instantaneous cutting force can be reconstructed from the tangential cutting coefficient, feed

per tooth and depth of cut.

2.2 Automatic Transfer Function Measurement

The principal methods of measuring the force to displacement frequency response function
(FRF) measurement use instrumented hammers and shakers to apply a force and measure the
response with an accelerometer or displacement sensor[9]. These techniques require lengthy
manual setup and cannot be used directly in a smart machining system.

Several techniques of performing automatic frequency response or impact testing have
been investigated. Piezoelectric sensors have been embedded into a structure to measure

its frequency response function[12]. This technique cannot be used to directly measure the
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Chapter 2. Background and Literature Review

S{:Iennld Hammer

Dlsplacement Sensor
Figure 2.1: Automatic Hammer[17]

frequency response function to a force applied at a free surface like the tool tip. It could be
used to find the natural frequencies of the spindle.

DC solenoid[20] and piezoelectric[23] powered impact hammers have been used in wave-
velocity measurement of testing. For concrete velocity wave testing it is not necessary to
measure the impact force; the DC solenoid did not have a force sensor. The piezoelectric
sensor had a force sensor to measure the time of impact accurately. In this case filtering and
windowing was needed to eliminate extraneous peaks which were observed to either side of
the primary impact.

Bilne and Tse developed an solenoid-driven hammer[17] to measure the transfer function
near the tip of a cutting tool (see figure 4.4). The hammer is activated by a pulse from
an analog output on a computer. When the hammer is activated, the solenoid is energized,
and the hammer strikes the tool. Once the hammer strikes the tool, the control electronics
immediately de-energize the solenoid and the hammer is returned to the rest position by a
spring. The force applied to the tool is measured by a piezoelectric force sensor mounted on
the hammer, and the response is measured by the capacitive displacement sensor mounted
below the hammer.

The advantages of this system over a traditional manual hammer are that it can deliver
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quick, repeatable strikes to the tool. The integrated displacement sensor allows the system to
be run without requiring an external response sensor, such as an accelerometer. This hammer

is used as the basis for the automatic frequency response measurement system described in

Chapter 4.

2.3 Effective Dynamometer Bandwidth Improvement

The cutting forces are either measured by using table dynamometers or spindle integrated
sensing systems, where both use piezoelectric sensors. Piezoelectric sensors detect the strain
between the two mechanical interface surfaces, and naturally reflect the mass, springs and
damping element chains in the embedded mechanical structure. As a result, the bandwidth
of the force sensing systems is limited by the natural modes of the structure which can be
well below the tooth passing frequencies used in milling operations. The aim of the smart
measurement system is to remove the dynamic distortions from the measured force signals,
so that the cutting forces and force coefficients are more accurately identified.

Park([19] developed a spindle integrated force sensor system for measuring the cutting
forces at the tool tip by measuring the force sensors embedded in the spindle housing. He then
used a Kalman filter to compensate for the dynamics of the spindle and spindle housing.He
was able to expand the bandwidth of the spindle integrated sensing system to 1000 Hz by
compensating the first three bending modes of the spindle structure. He later expanded the
algorithms to compensate high frequency dynamics of micro end mills operating over 50,000
rev,/min[6].

This thesis presents a robust Kalman filter method which is able to compensate the most
dominant mode of the structure which is carrying the sensor. The method is illustrated on a
table dynamometer which is used to measure cutting forces during high spindle speeds (i.e.
15,000 rev/min).

Although, the tool condition monitoring is quite a wide field, this thesis focuses only on
automated FRF measurement, cutting force measurements at high speeds, and identification
of cutting force coefficients from power signals available in CNC system. These methods are

robust, practical and do not hinder the operation of the machine during production, hence
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they contribute to smart machining technology.



Chapter 3

Identification of Cutting Force

Coefficients from Spindle Power

3.1 Introduction

The cutting force coefficients are used to predict cutting forces, torque, power and chat-
ter stability to identify optimal machining operations on the machine tools. The cutting
force coefficients are dependent on the material properties such as yield strength and hard-
ness, and have traditionally been identified in laboratories by measuring cutting forces using
dynamometers. The cutting forces in X, Y, and Z directions are measured with a dynamome-
ter, and from the workpice material-tool geometry specific cutting coefficients in the radial,
tangential and axial directions are calculated.

This thesis presents a method of predicting one of the cutting force coefficients from
average power measurement sensors available on standard machine tools. Several test cuts
are performed by the machine tool operator, and the power drawn by the spindle motor
is measured using a computer connected to the CNC (the details of this connection are
further explained in Chapter 6). The cutting torque is calculated from the spindle power.
By combining the cutting torques calculated during several test cuts at different feed rates,
the mechanistic cutting coefficients can be calculated, and entered into a cutting coefficient

database. This eliminates the need for costly tests in a laboratory with a dynamometer.

10
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Figure 3.1: Load Meter Voltage in Air Cutting
3.2 Extraction of Cutting Torque from Spindle Load

Sensor

The first step in cutting coefficient identification is to measure the cutting forces during a test
cut. Most machines include load meters which display the power being drawn by the machine
spindle, so the operator can know if the machine is approaching an overload condition. This
voltage output of this sensor can be read by a computer connected to the CNC and used
to estimate the torque on the machine tool, which provides enough information to estimate
one of the three mechanistic cutting coefficients.

The load meter on the machine tool returns a voltage V' which is proportional to the

average power being drawn by the spindle drive motor

V=KP,

=KTw (3.1)

where T is the total torque applied to the spindle by the motor, w is the angular speed of
11



Chapter 3. Identification of Cutting Force Coefficients from Spindle Power

the spindle, and K is a constant. The applied torque consists of the torque T, applied to
cutting, and the torque lost to friction 7%

T=T.+1Ty. (3.2)
The friction is assumed to consist of viscous and Coulomb components
Tf = bw + ch, (33)

where b is the viscous friction constant and 7T is the Coulomb friction torque.

Substituting equation 3.3 into 3.1 gives
V=Kw(T.+bw+T,y). (3.4)

Rearranging this equation gives the cutting torque in terms of load meter voltage and spindle
speed

V

There are three machine-tool specific coefficients which must be identified: the viscous fric-
tion b, the Coulomb friction Ty and the load meter constant K.
To identify these coefficients, air cutting tests were performed on the target machine, a

Mori-Seiki NMV-5000 machine tool. For an air-cutting test, the cutting torque T, = 0, so
V = Kbw? + KT, jw. (3.6)

Air cutting tests were performed from 1000 to 20000 Hz, and the voltage measured by the
spindle load meter was plotted (figure 3.1). From this data the voltage equivalent of the

viscous and Coulomb friction

V, = Kb (3.7)
Vrp = KTy (3.8)
can be determined through least-squares fitting. For the Mori-Seiki machine tool tested, these

parameters were found to be Kb = 1.43x10~7 V/rad/s’, and KT,; = —2.51 x 107> V/rad/s.

Although the Coulomb friction is negative, this is not a problem for cutting torque prediction

12
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Figure 3.2: Load Meter Sensitivity by Spindle Speed

in practice (see section 3.2.1). To avoid the unphysical result of negative friction, the friction
force is assumed to be zero below 2000rpm (209 rad/s).

To measure the load meter coefficient K, slot milling tests were conducted with spindle
speeds starting at 1000 rpm in 1000 rpm increments up to the maximum spindle speed of
the machine tool, 20,000 rpm. The true average cutting torque (7.) was measured using
Kistler rotating dynamometer, while the average power was obtained from the spindle load

meter of the machine. The spindle load caused by friction,
Vf = Kbw® + chw, (39)

was subtracted from the measured load, and the ratio of the cutting load to cutting torque

torque

(3.10)

was plotted in figure 3.2. The coefficient K was estimated by fitting a straight line to the
data using least squares. For the Mori-Seiki NMV-5000 machine tool tested, K was found

to be 3.88 x 107* V/W. By substituting K into K7T,; and Kb, the Coulomb and viscous
13
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Figure 3.3: Load Meter Torque Estimate vs. Measured Torque

friction constants are found to be

T.; = —0.0647 Nm
w > 209 rad/s, or 2000 rpm (3.11)

b=3.70 x 10~* Nm/(rad/s)

3.2.1 Limitation of Torque Estimation using Load Meter

This method of estimating cutting torque has a couple of limitations stemming from the
nature of the load meter sensor, which must be considered when planning cutting force
coefficient identification tests. First, the data from the load meter is low-pass filtered, so
this technique can only be used to obtain the average cutting torque, not the instantaneous
cutting torque. Second, since the load meter measures power, the cutting force estimate is
inaccurate at low speeds. Third, the friction estimate is inaccurate at low speeds.

The primary purpose of the machine tool load meter is to provide an indication to the
operator when the machine is operating within safe limits. For this purpose, the important
measure is the average power being applied to the spindle motor. In addition, the spindle

has a large moment of inertia, and the bandwidth of the spindle velocity control loop is low,
14



Chapter 3. Identification of Cutting Force Coefficients from Spindle Power

which means that the power reported by the load meter is a low-pass filtered version of the
instantaneous cutting power. This can be seen in figure 3.3. This shows the torque and
load-meter readings as the cutting tool leaves the workpiece. The torque measured by the
dynamometer falls to zero immediately, while the load meter reading falls off exponentially.
From this graph it appears the load-meter has approximately a first order response. To
discover the approximate bandwidth of the load meter, the step response of a first order
system was fitted to the load meter data. This gives a bandwidth of approximately 7 Hz for
the load meter. To have a tooth-passing frequency less of less than 7 Hz, a two fluted tool
must be rotating at less than 210 rpm. This is much lower than the practical spindle speeds on
modern milling machines, making this method impractical for measuring the instantaneous
cutting torques. It can still be used for measuring average cutting forces.

Another limitation arises because the torque is being estimated from the measured power.
At low speeds, the power will be low, even if the torque is high, leading to inaccurate
measurements. Consider two load meter measurements, one at V', and one at V + AV,
where AV is the quantization error of the load meter, which for the Mori-Seiki NMV-5000 is

approximately 3 x 107* V. The difference in estimated torque for these two measurements,

1
AT, = 7—AV, (3.12)

is the minimum cutting torque error. For the cutters used in this thesis, the average cutting
torque was between 2 — 3 Nm, so to get the quantization error below 10%, the spindle speed
must be above 35 rpm, and to get the quantization error below 1% the spindle speed must
be above 350 rpm.

