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Abstract

Precision cutting, considering the time, cost and flexibility of the production, has been
one of the mgjor goals in manufacturing. Especially using new technological tools such as
linear motors, laser and piezoelectric actuators in cutting operations to increase the accuracy
of the workpieces produced, is becoming more popular day by day.

In this thesis, a new precision cutting system is developed to decrease the basic
workpiece errors (straightness, roundness, diameter error, etc.) for commercial CNC lathes in
a cheaper way. In order to characterise the CNC lathe, a laser displacement sensor is used. A
mechanical design with piezo stack actuator and tool tip, i.e. piezo based cutting device
(PBCD), is inserted on the turret of CNC lathe to give both static and dynamic finish cutting
operation of PBCD. FEA (Finite Element Analysis) tool is used at the design stage of PBCD.
The controller of PBCD is PID (Proportiona Integrate Derivative) control that is running in
the dSPACE software. In dynamic operation of PBCD, instantaneous angular position of
CNC lathe spindle is specified by means of the rotary encoder. And it is used in the control
loop for active elimination of roundness errors of cylindrical workpieces during cutting
operation. The results after assessment of the measurements of cylindrical workpieces ae
encouraging. In static operation of PBCD, the finish cutting decreases the roundness error at
an amount of at least 30% with respect to the operation without control of PBCD.

In most CNC turning machines, if cutting conditions such as cutting speed and feed,
tool geometry and vibration are not changed, the workpiece geometric errors are mostly
repeatable. So it may not be needed to measure the geometric errors of the same workpiece
produced at the same cutting conditions after each cutting operation Especialy in mass
production, all cutting conditions and workpiece produced are same. So, the PBCD would be

very useful tool in mass production regarding the repeatability of workpiece geometric errors.

viii



Uretim sistemlerindeki temel hedeflerden birini  olupturmaktadyr. Ozellikle (retilen
ipparcaarynyn dodruludunu artyrmak icin yapylan kesme iplemleri syrasynda kullanylan lineer

motor, lazer ve piezoelektrik a

Bu tezde, piyasadaki CNC torna tezgahlary Uzerinde Uretilen ipparcalarynyn hatalarynyn

kesme sistemi gdliptirilmiptir. CNC torna tezgahynyn karekterizasyonu icin lazer uzaklyk
Olclm sensoril kullanyldy. Piezostak akcuator, kesme kalem ucu ve mekanik tasarymdan olupan
piezo temelli kesme aleti (PBCD) son kesme pasosunu hem statik hemde dinamik amak igin,
CNC torna tezgahy tareti Uzerine monte edilmiptir. PBCD nin tasarym apamasynda sonlu
elemanlar andizi (FEA) kullanylmyptyr. PBCD nin kontrol6rii dSPACE yazylymynda kopulan
PID (Proportiona Integrate Derivative)
torna eksen motorunun enkoderi slindirik ipparcalarynyn yuvarlaklyk hataarynyn aktif
eliminasyonu igin kontrol dongusii icine dynmyptyr. Silindirik ipparcalarynyn makine dyly
muptur. PBCD ile yapylan satik son kesme pasosu
yuvarlaklyk hatasyndaki azalmanyn en az 30 % oldugunu gostermektedir.
Bir cok CNC torna makinalarynda, kesme hyzy ve pasosu, kalem geometris ve titrebimi

Dolayysyyla ayny parcaaryn ayny durumlarda kesmi ile olupan parca geometrik hataaryny, her
kesim i%eminden sonra 6lgmeye gerek kalmayabilir. Ozellikle seri Uretimde, bitiin kesme

r. Dolayysyyla, PBCD seri Uretim icin cok yararly bir arag olabilir.
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CHAPTER 1

INTRODUCTION

Nowadays requirements for accuracy and precision demand high quality in
manufacturing. But, the manufacture of components is not always possible to be
produced at ideal geometric shape and accuracy. Hence, tolerances for deviatiors
from nominal sizes are to be defined. Demands on higher reliability and quality force
the designer to manufacture parts inside these tolerances. So producers must respect
these tolerances when producing a new product.

Due to the increasing demand of precision parts and devices in many industries
such as optics, computers, automotive and aerospace etc, it may, in genera, be
possible to achieve the required precision operations a high accuracy by using
expensive manufacturing equipments. In addition to these costly equipments, using a
secondary finishing operation such as grinding or polishing may significantly reduce
the productivity and introduce set-up errors. There are some ultra precise turning
machines, which can produce parts a micro level accurecy. Special machine tool
manufacturers produce these machines. But they are very costly compared to standard
machine tools used in the industry. These turning machines have to be operated in a
temperature controlled, vibration free and stable environment.