The apparent negative Coulomb friction is the linear approximation used in the model.
The real friction follows the Stribek curve, with viscous friction dominating over the majority
of the spindle speeds except under 2000 rpm as can be seen from the torque measurements
against the spindle speed shown in figure 3.4. To avoid the unphysical negative friction,
friction is assumed to be zero below 2000 rpm. Since the spindle load method is less accurate
at low spindle speed, so the error in the friction model at low spindle speed is unimportant

in practice.
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Figure 3.4: Torque in Air Cutting
3.3 Identification of Tangential Cutting Force

Coefficient

The estimated average cutting torque from the spindle load meter needs to be correlated to
cutting torque model based on metal cutting mechanics.
The tangential cutting force per unit depth of cut along the cutting edge j of a milling

cutter is given by

dF;(0) = Kich(9) + Kie, (3.13)

where h(¢) is the chip thickness at the cutting edge angle ¢[2]. The corresponding instanta-

neous cutting torque is
dTCJ(Qﬁ) = R<Ktch(¢) + Kt@)g(¢)7 (314)

where R is the radius of the milling tool, and ¢(¢) is a function which is unity if the tooth

is in cut, and zero if it is out of cut. The chip thickness changes as cutter rotates,

h(¢) = s¢sin(¢). (3.15)
16
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Figure 3.5: Load Meter Sensitivity by Spindle Speed

The average torque per unit depth of cut is thus

R

2T
chJ = %/o (@) [Kiesi sin(¢) + Kiede) . (3.16)

If the cutting tests are performed in slotting mode for simplicity,

1 ifo<op<n
9(¢) = : (3.17)
0 fr<¢p<2m

the average torque per unit length for a single tooth reduces to

_ RK,  RK,

T, ; = , 3.18
or a total average torque of
= RNaK,. RNaK,
L L ;‘ te, (3.19)
s

where a is the axial depth of cut.
Cutting tests were performed with varying feeds per tooth s;, and the measured and

estimated cutting torque was shown in figure 3.5. Straight lines were fit to both the measured
17
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torque from dynamometer and estimated torque from the load, and the slope and intercepts

were matched to the coefficients in equation 3.19. The cutting coefficients were estimated to

be

K. = 1040N/mm? (3.20)

K. = 9.81N/mm (3.21)

from the load meter measurements. The cutting coefficients obtained from the rotating

dynamometer measurements were

K. = 936N /mm? (3.22)

Ko = 13.9N/mm, (3.23)

which gives a value of K;. which agrees within 11% with the estimation from the load meter
model. The prediction accuracy is sufficient to use the model for on-line identification of
tangential cutting force coefficients from cutting tests using the available load meters on the
production machines.

The cutting force identification model can be integrated to CNC system for smart, au-

tomated, on line design of material machining data base in production floors.

18



Chapter 4

Automatic Impact Modal Testing of
Milling Cutters

To predict the occurrence of unwanted unstable vibrations in machining (known as chatter),
the dynamics, or frequency response function (FRF) of the machine tool must be measured.
In practice this can be a time consuming and difficult operation, which requires a trained
technician or engineer with specialized test equipment. This test must be repeated for every
cutting tool used in manufacturing a part as each cutting tool will have a different FRF. If
the machine tool could measure its own FRF, the process of calculating the stable cutting
regions of a machine tool would be greatly reduced.

In order to automate this process an automatic hammer was developed which can be
integrated to the controller of a machine tool. The automatic hammer can be activated
from the front panel of the CNC by the operators. The chatter stability charts can be
automatically calculated from the FRF measurements, and the operators can be advised to
select chatter free conditions and the current health of the spindle can be reported to avoid
damages to bearings.

The automatic hammer is a device invented by Matthew Tse and Ryan Bilne for their
Master of Engineering project (2003)[17], with the goal of automating the process of ob-
taining the frequency response function of a tool/tool-holder combination. Although their
device simplifies the measurement of the frequency response, the device itself is not enough
to achieve the goal of one touch FRF measurement. This chapter expands their work to
integrate the hammer with a CNC to produce a system which can perform high quality
transfer function measurement completely automatically.

The automatic hammer (shown in figure 4.1) consists of a solenoid actuated plunger with

a force sensor on the end to hit the tool, and a capacitive displacement sensor to measure
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Figure 4.1: Automatic Hammer

the response. The force sensor and the solenoid are connected to a solenoid control circuitry
which activates the solenoid in response to a signal transmitted from a connected PC. The
circuitry energizes the solenoid until the hammer head on the solenoid hits the tool. The force
and displacement are recorded by a computer, and the FRF between force and displacement
is calculated.

Several difficulties have been identified with the use of automatic hammer on CNC ma-

chine tool:

e the tool must be oriented at the correct position and orientation,
e the capacitive displacement sensor must re-calibrated with each measurement,
e multiple impacts which destroy the measurement accuracy need to be minimized, and

e the offset between the impact force and measurement of vibration points must be

considered.

This work proposes a series of algorithms which can be implemented on a personal computer
(PC) connected to a CNC machine tool to automatically position the cutting tool and
calibrate the displacement sensor. The accuracy of the developed system is then tested using

a normal laptop computer connected to a Mori-Seiki NMV-5000 5-axis milling machine.
20
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S{:Iennld Hammer

Dlsplacement Sensor
Figure 4.2: Measurement Heights for Finding Flutes
4.1 Awutomatic Spindle Orientation

In order to get an acceptable impact on the tool, it must be aligned so that the hammer
strikes a surface of the tool which is approximately perpendicular to the direction of travel
of the hammer, and the path of the hammer is free of interference from other parts of the
tool. On an inserted cutter, this is not difficult since there is typically a large flat surface
located behind the inserts. On a traditional endmill however the only acceptable location is
behind the flute edge.

To position the tool correctly, the location of a flute at the height of hammer the must
be found (marked A on figure 4.2). However, the displacement sensor cannot be moved to
this location, since the tool would impact against the table. Instead, the flute is located at
the bottom of the tool (C), and midway between A and C' (B). Assuming the helix angle is

constant, the location of the flute at point 04 is
0r =20 —0c, (4.1)

where 65 and 6. are the locations of the flute at points B and C| respectively.
Locating the flute is a minimization problem; the flute is at the angle where the distance
between the displacement sensor and the tool is minimized. To find the location of a flute,
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three points are found: a central point, where the sensor is close to the flute, and a point
to the left and a point to the right of the central point, where the tool is further away from
the sensor. Using the golden section search algorithm described below, the left, center and
right points are moved towards each other, making sure that tool is always closer to the
sensor at the central point than either the left or right points. This ensures that the tool
is closest to the sensor at some point between the left and right points. Once the left and
right points are within 1.5° of each other, the algorithm is terminated. This bound offers
sufficient accuracy so the hammer will hit the flute. Additional accuracy is not required, and
a smaller bound would require more measurements, increasing the length of time required
to run the algorithm.

The technique used to locate the flute is the Golden Section Search[15]. This algorithm
keeps track of three points: the left bound A, right bound B, and a point C' between the
two. A test point X is chosen in the larger of the regions between A and C', and between
C' and B. Suppose the point X is chosen between A and C. Then if d(X) < d(C), the new
bracketing triplet will be A, X, and C. Alternatively, if d(C) < d(X), then the new bracket
will be X, C, B.

The test point X is chosen to be a fraction of the distance between A and B as follows.

Suppose C'is a fraction of the distance between A and B

C—-A

Furthermore, suppose that the test point X is a fraction beyond A of

X—-A
m —_— Z. (4.3)

The next bracket will either be of length W, or of length 1 — Z. To maximize the worst-case

performance, these two must be equal, or
W=1-"2Z (4.4)

Now assume the initial points A, B, and C' were selected by the same strategy. Then W

must be the same proportion of the whole interval, as Z is of the smaller interval AB

A
W= —. 4.5
" (1.5)
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Substituting in equation 4.4 and solving gives

(4.6)

where the negative solution is ignored as physically impossible. Here ¢ is the golden ratio.
In order to apply this algorithm, the initial three bracket points must be found. The

algorithm given in Numerical Recipes in C[21] is adopted here. First, the distance to the

tool at two points 6,, 6, = 0, + 5.6°. The largest of these two points becomes 6, the other

0. These two points are measured, and the distance to the tool at some number of other

points
gb (Qn—l — Qn_g)lf ¢ (Qn—l — en_g) < 22.5°
O, =01+ : (4.7)
22.5°%otherwise
are also measured, for n = 2,3, .... This continues until the distance to the tool at the final

point Oy is greater than the distance at #y_;. Then, the three bracketing points will be
On_2, On_1, and Oy.

If the bracketing interval is chosen before the maximum step size of 22.5° is reached,
the central point will be located so that the golden section algorithm is optimal. If the
maximum step size of 22.5° is reached, the interval found will no longer be optimal for the
golden section search; however a maximum step size is required because the golden section
search algorithm assumes there is only one local maximum inside the bracketed region. If
there are more than one local maximum, the algorithm could converge to a local maximum
which is not necessarily the global maximum. In order to ensure there will be only one local
maximum in the bracket, it is necessary to find the maximum bracket size such that there
is only one local maximum in any such bracket.

The maximum step size must be carefully chosen. On one hand, if the maximum step
size is too small, the bracketing algorithm will often achieve the maximum step size, which
will slow down both the bracketing and the minimization algorithms. On the other hand, if
the maximum step size is too large, the chosen bracket may include multiple local maxima,

causing the algorithm to fail to correctly locate the flute edge.
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4.2 Automatic Capacitive Sensor Calibration

The calibration for the capacitive sensor is only valid when the target is a thick metal sheet
that is flat within an area roughly 30% larger than the target of the capacitive sensor. Due
to the flutes and the curvature of the tool, a milling tool does not satisfy these requirements,
so a custom calibration method must be done before measuring each tool. In addition, the
calibration is designed such that at the end of the calibration the tool is positioned such that
the voltage output from the capacitive sensor is approximately zero. The capacitive sensor
has a non-linear sensitivity, and is more sensitive the closer the tool is to the sensor, so
positioning the tool such that the voltage output of the displacement sensor is zero ensures
maximum sensitivity while ensuring the tool does not impact against the sensor.

In order to calibrate and zero the sensor, the voltage at the initial distance is first mea-
sured. The machine is then jogged 50 pm, and the voltage is measured again. This is used

to obtain an estimate of the sensitivity

AV
S=——"-: 4.8
Ao (4.8)
Then an estimate of the distance required to zero the voltage of the sensor
V
A:Cremaining = § (49)

If the distance remaining is less than 200 pm, then the CNC is jogged half the estimated
remaining distance; otherwise it is jogged 100 pym. This slow approach ensures that the tool
does not impact against the displacement sensor. This is repeated until the voltage is more
than —0.1 V. The last sensitivity measurement is taken as the sensitivity of the sensor for
the FRF measurement.

There are two major potential sources of error in this measurement. First, the CNC may
have low positioning accuracy, so it may move a different amount than what is instructed.
Secondly, there may be noise in the displacement sensor measurement. This noise was found
to be negligible in the flute finding algorithm; however, the sensitivity is the derivative of
the data, which will tend to magnify the effect of noise. In order to measure the error of the
CNC axis, a laser interferometer was set up to measure the displacement along the same axis

as the automatic hammer was measuring. The CNC was then programmed to move between
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10pm and 100pum, and the distance actually traveled was measured by the interferometer.
In all cases, it was found that the distance actually traveled by the CNC agreed with the

instructed distance to within +100nm, which is the display precision of the interferometer.

4.3 Signal Processing of Automatic Hammer Signal

The goal of signal processing for the automatic hammer setup is to reduce the effect of noise
and systematic errors on the measured FRFs. There are two sources of noise in the automatic
hammer system which are eliminated using digital signal processing. First, it is known that
the force is zero except during the impact. The force data is multiplied by a window function
which sets the force to zero away from the impact. Second, random noise is a significant
problem, especially in the displacement sensor readings. So several measurements are taken

and averaged as described by Ewins[9].

4.3.1 Force Measurement Windowing

The purpose of windowing is usually to reduce signal distortion (leakage) which occurs when
the discrete Fourier transform of a non-periodic function is taken. In the automatic hammer
system, this is not a problem. The measurement time is sufficiently long that the system
has a chance to settle back to its steady state value after each impact, so it can be treated
as a periodic system. Instead, the goal is to reduce the noise in the measured signal.

For an impact test, the applied force f(¢) is large for a small time; however the noise
will occur over the entire measurement. Therefore, the overall noise in the signal can be
significantly reduced by setting the force signal to zero outside the small region where the
actual force signal exists. This is especially important for the automatic hammer. Since
some of the measurement circuitry is run from the same circuitry as the solenoid actuator,
the current drawn by the solenoid causes noise to appear in the force signal when the solenoid
is activated.

There is a similar problem with the displacement measurement. Although there is no
cross-talk between the solenoid driver circuit and the displacement circuit, since the response

has an exponential falloff, it is mostly limited to within the first 0.2 s after the impact.
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Figure 4.3: Cosine-Taper Window for Force Signal Windowing

The noise reduction algorithm is presented as follows. The discrete Fourier transform

(DFT) of the measured signal f,, is

N-1
U= fae ™. (4.10)
n=0

where NV is the total number of samples, and k is the number of the harmonic. Assuming

that the measurement error is a Gaussian process with zero mean, the error at each point is

2

N-1 P N-1
278 oy
G=D_ |g 2 e 6,
m=0 m =0
= Nej, (4.11)

where epsilony,, is the measurement error at point m. Since the noise is assumed to be a
stationary process, the error €y, at each measurement point is identical. This error is called

€¢. The measured signal is windowed as
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where w,, is the window function. For the windowed signal,

N—1
Wy = Z wnfne%’m. (4.13)
n=0
The error in the windowed signal is
N-1 N-1 2
2 9 2Mign| 2
W, = — Wy frne N €. (4.14)
m=0 ™ n=0
N-1
=y wl. (4.15)
n=0

(4.16)

when the window is used.
For the force signal windowing, a cosine taper window was chosen. Such a window is

shown with a typical force signal in figure 4.3. A cosine-taper window is defined as

( % [COS (7r t::f’;:) + 1} if t >=t,, and t < 1p,
1 ift >=t,; and t <tpe

W(t) = < (4.17)
% [cos (7r tff_t;’p) + 1} ift >=t, and t <t
0 otherwise

(
There are four important points: the start of the initial cosine taper t;,, the start of the
plateau t,,, the end of the plateau ¢,., and the end of the final cosine taper #;.. These points
are automatically selected by finding the maximum force, and then finding the next point
where the force falls to 10% of its peak value. The distance to this point is called t.pouider-

The end of the plateau is selected to be

3
tpe = tmaz + Etshouldera (418)
and the end of the window is
te = tpe + tshoulder- (419>
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The last point before the force peak where the force rises above 10% of the peak value is
also found, and the same procedure is followed to find ¢,s and .

This method of determining the force window size was chosen to ensure that the force
window was unity wherever the force sensor was in contact with the machine tool, it hugged
the force signal as tightly as possible so as much of the noise as possible is eliminated, and
it had a smooth drop off between 1 and 0.

A typical force signal produced by the automatic hammer has a width of 0.4 ms, with a
50 000 Hz sampling rate, and sample length of 0.2 s, which gives an error 6 % of the error

of the unwindowed signal.

4.3.2 Spectral Averaging

In order to reduce the effect of noise on the calculated transfer function, several force and
displacement measurements have been made. The Fourier transforms of the force F,,(jw) and
displacement X, (jw) of each measurement are calculated, and the auto- and cross-spectra

of each measurement are calculated:

Stn = [Ful, (4.20)
Seem = |X0l?, (4.21)
Stem = F'X,,. (4.22)

The average spectrum over all M measurements is then calculated

_ 1 X
St =177 > Sipm (4.23)
) 1 n;l
Spe =37 > Stem (4.24)
n=1
M n=1 ’

These spectra are then used to calculate the measured transfer function one of two ways.

Either -
_ Sfa
Sy’

Hon (4.26)
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or

Hm2 = ‘?3333

. (4.27)
Sty
In the noise free case these equations both simplify to the normal equation for calculating

the transfer function

(4.28)

2 M 2

8f F €fn

(4.29)

If the transfer function is calculated using equation 4.26, the error in the transfer function
measurement is

M N-— = M N-1
0 sz 9 sz 2
€ €. +
e mz Zo T Z: « <= |0 fwn Sty
M N M N-1 = 2
1 asfx GSfx 0S¢r|” 5
3 [ZZ +Z _\ap. ~ Hmgr | <, (4.30)
m 0 m=1 n=0
but
8§f$ * 2mik
Dz = 8wmn_z;F mee Nod
F* 2mik
— ]\;G_T (431)
Similarly,
8§f$ Xm 27rzk
— = —¢ N " 4.32
T (4.32)
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Finally,
55ff 9 1 M /N-1 snik * /N—-1 snik
- — foge™ N fre N7
O~ B M 2 | 2P 2
a 1 M oV _ 2mik r—
- 8fmnﬂz Foafpre™ N0

r=0
2 «— 2k
=37 2 frmq COS (T (n— Q))
2 (27rn )N‘l (27rq ) . (27m )N g ( q )]
= — |cos | —k fmq cos | —k | +sin | —k fmq sin | —k
M [ N q=0 N qz: N
— % {cos (%Tnk> R [F,n] + sin (%k) Q) [Fm]} (4.33)

Substituting equations 4.31 through 4.33 into equation 4.30 gives

M N-1
it = M2S2 (Zzsffmﬁ

ié[ e — AR [ X7, g™ 77
< (27m > ] + sin (%Tnk) [Fm])
Al (COS (%Wnk> R[Fy] +sin (%T”k) [Fm])Q

2
ef> .
In order to simplify this equation, approximate

G~ () (9

(4.34)

for large N. Since

/ "ot (%k%) sin (QWk%) dz = 0 (4.36)
0
/OT cos (27rk: > dx = % (4.37)
/OT sin? <27Tk‘%> dx = g (4.38)
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for any integer k, equation 4.34 reduces to

N |Hp)? { 1 €
2, ~ T €+ , 4.39
where C'y, is the coherence, defined as
}Sf »’6|2
Ctp = =——=—, 4.40
=55, (4.40)

which is roughly an indication of the error in the signal, and varies between 0 and 1. Similarly,

the error in H,,s is

1 S 05% 0S5%
2 T x 2 fz
Hp2 = 15 |2 Z — Hm2 €, T Z H,.9
|Sf$| m=1 n=0 8xmn 8 mn m=1 n=0 afmn
N |Hpol* [ € -
—_ | =+ |H,, . 4.41
M5, |y, Tl (4.41)

By comparing equations 4.29, 4.39 and 4.41 a couple of observations can be made. First,
in all cases the error increases with the square root of the number of the frequency range,
and decreases with the square root of the number of measurements. Although increasing
the number of measurements will always increase the accuracy of the measurement, as more
measurements are made the improvements will decrease. When using the automatic hammer,
an increased number of measurements can be used since each measurement takes less time.

Equation 4.26 is preferred over 4.27 because for the automatic hammer the force mea-
surement has lower error than the displacement measurement, and in equation 4.26 the error
in the force measurement €; contributes more to the overall error than the error in the

displacement €.

4.4 Hammer-Displacement Sensor Offset
Compensation

To predict the chatter-free cutting conditions, it is necessary to obtain the frequency response
function (FRF) from a force applied at the tool tip to the displacement at the tool tip.
However, the automatic hammer does not apply the force at the tool tip, it applies the force

approximately 15 mm above the tool tip (see figure 4.4. This will increase the apparent
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Solenold Hammer
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'\. Displacernent Sensor

Figure 4.4: Automatic Hammer

stiffness of the cutting tool. As a result, the predicted chatter stability obtained using this
FRF will be higher than the real chatter stability.