Turning is one of the most commonly used processes where metal is removed
by rotating the wokpiece with respect to a tool. The workpiece is held in a chuck that
is clamped to the spindle. The tool is held in a tool post that is mounted on a cross-
slide, which provides radial tool movement. If the workpiece is long, both of the ends
are held by the chuck and tailstock. The cross-dlide is held on the top of a carriage that
has motion along the axis between spindle and tailstock centres. Conventional lathes
have single motor that rotates the spindle via gearbox and belts (Figure 1.1).
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Figure 1.1 Conventional lathe

In CNC (Computer Numerical Control) turning machines, unlike conventional
ones, the feed and spindle speeds are programmed within computer programs (Figure
1.2). In these machines, the turret holds the tools. The turret may contain multiple (6-
12) cutting tools.

1 T
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Figure 1.2 CNC Turning machine



The important parameters of turning machines are; spindle speed, feed rate,
depth of cut and tool geometry (rake face, clearance face). Spindle speed is the
angular speed of the rotating workpiece. Feed rate is the distance moved by the tool in
an axial direction for each revolution of the workpiece. Depth of cut is the thickness
of metal removed from the workpiece measured in aradia direction.

Rake face is the surface of the tool on which the chip flows.

Clearance face is the surface that is behind of the rake face of the tool (Figure
1.3).

Tool holder

MECI‘IE.II;[E |||§1'z|1:!

Seat (to support insert)

Positlve

Clearance
angle of
clearance lace

Mogatve
rake angle o

Figure 1.3 Cutting tool geometry

In turning operation, the tool and workpiece are exposed to the cutting forces in

three directions. These are feed force, tangential force and radial force (Figure 1.4)

[28], [29], [301, [17].
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Figure 1.4 Cutting forces

Precison turning, considering multiple manufacturing processes (lapping,
polishing after turning), may be more effectively performed by a specia operation
called single point diamond turning (SPDT). SPDT is a process that uses a
monocrystalline diamond as the cutting tool. It is a well-established fabrication
process for shaping high quality optical surfaces on metals, polymers and crystals. It
has the capability of precision machining. The rigidity of the machine tools in SPDT
operation is very significant. External vibration can easily affect the quality of
diamond turned workpieces. Therefore al motors and drive mechanisms must be
dynamically balanced and isolated to eliminate vibration between tool and workpiece.
Figure 1.5 showstypical CNC SPDT machines. [31], [32], [33], [34].

Figure 1.5 CNC Diamond turning machines



In industry, most of the CNC turning machines are not so precise and accurate.
So that, these need to be modified if high precise and accurate products are desired.
The modification of these machines would be cheaper than buying a new high precise
machine. Therefore inserting independent systems on CNC turning machines are
becoming much more efficient.

Various precision turning operations by using piezo stack actuators or servo
systems have been investigated in the past. One of the earliest studies was
implemented by Mergler and Sahgjdak [1, 2]. They used a laser beam focusing on the
workpiece to control the diameter of the cylindrical part. The displacement sensor that
determines whether the focal point is on the right position of the workpiece surface or
not, gives feedback to the servomechanism to control the dide, carrying both laser
beam and cutting tool position to maintain the diameter of the part in feed direction.
Since the displacement sensor depends on the carriage of the tool, the accuracy of the
system is limited (Diameter variation 10 mm at a distance of 200mm aong the feed)
[3]. WenHong Zhu et. a H], [19] presented a piezo driven fast tool servo for
precision turning of shafts on conventional CNC lathes. They designed a robust
system b keep the tool tip at the desired location within the displacement sensor
resolution (0.1mm) and for compensating cutting force disturbances and hysteresis of
the piezo actuator by using diding mode controller. Their main aim was to increase
the surface quality of the workpiece by finish cutting with the fast tool servo driven
piezo stack actuator in diamond turning. They obtained a surface roughness value that
can only be reached by grinding process. James Li et al. [5] developed an in-process
measurement and control system in precision diamond turning in order to improve the
roundness of the workpiece. For detecting roundness errors, three co-planar
capacitance probes mounted on the machine were used. To give necessary control
action, piezoelectric actuator was used by means of P-integrator controller. They
demonstrated the reduction of the roundness error by more than one order of
magnitude in auminum machining with low depth of cut (1nm). In [6] Jeong-Du Kim
et al. showed a micro cutting device with piezo-electric actuator to control sub-micron
depth of cut and compensate the waviness on the surface of the workpiece in face
turning carried out on a precison lathe which was operated in a thermostatic and
vibration free environment. Eddy current gap sensor and piezo-electric feedback were