This apparent increase in stiffness can be compensated under the assumptions that
1. the most flexible part of the spindle/tool holder/tool structure is the tool,

2. the tool can be approximated as a beam, and

3. the bending of the tool is quasi-static.

Under these assumptions, the stiffness of the tool at the tool tip is

Xa L3
T T3 (4.42)

where L is the stick-out of the tool from the toolholder, F is Young’s modulus, and I is the
area moment of inertia of the tool. The stiffness of the tool for a force applied higher on the
tool and the displacement measured at the tool tip is

X,

B =g BLh) (4.43)

where [, = L — ¢ where € is the offset between the displacement sensor and force sensor in

the automatic hammer. Solving equation 4.43 for E'I and substituting into equation 4.42
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Figure 4.5: Comparison of Automatic Hammer vs. Traditional Tap Testing (Cross vs. Cross)

gives
X,  2L* X,
F, 12GBL-10) F’

This equation is used to obtain an approximation of the direct transfer function by sub-

(4.44)

stituting the measured cross transfer function into X,/F,. The effect of this compensation
can be seen by comparing figure 4.6 with figure 4.7. The FRF with the correction applied

matches more closely with the FRF measured manually.

4.5 Comparison of Automatic Hammer with

Traditional Impact Test

A test of the full automatic hammer system was performed, including edge detection and
automatic calibration. This was compared with a FRF measurment performed with a manual
hammer striking the tool at the same height as the automatic hammer, and measuring the

response with a capacitive sensor positioned at the tool tip (see figure 4.5). In this case the
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Figure 4.6: Comparison of Automatic Hammer vs. Traditional Tap Testing (Cross vs. Di-

rect)

automatic hammer and traditional methods give very similar results.

The FRF measured using the automatic hammer was then compared with the FRF of
the machine was then measured with a traditional tap testing method: an instrumented
hammer to apply and measure the impulse, and an laser sensor to measure the response. In
this case, both the instrumented hammer and laser sensor were positioned at the tool tip.
Tests were done using a typical setup for each method, and a comparison without hammer-
displacement sensor offset compensation is shown in figure 4.6. Since the automatic hammer
is much quicker than the manual hammer, the transfer function obtained by the automatic
hammer was averaged over 20 measurements, while the FRF obtained by the traditional
method was only averaged over 5 measurements.

The increased stiffness due to the offset between the hammer and the displacement sensor
can easily be observed near the mode at 2400 Hz. By contrast, the stiffness of this mode is
much closer in the corrected FRF (figure 4.7).

The effect of this correction can be seen in the stability chart (figure 4.8). In all three cases

(corrected automatic hammer FRF, uncorrected automatic hammer FRF and traditional
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method FRF) the stable cutting pockets occur at the same spindle speeds. However, due
to the apparent increased stiffness, the uncorrected automatic hammer measurements have
a much higher absolute stability limit compared with both the corrected and traditional
FRF measurements. The stability limit inside the more stable pockets matches more closely
with the uncorrected measurement than the corrected measurement. This is because the
maximum stable depth of cut in these regions is determined principally by the spindle modes.
This is unsurprising as these modes were not targetted by the correction algorithm, and the

assumptions used when developing the correction algorithm do not apply in this region.

4.6 Conclusion

Since the automatic hammer is completely automated, it can measure the frequency response
function of the machine tool much quicker than the traditional method. It can also be used by
a machine tool operator with minimal training. However, the traditional method measures
the direct FRF at the tool-tip, while the automatic method measures a cross-FRF, with
the impact located approximately 15 mm above the response measurement point. When
this cross-FRF is used to approximate the direct transfer FRF, it is similar to the direct
FRF at low frequencies. At high frequencies the two FRF differ substantially, with the
FRF measured by the automatic hammer not detecting modes above 3000 Hz. The FRF
measured by the automatic hammer can be used as a starting point for locating the stable

cutting regions.
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Chapter 5

Effective Dynamometer Bandwidth

Improvement

5.1 Introduction

The instantaneous cutting force measurements are used to identify material cutting con-
stants, to trace the cutting load history on the machine tool during machining a workpiece,
and to monitor the condition and cutting performance of the tools used.

Spindle load meters have only limited bandwidth (less than 10Hz), and can not measure
instantaneous cutting forces at spindle speeds above a few hundred revolutions per minute.
It is necessary to use cutting force dynamometers mounted on the table or integrated to the
spindle. Integrating a dynamometer to the machine tool adds flexibility to the structure. If
the periodic cutting force frequency is near a resonance frequency of the sensing system, the
measured cutting forces are distorted and incorrectly recorded. The lowest natural frequency
of the sensing system can be as low as 200 Hz depending on the mass of the workpiece
mounted on the dynamometer, or spindle which houses the force cells. If a force is applied
at this frequency, the workpiece and dynamometer will vibrate, and the measured force will
be distorted compared to the applied force. In order to recover the real applied force from
the distorted measured force, a state space model of the dynamometer is developed, and a
Kalman filter is derived to recover the applied force, similar to the technique proposed by
Park for his spindle integrated force sensor system|[19].

In this technique, the dynamics of the mechanical system are first identified by applying
a known force impact to the dynamometer using an instrumented hammer and measuring
the response to get a frequency response function (FRF). The FRF is then used to construct

a state space system which captures the dynamics of the dynamometer. This system is then
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modified as described below such that the applied force on the dynamometer is treated as
another state. A Kalman filter is then designed to estimate the state of this model, and from

that state an estimate of the applied force can be extracted.

5.2 Dynamic Model of Cutting Force Measurement
System

The dynamometer is modeled as a linear time invariant (LTT) system which has an applied
force F, as the input and produces a measured force F),. The dynamometer dynamics can

be modeled as a transfer function of the form

o0

B _ H(s) = Z K : (5.1)

2
F, p 82 + 2Cpwn kS + Wi g

For simplicity, assume that the modes are ordered by natural frequency, w,1 < w2 < ....
In general any structure will have an infinite number of modes. Here the dynamics of the
dynamometer are approximated by a model with a finite number of modes, M, which is valid

for frequencies 0 < w < wy, pr. For any mode

Ky,
Hy(jw) =
K
~ Tk when w < wy, x, (5.2)
wn,k
since if w < wy, k,
|w? + j20wn | < W, Y

Therefore, in the domain of the reduced model, the contributions from higher modes can be

approximated by a constant

o] Kk
k=M41 ™k

This gives an approximate transfer function of the dynamometer,

~ K for 0 < w < wy, 5.5
O+ZSQ+2Ckwnks+wkor WS WnM (5.5)
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To determine the transfer function of the dynamometer, the frequency response function
(FRF) of the dynamometer is measured by striking it with an instrumented hammer. The
input force from the hammer and output force from the dynamometer are measured. The
measured FRF is fit to the above model using a non-linear least-squares method, with the
additional constraint that the static gain of the system is known to be 1 since the both the

hammer and dynamometer are calibrated to produce a force in Newtons, so

M
Ko=1-) K (5.6)
k=1

To design a Kalman filter to compensate these dynamics, a state space system with
these input-output characteristics must be designed. There is no unique state space system
with certain system. Indeed, there are infinitely many state space systems with the same
dynamics. The two standard forms are the controllable canonical form and the observable
canonical form. Since the extended system must be observable, the observable canonical form
is most appropriate. To write the state space model of the system in observable canonical

form, the transfer function of the system must first be written as a system with a common

denominator
bo + b oo+ b, 8"
H(s) = 208t s (5.7)
ag+ a8+ ---+ 8"
This can be written in observable canonical form as
—A -B
— 7\ - /__/H_
—Qp—1 1 0 --- 0 b,
. —Qp_o 0 1 b1
X = ) ) . xr + ) Fa (58)
—ag 0 0 - 0 bo
—_———

For a typical mechanical system however, this process will have poor numerical properties.

A useful measure of the numerical stability of any matrix U is the conditioning number,

w(U) = [U] U], (5.10)
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where any norm can be used. In this thesis infinity norm is used for simplicity. For the

observable canonical form,
IA|l,, = max {ag, a1 +1,...amn1 +1}. (5.11)

Since for the modes of interest of the dynamometer w; > ¢; V7, j,

M
1A = ao = [Jwi. (5.12)
k
Similarly,
0 0 1
Qo 0 —Qm—1
0 ao —am—2
0 0 ce —aq
A7 = using Cramer’s rule (5.13)
e |aol
1 Qg
= max{q —,1 — — ~ 1. (5.14)
k>0 ap ap

This gives a conditioning of the state transition matrix A of
k(A) = ag. (5.15)

A system is said to be ill-conditioned if the reciprocal of the condition number approaches
the machine precision, which is 107'2 for double precision[21]. The natural frequencies of
a dynamometer are w, ~ 103, so the observable canonical form will be ill-conditioned with
more than two modeled modes.

Instead, the state-space model is constructed by composing the state space models of
several mode individually. Split the transfer function into the sum of transfer functions for

each mode u
H(s) =Y H(s), (5.16)

where

(5.17)
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Each individual mode has a corresponding canonical observable form

=A, =B,
7 - ~N /_/\
—2Cwnr 1 0
o = | B F, (5.18)
Yk = [1 O} Xk (5.19)
~——

=Ch

The total response of the system y is given as:

M
y=> yx+ KoF.. (5.20)
k=1

Let x be the total state of the system

T
xz
X =", (5.21)

Tn

then a state space model of the system can be written as

=A’ =B’
< 7S - —
—2Cwp1 1 0 0 0 0 0
—wry 0 0 0 0 0 K
0 0 —2Cwnr 1 0 0 0
X' = 0 0 —w?, O 0 0| x+ | K, | Fu (5.22)
0 0 —20kwn k1 0
0 0 e —wi}k 0 Ky
y=110 10 --- 1 0/xX+ Ko Fo. (5.23)
N ~~
~~ D/
=C’
For this new state space model,
Al = maxcug,k,, (5.24)
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and
A0 0
Jam=f
0 XY B

This gives a condition number approximately

k(A') ~ max {w? )

(5.25)

(5.26)

This form is well conditioned for any number of modes as long as the natural frequency of

all modeled modes w,; < 10° rad/s.

In order to construct a Kalman filter, it is necessary to write the system in state space

form with known inputs and outputs, and unknown process and measurement noise. For the

Kalman filter to be optimal, the process and measurement noise must both be uncorrelated

zero mean white noise processes with a known variance. However, in the case of milling, the

force applied to the dynamometer is not a white-noise. A model must be developed which

models the applied force as white-noise passed through some filter[13]. To obtain this filter,

the applied force is written as a periodic function F),(¢) multiplied by some slowly varying

envelope A(t)

F,= Z an(t)e%Tmt,

where A(t) is considered approximately constant. Defining

27rznt

Fon=a,(t)e ™",

and

Gp’n = Z-Fp7n7

(5.27)

(5.28)

(5.29)

(5.30)
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gives
hd 27Tn . 27rint
Fpm = TGpm' +ane T (531)
. 2 Tin
Gy = —%Fp,n +ine T, (5.32)
for n # 0 and
Fypo = ag (5.33)

. . . . . . 27Tint . . . .
Since a,, is not known a priori, a,e T * can be treated as a white-noise source with variance
— 42
Q. = a; = constant. (5.34)

This has the form of a state-space model with an infinite number of states. For the
purpose of the dynamometer compensation, this model is approximated as a model with
2N +1 states, the DC component and the first /N harmonics. The tests done in this thesis have
been performed with a 4-fluted tool, so N = 12 was chosen, with the fundamental frequency
being the spindle frequency. The spindle frequency was chosen as the fundamental frequency
instead of the tooth passing frequency to account for any runout in the measurement. By
using 12 harmonics, the third harmonic of the tooth passing frequency is included, which is

required to properly capture the cutting forces[19].

A
(0 0 0 0 0 0 0]
00 1 0 0 0 0
0 -1 0 0 0 0 0
G 2|0 0 0 0 0 0 XH;';(W
Tlo o 020 0 0 (5.35)
000 0 0 0 0 N
00 0 0 0 -N 0
Fa=[11010 10]Xf
. ~ )

The dynamometer model is expanded to a composite model which includes the force

model. The state vector of the composite model contains the states of both the dynamometer
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model and the applied force model

b
zZ = . (5.36)
Xf
The expanded system is then

. A’ B'Cs 0
z(t) = z(t) + w(t) (5.37)

0 Af Bf
Fn = [C’ D/Cf} z(t) + v(t). (5.38)

This gives a new state space system with state space matrices

. |A BC| . |0
A= B
0 A 0 (5.39)

é — |:C/ D/Cfi| D — 07
T
which is disturbed by some white noise [0 Bf} w(t) and v(t), each with impulsive corre-

lation
0

E wt)w(O) o Be| p = Qi - Q) (5.40)
B¢

E{v(t)v(Q)} = Ro(t — Q). (5.41)
v(t) and w(t) are also assumed to be mutually uncorrelated.

To estimate the applied force it is necessary to find a linear filter which is driven by the
measured force F), and produces a state estimate z. An estimate of the applied force E,
can be extracted from the estimated state. The filter will be optimized by minimizing the
function

Jo=E{z(t)z(t)"} (5.42)
where

z(t) = z(t) — =z(t) (5.43)
is the estimation error. This is the Kalman filter problem.

To derive the solution to this problem, the derivation of the Kalman filter given in
Goodwin[13] is followed. Begin by considering a time-varying state-space model

Xe(t) = Ae(B)xs(t) + We(t)ye(t) = Co(t)xe(t) + vi(t) (5.44)
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where wy(t) and v,(t) have zero mean and are uncorrelated, and

E {wi(t)we(Q)"} = Qud(t — Q) (5.45)
E {u(t)o(0)} = Rt — ). (5.46)

For this model, compute the covariance P(t) = E {x¢(t)x¢(¢)" } given the initial covariance

Po = E {x¢(0)x¢(0)"}. The solution to equation 5.44 is

x¢(t) = e (t,0)xo4 +/0 G¢(t, T)We(T)dT (5.47)

where the state transition matrix ¢ (¢, 7) is the matrix such that

x4 (1) = e (t, 7)%4(7). (5.48)

Squaring the solution given in equation 5.48 and taking the expectation gives

B(t) = 6u(t.0Podn(t.0)" + | ult.T)Qu(r)bult, ) dr (5.49)
0
Differentiating this equation gives
%f) = APt) +P(t)Ae ()" + Qq(t). (5.50)

Returning to the original problem of obtaining an estimate, z(t), of the state z(t). Assume

the filter has the form:

da(t)
dt

= As(t) + K(t) [Fm(t) ~ Gl (5.51)

where K() is a gain matrix yet to be determined. Subtracting equation 5.37 from equation

5.01 gives
dz(t)
dt

Comparing equation 5.52 with 5.44 gives

- (A _ K(t)C) 7(t) + K(t)u(t) — w(t). (5.52)

x() =7 A= (A-K®C):  wi) =KOub) - w). (553

Therefore

T _ (A-k0E) P + o) (A-K()

(@Y

)T L K(ORKHT + Q. (5.54)
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To determine the gain K(¢) which minimizes equation 5.54, let

K(t) = K(t) + K(1), (5.55)

where
K(t) =P(t)CTR™. (5.56)
Substituting equation 5.55 into equation 5.54 gives

A~

artt) _ (A _ K(t)C> P(t) + P(t) (A - K(t)C>T (5.57)

+KORK®)T + KORK()T + Q.
It can clearly be seen that P(t) is minimized if K(t) = 0. Thus, K(t) is the optimal time
varying filter gain. At a steady state condition,

e A AT

0= (A - K(t)C) P(t) + P (A - K(t)C)
+KORK()T + KORK(H)T +Q (5.58)
K. =P, C"TR. (5.59)

The steady state Kalman gain K. is used instead of the time varying gain K(t) to avoid

recomputing the Kalman gain at every time.

To summarize, the estimated applied force is

7= Az(t) + K (Fm - Cz@)) (5.60)
F, = [OMM cf] 7 (5.61)
where the optimal gain K satisfies
K =PC'R™! (5.62)
and P is the solution to
0=Q—-PC"R'CP +PA”T + AP. (5.63)

The full system is show in figure 5.1.
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Figure 5.1: Kalman Filter Block Diagram
5.3 Experimental Results

One method which could be used to test the dynamometer force compensation results would
be to measure the force with both a dynamometer and another sensor, and compare the
force measured by the dynamometer before and after compensation with the real applied
force measured by the other sensor.

There are several practical problems with method. Primarily, the reference sensor must
have a large enough bandwidth such that forces near the first mode of the sensor to be
compensated are measured undistorted by the reference sensor. In addition, the reference
dynamometer must be small enough (or the dynamometer to be compensated must be large
enough) that the reference dynamometer can be mounted on top of the test dynamometer.

For these reasons, using a reference dynamometer was impractical. Instead, an indirect
method of testing the Kalman filter was used. The tangential force on each tooth of a cutting
tool is

Fi(¢) = Ki.ah(¢) + Kea (5.64)
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when the tooth is cutting, where h(¢) is the chip thickness, which is approximately
h(¢) = csin ¢. (5.65)

The cutting coefficients K;. and K;. do not depend on the spindle speed. A similar relation-
ship holds for the radial cutting force K,.(¢). These forces can be transformed into the X

and Y axis

Fy(¢) = —F,cos ¢ — F,siné (5.66)
F,(¢) = F;sin¢g — F, cos ¢ (5.67)

The cutting forces as a function of tool angle are independent of the spindle speed. To
measure the effectiveness of the Kalman filter, the cutting forces at a low speed Fy;(t), £, (t)

are measured. These forces are converted to force as a function of angle using the relation
¢ = Qt. (5.68)

The forces are measured at a spindle speed close to the resonance, and converted to forces as
a function of angle, and compared with the low speed forces. If the Kalman filter performs
as expected, the two forces will match.

The transfer function of the X- and Y-axes of the target dynamometer, and an associated
models are shown in figures 5.2 and 5.3, respectively. For both axes there is one dominant
mode; however, the dynamometer model includes several of the higher frequency modes as
well. It was found that if these higher-frequency modes are not included, the mismatch
between the model and the real dynamics can cause the an amplification of high-frequency
noise.

In order to design a Kalman filter, both the variance of the measurement noise and the
process noise must be known. The measurement noise can be estimated by measuring the
variance of the dynamometer with no applied forces. The variance of the applied force is
more difficult to measure, so instead of attempting to measure it, this is treated as a tunable
parameter, which can be used to adjust the bandwidth of the generated Kalman filter. With
the model developed previously, a Kalman filter is designed to compensate the dynamics of

both the X and Y axes. Since the noise model depends on the spindle frequency, a separate
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Figure 5.2: Dynamometer Force-Force Transfer Function
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Figure 5.3: Dynamometer Force-Force Transfer Function

49



Chapter 5. Effective Dynamometer Bandwidth Improvement

10+

Magnitude [dB]
=
T

-20{ -~ Model FRF

Real FRF
-30H - - KF FRF :
—— Combined FRF |
-40 . n T Y \.\1 L . .
10 10 10 10
Frequency [Hz]
S — —r— - T T —_—
o
L
&5 -500-
b
=}
2 : : I
o
© || ——- Model FRF _
& -1000 Real FRF
-— KF FRF :
—— Combined FRF | : :
L L M| ! ! M | ! 1 1 ! 1
10° 10' 10° 10°

Frequency [Hz]

Figure 5.4: Kalman Filter for X-Axis at Tooth-Passing Frequency of 930 Hz

Magnitude [dB]
=
T

-20{{ —— Model FRF

Real FRF :
-30H -~ KFFRF -

—— Combined FRF | : :
T T M il ! ! H H— 1

_40n — s ‘ ;H‘I;;a
10 10 10 10
Frequency [Hz]
0
)
O
o -500
[
=)
g
r | ——- Model FRF i . i : . i
& -1000 Real FRF
-~ KFFRF
—— Combined FRF
L I R T R | L Lo il L M R R R R H L
10° 10’ 10° 10’

Frequency [Hz]

Figure 5.5: Kalman Filter for Y-Axis at Tooth-Passing Frequency of 930 Hz



Chapter 5. Effective Dynamometer Bandwidth Improvement

100 T T

I I
— Low speeed (reference)
Unfiltered
—— Filtered

50

-50 "

-1ooi il HV ‘ | I‘J“

-150 H

Force [N]

—
=~
__3
—— .
14A
e
T

-200 - B

250 | I | I | | |
0 0.5 1 15 2 25 3 3.5 4

Revolutions

Figure 5.6: X-Axis Cutting Test at 13950 RPM

Kalman filter must be designed for each spindle frequency. Typical filters are shown in
figures 5.4 and 5.5.