used to control the micro-depth control device with PI controller. The results showed



that the considerable amount of waviness error was eliminated on the surface profile
of the workpiece. The implementation of an online measurement system for the
evaluation of the cylindricity of the workpiece was presented by Shawky and
Elbestawi [7]. They developed an online measurement system using three ultrasonic
transducers, which have 5mm accuracy operating in wet environment cutting. Their
goa was to reduce the quality control cost by the help of online assessment of
workpiece geometry. In [9], ANN (Artificial Neural Network) is used to estimate the
workpiece error depends on the geometric error, thermal induced error, cutting
condition (feed, speed and depth of cut) and the motor currents. Based on the
estimated error, the compensation is done by modifying the CNC codes. The model
reduces the workpiece error down to £5 nm from +14 nm. Also in this model only
CNC code compensation was used since its cost would be lower than the other
systems. Similarly, Chin-Hao Lo et a. [10] presented compensation scheme to correct
repeatable thermally induced errors and geometric errors on a four-axis dual-spindle
turning center by using optimum values of thermocouples and capacitance sensors.
The real-time error compensation control reduces the machine error by 90 percent.
Sang-soon Ku et al. [23] designed a three degree of freedom, piezo electric actuator
based, nano- metric precision positioner, in order to eliminate the effect of friction and
backlash of a machine tool during diamond turning of brittle materials such as glass,
ceramic, zinc sulfide and germanium at low feed rates and depth of cut. The control of
the positioners is a neural network with standard PID control algorithm. James F.
Cuttino & al. [25] presented a device designed to extend the capacity of existing
machines for the production of nonaxisymmetric workpieces with fast tool servo
using single-point diamond turning machines. They used two controller schemes; an
optimised PID control and a technique that utilize a dynamic compensator module
which samples the hysteric voltage/displacement relationship in real time and
modifies the effective gain accordingly in conjunction with the linear controller. Their
empirical results showed 80 % reduction in the motion error caused by hysteresis.
Piezo electric actuators are also used in different cutting processes and
measurement devices such as boring, taper turning and Coordinate Measuring
Machine (CMM). Byung-Kwon Min et al. [20] developed a new type of boring tool
(Smart Tool) to increase precision and flexibility at the boring station. Their main

goal is to decrease the unwanted effects, which are mechanical \ibration, poor part



quality and short tool life of boring process with high length to diameter ratio (L/D) of
bars. They used an active tool-tip servo with piezoelectric actuator and position
sensitive optical detectors for compensation of vibration and deflection occurred at
boring process. They operated the system with position error less than 1im for both
step and sinusoidal position inputs. The implementation of piezoelectric actuator for
on-line compensation of machining errors in precision boring of holes with high
length to diameter ratio (L/D) is presented by D. Gao et a. [22]. Their design consists
of a dual-concentric boring bar with one end outside piezoelectric actuator and inside
strain gauge. The other end is a cutting insert. Because of the elastic deformation
properties of long boring bar, they designed real time error compensation control by
strain gauge deformation sensing feedback and piezoelectric actuator displacements
accordingly. They obtained successful results (40 % roundness and diameter variation
improvement). H. K. Fung et a. [8] showed an in-process error measurement, off-line
error modelling, smulation and on-line stochastic error forecasting and compensation
for roundness improvement in taper turning. They constructed the idea of evaluation
of the roundness error as the difference between the ideal and actual depth of cut. The
difference is measured by two optical encoders, one proximity sensor and a pre-
calibrated master taper. The compensating action is given by piezoelectric tool post
that consists of piezoelectric table and a tool holder. Their final achievement is
between 24 % to 38 % roundness error improvements. R. Bansevicius et al. [24]
proposed a piezo electric actuator based system for volumetric error compensation of
multi degree of freedom systems (gripper of an industrial robot, probe of a CMM).
They used piezoelectric actuators for two purposes in CMM. Piezoelectric actuator is
used both in formation of signal in the contact with surface of the object to be
measured and to correct the geometric error at probe of CMM.