In order to test the effectiveness of the Kalman filter, two slotting cutting tests are
performed with a four fluted cylindrical endmill. One test is performed with a spindle speed
of 750 rpm, giving a tooth passing frequency of 50 Hz. Another test is performed with a
spindle speed of 13950 rpm, a tooth passing frequency of 930 rpm, which corresponds to
the natural frequency of the X axis of the dynamometer. The first, low frequency, test is
undistorted by any dynamometer dynamics. The second test is compensated by the Kalman
filter compensation algorithm, and both the uncompensated and compensated cutting forces
are compared with the low speed reference test. The results are shown in figures 5.6 and 5.7.

To compare the effectiveness of the dynamometer compensation algorithm at different
spindle speeds, tests were done at six different spindle speeds between 750 rpm and 18000
rpm with a four fluted tool. This gives tooth passing frequencies from 50 Hz to 1200 Hz. To
compare the effectiveness of the compensation algorithm at different frequencies, the 10th

and 90th percentiles were plotted as a function of tooth passing frequency in figures 5.8 and
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Figure 5.7: Y-Axis Cutting Test at 13950 RPM

5.9. This shows the range of force signal, which is expected to be constant. The 10th and
90th percentiles were chosen instead of the minimum and maximum to minimize the effect of
noise. Although the range of the compensated cutting forces remains approximately constant
over all tooth-passing frequencies, the average cutting force decreases as the spindle speed
increases. This may occur because the cutting coefficients are decreasing, as the spindle
speed increases, rather than staying constant as predicted.

In summary, the Kalman filter used in this chapter is capable of reproducing the applied
force signal with the correct overall amplitude. It performs less well at correctly estimating
the waveform of the applied force. This is because in order to accurately reproduce the
cutting force waveform it is necessary to compensate the first several harmonics of the applied
force, which lie beyond the bandwidth of the sensor. Also, for the dynamometer used, the

region beyond the principal mode was difficult to model making compensation impossible.
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Chapter 6

Integrated Smart Machining System

The automated cutting force coefficient identification from spindle power or dynamometers
is integrated with the frequency response function of the tool measured automatically with
the computer controlled hammer. The objective is to embed a smart machining system to
a CNC, which allows the operator to automatically identify chatter free spindle speeds and
cutting depths.

To produce an automatic smart machining system, it is necessary to integrate the algo-
rithms developed in this thesis into a CNC machining system, so the necessary steps can be
performed with the press of a button. In a production system, these algorithms would run on
the CNC, or the front panel. This is impractical in a research setting. Instead, a prototype
system was developed which placed the algorithms on a PC, which communicated with the
CNC to execute the CNC-side commands and perform data collection from the CNC.

The prototype system consists of a Mori-Seiki NMV5000 milling machine using a Fanuc
30i CNC, a standard laptop PC with a data acquisition card connected to the Fanuc CNC
via ethernet network (figure 6.1. The PC is able to send commands and read data from
the Fanuc CNC using both the Fanuc FOCAS libraries[10], and the Fanuc Servo Guide
software[11], which is built on top of the FOCAS libraries. The FOCAS libraries are used by
the operator’s panel to communicate with the CNC, so integrating the components developed

in this thesis into the front panel of the machine tool is possible.

6.1 Integration with Cutting Coefficient Prediction

To measure the load meter voltage necessary to perform the cutting coefficient identification,
the Fanuc Servo Guide software was used to measure the spindle load meter current. The

process is as follows:
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Figure 6.1: CNC and Automatic Hammer Connection to Laptop Computer

e A test slotting cut is programmed into the CNC, with the beginning of the cut at the

start of a NC code block, with a cut at least a second long.

e The Fanuc Servo Guide software is set up to measure the spindle power (channel labeled

LMDAT) with a start trigger at the block given in step 6.1.
e The test cut is run, and the spindle power measurements are collected.
e Steps 6.1 to 6.1 are repeated at different feeds per tooth.

e The data from the above steps is used to calculate the tangential cutting coefficient,

as described in chapter 3.

Although the experimental setup used for this thesis uses the Fanuc Servo Guide, it is
not necessary to use this software. The Servo Guide software uses undocumented functions
of the Fanuc FOCAS libraries for its data acquisition routines. If documenation for these

routines can be obtained, this procedure could be automated into a self-contained program.
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6.2 Integration with Automated Transfer Function
Measurement Unit

To implement the procedure for positioning, calibrating and actuating the automatic hammer
described in chapter 4 it is necessary to be able to send commands to the CNC, and perform
actions when those commands have been executed. For this, the Direct Numerical Control
(DNC) facility of the Fanuc controller is used. This facility is intended to allow part programs
to be sent directly from a PC. The Fanuc FOCAS libraries have functions which allow a
DNC program to be generated dynamically. This facility enables automatic execution of the
algorithms described in chapter 4.

The program for automated transfer function measurements is a C++ program which
is divided into four sections: main loop, flute finding, capacitive sensor calibration, and the
frequency response function (FRF) measurement. Full source code is provided in Appendix
7.1.

The main loop is contained entirely in the main () function. It establishes the connection
to the CNC, and enters the cnc_dncstart2() function, which waits for the operator to start
the machine in DNC mode. Once the cnc_dncstart2() function returns, the next steps of
the algorithm are executed in order (flute finding, sensor calibration and FRF measurement).
Once the FRF has been measured, the loop sends the program halt ocde (M30) to the CNC
and terminates DNC mode by calling the cnc_dncend2() function. The operator can now
change to another mode and continue machining, or switch tools and measure the FRF of
another tool.

In order to execute the flute finding and sensor calibration algorithms, it is necessary to
send commands to the CNC. This is done through the run_cmd() function, which in turn
calls the FOCAS function cnc_dnc2(). The cnc_dnc2() command takes three parameters:
a handle which identifies the CNC, the text of the CNC commands to be executed, and a
pointer to an integer which contains the number of characters to be sent to the CNC. Once
the cnc_dnc2() function returns, this integer contains the number of characters which were
actually transmitted to the CNC. It is possible that only a part of the command string will

be transmitted to the CNC, in which case the cnc_dnc2() function must be called again
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with the rest of the string of commands. This retransmission is performed by the run_cmd ()
function, so the rest of the program does not have to handle partial transmissions.

The flute finding code implements the algorithms described in section 4.1. In order to
implement these algorithms, the distance from the capacitive sensor to the tool surface at a

given angle must be measured. This is performed by

e [ssuing a command to the CNC to rotate the spindle to the target angle. On the

machine used, this is done by issuing the commands

#1133=angle
M119

where angle is the desired angle 6 expressed as a number from 0-4095

40966
angle = or (6.1)

e Waiting for 200 ms for the CNC to begin acting on the command.

e Measuring the spindle speed and waiting for the spindle to come to rest. The spindle
is assumed to have come to rest once the spindle speed is zero in five measurements in

a row.

e The average voltage output by the capacitive sensor over 10 ms is measured using a data
acquisition card (DAQ). This voltage is used as the distance between the capacitive

sensor and the tool surface.

The tool positioning required for sensor calibration is performed similarly. For the axis
positions it is possible to measure the distance remaining, so distance remaining is used to
determine when the command has finished executing, instead of when the machine comes to

rest.

e [ssue a command to move the CNC by the amount required for the calibration algo-

rithm

Xdist
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where dist is replaced with the desired offset.
e Wait until the distance remaining to travel is zero.

e The average voltage output by the capacitive sensor over 10 ms is measured using a data
acquisition card (DAQ). This voltage is used as the distance between the capacitive

sensor and the tool surface.

Finally, an external program (MalTF.exe) is started to perform the frequency response
function measurement. This program accepts a command line flag to communicate the
calculated displacement sensor sensitivity. In the future the frequency response function
measurement, and tool positioning and sensor calibration code could be more tightly inte-
grated, although this isn’t necessary. The current level of integration achieves the objective

of automatic frequency response function measurement.

6.3 Chatter Prediction

The tangential cutting coefficient measured using the method developed in chapter 3 is now
combined with the frequency response function measured with the automatic FRF measure-
ment system from chapter 4 to provide an estimate of the chatter-free cutting conditions. To
calculate these chatter-free cutting conditions, the experimentally proven and widely used
chatter stability method presented by Altintas and Budak[3] is used in the proposed system.
The stability theory is briefly described here.

6.3.1 Chatter Stability Law

The dynamic milling force is expressed by

= —aK,; (6.2)

29



Chapter 6. Integrated Smart Machining System

where Az and Ay are the vibrations between successive tooth periods. a;; are the directional

dynamic milling force coefficients, given as

N-1

Apy = Z —g(¢;) [sin2¢; + K, (1 — cos2¢;)] (6.3)
i

oy = ) —9(&;) [(1 + cos2¢;) + K, sin 2¢;] (6.4)
7=0
N-1

Ayy = 9(¢;) [(1 — cos2¢;) — K, sin 2¢,] (6.5)
=0
Vo

Apy = g(¢;) [sin2¢; — K, (1 4 cos2¢,)], (6.6)

Il
=)

J

where N is the number of teeth, and ¢; is the angular position of tooth j, and g(¢,) is a

function indicating if the tooth is in cut. It is unity if the tooth is cutting, and zero if the
tooth is out of cut.

The dynamics of the machine tool spindle/tool holder/cutter combination can be identi-

fied from the frequency response function, and written as

y(t) gbyl’ Qbyy Fy<t>_

By substituting this into 6.2, the eigenvalue problem

[M - %Kta (F(t) = F(t+T)) [A@) {@H —0 (6.8)

is obtained. To solve this, some simplifications must be made. First, [A(t)] is rewritten as
A®)] = [40] + [20)] (6.9)

where [Ag] is the average value of [A(t)]. [A'(t)] is ignored for an initial estimate. This

equation will be critically stable if
1 .
det |:|:[i| — §Kta (]_ — e_zwcT) |:A0] [q)(zwc)}:| = 07 (610)

where w, is the principal chatter frequency of the system. Let A be the eigenvalues of

[ Ao} [@(WC)] . By comparison of the eigenvalue formula with equation 6.10,

N .
A= = Ky (1 — e, (6.11)
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Solving for ay;,,, ensuring that it is a real number, gives

2 R[A] 9
im = — 1 12
Alim, N Kt ( + K ), (6 )
where
S[A]
= —. 6.13
The spindle speed corresponding to each chatter frequency can also be calculated as
= e (6.14)

Nrm—2tan" 'k + 2km

in rpm, where k is chosen such that the spindle speed is positive.

From these equations, the chatter stability limit for a cutting process can be determined
from the number of teeth IV, the engagement profile of the cutter, the dynamics of the ma-
chine represented by the frequency response function (FRF) ®, and the mechanistic cutting

force coefficients of the cutter K; and K,.

6.4 Prediction of Stability Charts

In a smart machining system, the number of teeth and engagement angles are provided by
the process planner. An estimate of the machine dynamics is measured by the automatic
hammer system described in chapter 4, and K, is estimated from the spindle load as described
in chapter 3. The only missing parameter is K, which can be identified cutting force
measurements with a dynamometer, but not from spindle power measurements.

The value of K, depends on the geometry of the tool, and material properties of the
workpiece material. Because of this, it will be different for each tool/workpiece combination.
However, it is possible to get an estimate of the stability lobes without knowing the value
of K,. Figure 6.2 shows two different stability charts, one with K, = 0.25 and one with
K, = 0.5, both during slotting. This represents the practical extremes in K, variation.
Although the two stability lobes differ substantially in critical depth of cut, they both share
some important features. First, the absolute stable depth of cut is 6 mm in both cases.
Second, the stability lobes have very similar natural frequencies in both cases. In the smart

machining system, a K, value of 0.3 will be used, as this is a common K, value.

61



Chapter 6. Integrated Smart Machining System
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Figure 6.2: Comparison of Stability Chart with Different K,

As a comparison, a stability chart was generated using the traditional instrumented
hammer and accelerometer tap-testing method, and the cutting coefficients were obtained
from a database through the orthogonal-to-oblique cutting coefficient transformation[4]. This
was compared with the stability chart generated when these parameters were obtained as
described in this thesis, and the result is shown in figure 6.3. Again, although the predicted
maximum stable depth of cut varies widely at certain spindle speeds, the gross features, such
as spindle speed of stable pockets, are comparable. The proposed smart machining strategy,
which uses an automated hammer and low-cost estimation of cutting force coefficient from

available spindle power, is robust and practical to use on production machines.
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20
— Automatic (corrected)
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Figure 6.3: Comparison of Stability Chart with State

of the Art Approach
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Chapter 7

Summary and Future Research

In this thesis the construction of a system for automatically determining the stable, chatter-
free cutting conditions for a cutting operation was investigated. This system consists of
four parts. First is a method to interface with a Computer Numerically Controlled (CNC)
milling machine and determine the tangential cutting coefficient from the spindle load me-
ter readings. Second, a solenoid-actuated automatic frequency response measurement unit,
which is integrated to the CNC machine to automatically position the cutting tool correctly
and automatically calibrate the displacement sensor. Third, a method for compensating
the dynamics of a dynamometer to obtain force readings near the natural frequency of the
dynamometer with improved accuracy at high spindle speeds. Finally, using the frequency
response measurement and the cutting coefficients obtained using the methods presented

previously to calculate the chatter-free regions of a machine tool.

7.1 Limitations and Future Work

The readily available load meter of machine tools was used to measure the cutting coefficient.
However many other signals, including spindle However many other signals, including spindle
and axis current and axis currents are also readily available on the CNC machine tools. Since
the cutting conditions can be chosen when measuring the cutting coefficients, it is possible
that by combining the output of several different sensors and using several cutting tests with
different cutting conditions a more accurate measurement of the cutting coefficients could be
obtained. The ball screw-drives have position dependent high friction which clouds the force
estimation from the drive current. However, linear motor driven axis do not have ball screw
and nut, which are the largest contributors to the friction. Experience indicates that the

current signals, which are directly proportional to the cutting forces, have higher bandwidth,
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i.e. 100 Hz in an average machine tool. Tangential, radial and axial cutting force coefficients
can be identified from the current signals of linear motor drives, as opposed to obtaining
only tangential cutting force coefficient from spindle motor power.

The weakest link in the smart machining system developed in this thesis is the automatic
transfer function measurement unit. Due to the vertical offset between the impact and
response measurement locations, the dynamic stiffnesses of tool modes differ substantially
from the direct measurements which are needed to accurately predict the chatter-free regions.
Positioning the response sensor on the opposite side of the tool would allow measuring the
direct transfer function; however the current capacitive sensor cannot accommodate the wide
range of tool diameters if placed at a fixed location opposite the hammer.

There are a couple of improvements which could be made to the Kalman filter. In order
to account for the periodic nature of the applied force, the applied force was decomposed
into its Fourier Series, and an multivariable ordinary differential equation which generates
the first N harmonics of that Fourier series was designed. This was necessary because the
Kalman filter was designed as a continuous-time Kalman filter, and there is no differential
equation which generates a time delay necessary to implement the true equation for a periodic
equation

F,(t) = Fy(t — T). (7.1)

If the Kalman filter was designed as a discrete-time Kalman filter however, it is trivial to
write a difference equation for equation 7.1. Another area for improvement is the design of
the Kalman filter. Using the approach presented in this thesis, a new Kalman filter must be
designed for each spindle speed. The model could be extended to include the spindle speed
as an estimated state. This would make the model non-linear, so a non-linear extension of
the Kalman filter such as the Extended Kalman Filter or Unscented Kalman Filter would

be required.
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Appendix A

Automatic Hammer CNC Integration

Source Code

// PositionTool.cpp : Defines the entry point for the console

application .

//

#include <tchar.h>
#include <stdio.h>
#include <stdlib .h>
#include <30i/fwlib32.h>

#include <malloc.h>

#include <limits>
#include <cassert>
#include <algorithm>
#include <numeric>

#include <vector>
#include <NIDAQmx.h>

#define WIN32 LEAN_AND MEAN

#include <windows.h>

#define PROGNUM ””
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using namespace std;

int cur_axes;

void read_address(char xaddress, unsigned short xport)
{
char line [80];
do {
printf (”CNC.address:.");
fgets (line, 80, stdin);
} while (sscanf(line, "%[":/?#Q!$& () *+,;=_]:%hd_.",
address , port) != 2);

void read_channel (char xchannel)

{

char line [80];

do {
printf(”Cap.sensor._channel:.”);
fgets (line, 80, stdin);

} while (sscanf(line, "%s.”, channel) != 1);

short run_cmd(short fhnd, const char xline)

{

short ret;

long len, n;

len = (long)strlen (line);
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while (len) {
n = len;

ret = cnc_dnc2(fhnd, &n, (char x)line);

switch(ret)

{
case EW BUFFER:

continue;
case EW.OK:
len — n;

line += n;
break ;
case EWRESET:

ret = cnc_dncend2 (fhnd, DNC.CANCEL) ;

if (ret) return ret;

return EW RESET;

return EW.OK;

void wait_for_axis_move (short hndl)

{

bool is_done;

ODBAXIS axis_dist ;

Sleep (200) ;
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do {
cnc_distance (hndl, ALLAXES, sizeof(ODBAXIS), &

axis_dist);

is_done = true;
for (int i = 0; i < cur_axes; ++i)
{

if (axis_dist.data[i])

{

is_done = false;

break ;

}
} while (!is_done);

char channel [80];

double measure_dist ()

{

int32 ai_ret;

TaskHandle ai_task;

ai_ret = DAQmxCreateTask(” DistanceRead” , &ai_task);

if (ai_ret)

{

return numeric_limits <double >::signaling_NaN () ;
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ai_ret = DAQmxCreateAIVoltageChan (ai_task ,
channel |
NULL,
DAQmx_Val_ Cfg_Default ,
~10.0,
10.0,
DAQmx_Val Volts,
NULL) ;

if (ai_ret)

{

return numeric_limits <double>::signaling_ NaN () ;

ai_ret = DAQmxCfgSampClkTiming(ai_task ,
NULL,
50000,
DAQmx_Val _Rising,
DAQmx_Val FiniteSamps ,

512);
if (ai_ret)
{

return numeric_limits <double >::signaling_NaN () ;
}

ai_ret = DAQmxExportSignal(ai_task , DAQmx_Val SampleClock
"PFIT") ;

if (ai_-ret)
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return numeric_limits <double >::signaling_NaN () ;

double sample_array [512];

long samples_read;

ai_ret = DAQmxReadAnalogF64(ai_task ,
DAQmx_Val_Auto,
—1,
DAQmx_Val GroupByChannel ,
sample_array ,
sizeof (sample_array)/sizeof(sample_array [0]) ,

&samples_read

NULL) ;
assert (samples_read = 512);
double sample_avg = accumulate(sample_array ,

sample_array + 512,
0.0) /512.0;

DAQmxClearTask ( ai_task ) ;

return sample_avg;

double measure_at(short hndl, short angle)

{

short ret;
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char cmd[256];

angle %= 4096;
if (angle < 0) angle += 4096;

#if 0
ret = cnc_wrmacro(hndl, 1133, 10, angle%4096, 0);
if (ret)
{
return numeric_limits <double >::signaling_NaN () ;
}
#else
sprintf (cmd, 7#1133=%d\nM119\n” , angle);
#endif

if (ret = run_cmd(hndl, cmd))
{

return numeric_limits <double>::signaling_ NaN () ;

// meed to wait a while here.