The nanomachining instruments and micro-lathes are being developed by
integrating these PZTs, sensors, mechanical and electrical components. Wei Gao et al.
[26] constructed a nanomachining instrument. In this instrument, the workpiece is
moved by PZT in two directions, while the tool is kept stationary during the cutting
process. The workpiece is mounted at the end of PZT to generate the crossfeed and
feed cutting motion. The capacitive sensor is mounted at the end of PZT in order to
control the PZT motion. Two-force sensors were used at the back of the tool that is
stationary to measure cutting and thrust forces during cutting. They tested the

instrument in a temperature-controlled environment. Yuichi Okazaki et a. [27]
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actuators, were nearly perfect linear sensitivity (pascal/mm) and less hysteresis loop.
In this thesis, a new micro cutting device (PBCD), which is mounted on the

turret of CNC turning machine, is designed and tested. Main purpose of this research

is to increase the precision of workpiece in conventional CNC turning machines by

adding this micro cutting device that is operated independently rom CNC machine
drive.



CHAPTER 2
SURFACE ERRORS

2. 1. Surface Irregularities
Machining of products, regardless of the use of high precision tool, shows some

irregularities on the surface. The irregularities are categorized, according to its wavy
like properties (frequency, amplitude), into three main groups. These are surface
roughness, waviness, and form error. The figure 2.1 shows the surface roughness,

waviness and form error on the surface.

Roughness

/

Wavieness o “
N AT
~——

Figure 2.1 Geometric errors of surface

Form error

Surface roughness is the true air-metal boundary on the surface. It is generally
defined, as the magnitude of wavelength per amplitude that is less than 10 of the
surface waves. The surface roughness irregularities are mainly from the tool mark left
on the machining such as turning, grinding and polishing. The only irregularity that
does not change the genera dimension of the product even if it is high is surface
roughness.

Waviness errors are irregularities of longer wavelength on the surface. The
magnitude of wavelength per amplitude is between 10 to 100 of the surface waves. An
example of this error might be the effects caused by improper manufacturing such as
vibration on the tool. Chatter marks on the surface are also kind of waviness.

If the surface irregularities wavelength per amplitude is in the order of 1000,
then these errors are called form error. Causes of form irregularities stem from errors
in guides and axes linearity, spindle error or therma and mechanical distortion.
Special name of form error in round workpieces at the cross-section is called

roundness.



2. 2. Modelling of Roundness

Roundness is defined as the deviation of a workpiece from a perfect round part.
A workpiece is described as round in a given cross section if al parts on the periphery
are equidistant from a common center (Ecludian definition).

Geometric errors on a round workpieces are explained by using Fourier
harmonic series. Actually by using FFT (Fast Fourier Transform), these geometric

errors can be separated from each other.

r(@ =R+ 4,c08nq-] ) >1a

n=1

or

V(Q):R+é¥.(a,,><cos(n>q)+bn>g'n(n>q)) 2-1b

n=1

Where R is the nominal radius,

A, =@ +b2)

A, 1s the amplitude of the harmonic and,

j =tan"(b.!a,)

J , isthe phase angle that is the orientation of the harmonic in the profile.

In Fourier expression, Fourier coefficient n is usually defined as the frequency
coefficient that increases the frequency as n grows, but in roundness evaluation n
refers to UPR (Undulation Per Revolution), which is the number of waves in one
revolution. The only difference from frequency is the number of waves in one
revolution not in one second. Actually we can relate both of them by using the angular
speed (rpm) of the revolution.

By using the Fourier series expression it can be found how roundness errors
occur on aworkpiece and also it is possible to separate the geometric errors from each
other with the help of UPR. Therefore the causes of each geometric error can be
examined easily. Some geometric errors are given with corresponding causes below

[17].
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UPR Effects Causes

1 Eccentricity on agraph Badly centered of w/p on spindle
2 Ovality(Ellipticity) of a workpiece Tilting error of w/p on spindle
3 Trilobe effect on workpiece Distortion from the jaws of chuck
4-5 Four and five lobed errors Distortion from wrong clamping
5-20  Moderate lobed errors Machine tool stiffness
20-50  Waviness Marks due to vibration and chatter
50-1000 Higher lobed errors Due to the high frequency vibration

Table 2.1 Classification of geometric errors and causes

2. 2. 1. Eccentricity

Eccentricity is defined as the misalignment between centre of rotation and the
geometric centre of workpiece. (first harmonic of FFT). Eccentricity errors are usually
due to the set-up errors not the real deviation. Eccentricity of a part is shown by its
magnitude and angle from the center of rotation like vectoria quantity. Eccentricity is

the first member of the Fourier series of the signal on the profile (Figure 2.2a, 2.2b).