// wait for spindle to stop
ODBACT2 sspeed ;

Sleep (200) ;

int speeds[5];
int k = 0;
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memset (speeds , Oxcd, sizeof(speeds));

do {
if (ret = cnc_acts2(hndl, 1, &sspeed))
{
fprintf(stderr, ”"Error_reading._actual.
spindle_speed: %d\n", ret);
cnc_freelibhndl (hndl) ;
return 1;
}
speeds [k++] = sspeed.data[0];
if (k> 4) k= 0;
} while(speeds[0] || speeds|[1l] || speeds[2] || speeds[3]
|| speeds[4]);

return measure_dist () ;

const double phi = (1 + sqrt(5.0))/2.0;

void bracket_max (short hndl, short xleft , short xcentre, short x
right)
{
#if 1
double fa, fb, fc;

short ax, bx, cx;

ax = 0;

bx = 32;



Appendix A. Automatic Hammer CNC' Integration Source Code

fa = measure_at (hndl, ax);

fb = measure_at (hndl, bx);

if (fb < fa) {
swap (fa, fb);

swap (ax, bx);

cx = bx + phix(bx — ax);

fc = measure_at (hndl, cx);

double fu;

short u, ulim;

while (fb <= fc)

{
double r = (bx — ax)x*(fb — fc);
double q = (bx — cx)*(fb — fa);

double rq =1 — q;
if (cx > bx)
ulim = bx + 64;
} else {
ulim = bx — 64;

—

if (abs(r — q) < le—3)
{
u = cx + phi*(CX — bX);
fu = measure_at(hndl, u);

} else {
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u=bx — ((bx — ¢ex)*q — (bx — ax)x*r)/(r —

qa);

if ((bx — u)*(u — cx) > 0)
{

fu = measure_at (hndl, u);
if (fu > fc)
{
ax = bx;
fa = fb;
bx = u;
fb = fu;
continue;

} else if (fu < fb) {

CX = u,
fc = fu;
continue;

}
u = cx + phix(cx — bx);
fu = measure_at (hndl, u);
} else if ((ecx — u)*(u — ulim) > 0) {
fu = measure_at (hndl, u);
if (fu > fc) {
bx = cx;
cX = u;

u = cx+phi*(CX — bX>§

fb = fc;
fc = fu;
fu = measure_at (hndl, u);
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} else if ((u — ulim)x(ulim — ¢x) > 0) {

u = ulim;
fu = measure_at (hndl, u);
} else {
u = cx + phix(cx — bx);
fu = measure_at (hndl, u);
}
}
ax = bx;
bx = c¢x;
CX = Uu;
fa = fb;
fb = fc;
fc = fu;
}
if (ax < bx & ax < cx)
{
xleft = ax;
if (bx < cx) {
xcentre = bx;

xright = cx;
} else {
xcentre = cx;
xright = bx;
}
} else if (bx < cx) {
xleft = bx;

if (ax < cx) {
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xcentre = ax;
xright = cx;
} else {
xcentre = cx;
xright = ax;
}
} else {
xleft = cx;

if (ax < bx) {

xcentre = ax;

xright = bx;
} else {

xcentre = bx;

xright = ax;

assert (xright — xleft < 4096);
#Helse
double m = —11.0;
short mx = —1;
for (int i = 0; 1 < 4096; i += 32)
{

double measure = measure_at (hndl, i);

if (measure > m) { m = measure; mx = i; }

xleft = mx — 32;
xcentre = mx;

xright = mx + 32;
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Hendif

short find_max(short hndl, short left , short centre, short right)

{

short x1, x2;
short x0 = left;
short x3 = right;

const double r = phi — 1.0, ¢ = 1.0 — r;

if (abs(right — centre) > abs(centre — left))

{

x1 = centre;

x2 = centre + cx(right — centre);
}
else
{

x2 = centre;

x1 = centre — cx(centre — left);

double f0, f1, f2, {3;
f1 = measure_at(hndl, x1);

f2 = measure_at (hndl, x2);

while (abs(x3 — x0) > 5)
{

if (f2 > f1)

{
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x0 = x1;
x1l = x2;
x2 = rxx1l + cxx3;
fo = f1;
f1 = {2,

f2 = measure_at (hndl, x2);

else

X3 = x2;
x2 = x1;
xl = rxx2 + cxx0;
f3 = 2,
f2 = f1;

Y

f1 = measure_at (hndl, x1);

if (fl > f2)

return xI1;

return x2;

template <class T>

inline T sign(const T &t)
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if (t <T()) return T(—1); else return T(1);

double calibrate_and_zero (short hndl)

{

double delta_dist;

double prev_dist = measure_dist ();

if (prev_dist > —0.1)
{
// already zeroed — mneed to find some other

to calibrate

delta_dist = —0.1;
¥

else if (prev_dist < —5)

{
delta_dist = 0.1;

delta_dist = 0.05;

double dist ;
double gain = 0.0;
char ecmd[256];

short ret;

way
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do {

sprintf (emd, "X%.3f\n”, delta_dist);
run_cmd (hndl, cmd);

wait_for_axis_move (hndl);

dist = measure_dist ();
if (abs(prev._dist) < 9.5)
{
gain = abs(delta_dist/(dist — prev_dist))
/) mm/V
delta_dist = —dist*gain /2;

if (abs(delta_dist) > 0.10)

{
delta_dist = sign(delta_dist)=*0.1
}
}
else
{
delta_dist = —0.1xsign(dist);
}

prev_dist = dist;

} while (abs(dist) > 0.1);

return gain;

Y

I
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int _tmain(int argc, TCHARx argv|[])
{
char address[256];
unsigned short port;
unsigned short hnd;
short ret;
ODBSYS sysinfo;

int max_axes;

read_address (address , &port);

read_channel (channel) ;

if (ret = cnc_allclibhndl3 (address, port, 10, &hnd))
{

fprintf(stderr , ”Error_number_%hd\n”, ret);

return ret ;

if (ret = cnc.sysinfo (hnd, &sysinfo))

{
fprintf(stderr , ”Error_number_%hd\n”, ret);
cnc_freelibhndl (hnd);

return ret ;

printf(” Controlled _axes:_%.2s/%d.(current /max)\n”, sysinfo
.axes, sysinfo.max_axis);

max_axes = sysinfo.max_axis;

if (sysinfo.axes[0] >= "0’ && sysinfo.axes[0] <= '97)

{
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cur_axes = 10x(sysinfo.axes[0] — '07) + (sysinfo.
axes [1] — '07);
}
else
{
cur_axes = sysinfo.axes[1l] — '07;
}
if (cur_axes < 0 || cur_axes > max_axes)
{
fprintf(stderr, ”"Invalid _.number_of_controlled _axes

}

: %d\n” , cur_axes);
cnc_freelibhndl (hnd) ;

return 1;

printf(” Controlled _axes: _%d/%d.(current /max)\n”, cur_axes,

max_axes ) ;

printf(?Kind_.of .CNC: ___._. %.28” , sysinfo.cnc_type);
if ((sysinfo.addinfo & 0x02) = 0x02) {

}

printf(7i”);

switch (sysinfo.mt_type[1])

{

case

if (sysinfo.mt_type[0] = "M’)

{

printf(”.2—path_.machining._centre\n”);

else
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printf(” _machining_centre\n”);

}

break ;
case 'T’:
switch (sysinfo.mt_type[0])
{
case 'T’:
printf(”.2/3_path_lathe\n”);
break ;
case 'M’:
printf(” _millturn\n”);
break ;
case ’'_':
printf(”_lathe\n”);
break ;
}
break ;
case 'P’:
printf(” _punch_press\n”);
break ;
case 'L’:
printf(”_laser\n”);
break ;
case 'W':
printf(” _wire_cut\n");
break ;
default:

printf (” _unknown\n” ) ;
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printf(” Series:oooooooooo %.4s\n” , sysinfo.series);
printf(” Version:.oooooooo %.4s\n” , sysinfo.version);
while (1)

{

char prognum [256];

while (1)
{
/x wait for DNC connect x/

ret = cnc_dncestart2 (hnd, prognum);

switch (ret)
{
case EWREJECT:
continue;
case 0:
break ;
default:
fprintf(stderr, ”Error_while.
waiting.for .DNC.connect : %d\n” ,
ret);
if (ret = —1) {
char buf[32];
printf (”DNC.session.in.
progress..._.Force._
takeover.(y/n)?7.");
fgets (buf, sizeof(buf),
stdin) ;
if (!stricmp(buf, 7y\n"))

88



Appendix A. Automatic Hammer CNC' Integration Source Code

cnc_dncend?2 (hnd,
DNC READERR) ;

continue;

}
cnc_freelibhndl (hnd);

return 1;

if (strcmp (prognum, PROGNUM) )
{

fprintf(stderr , ”"Unrecognized.
program.number _%s.\n” , prognum)
cnc_dncend2 (hnd, DNC.OPENERR) ;

continue;

short left , centre, right;

const short nteeth = 4;

bracket_max (hnd, &left , &centre, &right);

short low_pos = find_max (hnd, left , centre
, right);
if (low_pos <= —9.5) {
printf(”Error:_cutter_not._.in_range

~of_displacement._sensor.\n”);
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goto prog_end;

if (run_cmd(hnd, "G91\n”) = EW.RESET)
continue;

if (run_cmd(hnd, ”"GO1F60Z—8.73\n") —
EWRESET) continue;

wait_for_axis_move (hnd);

left = low_pos;
right = low_pos + 4096/ nteeth
centre = (left + right)/phi;

short high_pos = find_max (hnd, left ,
centre , right);

if (run_cmd(hnd, 7Z8.73\n”) = EW.RESET)

continue;

wait_for_axis_move (hnd);

char cmd[256];

sprintf (cmd, 7#1133=%d\nM119\n” , 2x
high_pos — low_pos);

if (run_cmd(hnd, cmd) = EWRESET)

continue;

double gain = calibrate_and_zero (hnd);
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sprintf (ecmd, ”7.\\MalTF.exe./c_autohammer.
cfg./set _OSensor [0]. Gain=%g” , gain
/1000.0) ;

system (cmd) ;
prog_end:

if (run_cmd(hnd, "M02\n%\n") = EW_RESET)

continue;

cnc_dncend?2 (hnd, DNCNORMAL) ;

return 0;
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