Figure 2.2a Eccentricity Figure 2.2b Eccentricity with true circle
2. 2. 2. Ellipticity (Ovality)

Ellipticity (Ovality) is the two lobed errors on a workpiece and it is the second
harmonic of the Fourier series of the profile. It can be due to the tilting error of the

spindle while rotating. Therefore, cylindrical parts are machined as an ellipse.

¥
r.@ =R+a 4,°8n(n>q+j ),if R=20, A; =2, n=2 and 6=0 then,
n=1
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r.(@)=20+2>68n(2>q+] ),
Represents the polar graph with respect to the correct true circle of the figure
2.3a. And figure 2.3b shows the polar graph for different phase angles (6=0, 90, 180,
270). The different phase angles show that the irregularities may be on the some other

locations of workpiece round cross-section.

Figure 2.3a Ellipticity with true circle Figure 2.3b Ellipticity with different phases

Effect of centering on dimension in cutting:

Figure 2.4 Effect of centering

If acutting operation is done with a depth of cut (r) with centering;

e, =e>0s((] - (f ma) 2-2
V(Q):R+€>C05(q _qmax) 2-3

12



Where R is nominal depth of cut and e is eccentricity error

Dept of cut

v

Diamater

I T R T

Q=0max-180 Q=0Qmax-90 Q=0Qmax Q=Qmax+90 Q=0Qmax+180

Figure 2.5 Depth of cut with centering

Diameterl= (R+e)+(R-e)+B=2R+B
Diameter2= R+R+B=2R+B

So diameter does not change from eccentricity value.
Also, how the roundness is affected from centering;

Since roundness is defined as the deviation of radius of the workpiece along the

circumference (Figure 2.4, 2.5, 2.6).

13



R1

— old center

I~ new center

Figure 2.6 Effect centering on roundness

Where d is nominal depth of cut and e is eccentricity
Due to the old center;

Radiusl=R1= R-(d+e) = R-d-e

Radius2=R2= R-(d-e) = R-d+e

Now according to new center;

Radiusl=R1= R-d-ete= R-d

Radius2=R2= R d+e-e= R-d

So, centering does not affect the part dimension in cutting. The only change is the new

center of the workpiece.

Effect of tilting on dimension in cutting:

Again the same analysis for tilting;

Depth of cut taken over part circumference;

r(q)=R+l>a>COS(q _qzmax)

Where | is length of workpiece,

&max 1S angle at which tilting is maximum at any section.

14
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aistilting (wobbling) angle

Again it is a constant plus sinusoidal variation (one wave along circumference).

Diameter and roundness value does not change when tilting exists.
Effect of both tilting and centering on dimension of workpiece

Since both centering and tilting have the same sinusoidal characteristics but
different phase angles, the superposition of both errors would give the same
characteristic of sinusoidal errors over the circumference.

Both centering and tilting have one UPR (Undulation Per Revolution)

roundness. If they were added, the result would give one UPR roundness.

Since;

Centering depth of cut =d + e >COS(q -q

cmax)

Tilting depth of cut = /5a>CoS(q - O e *J )

Where | = Qma - (phase angle between two waves)

¢ max

For example what is the diameter of workpiece after cutting:

Diameter:lR- (d+e>COS(q 'qcma()+l>a)C05(q -qtmax+j )J+
[R_ (d+€xCOS(q -qcmax+p)+l>axcos(q -qtmax+p+j)

Diameter:l2><R- 2xd +eXcos(q - q.mx) T COS(q -qcmax+p))J+
|15 XCOS(q| - O+ ) +COSQ - [ P *i )]

After eliminating the sinusoidal terms
Diameter =2%D - 2 %R

15



In conclusion, superposition of two same frequency sinusoidal waves gives the
same frequency wave. So both centering and tilting does not change the dimension of
workpiece in cutting operation. The only change is the center of the workpiece after
cutting, and this result is no

g.m (@ngleat which centering ismax.), q,ms (angle at which tilting is max.).
2. 2. 3. Trilobe error

Trilobe roundness is a basic error that can be seen on the wokpiece. It is
basically three wavelengths on the workpiece in one revolution and it is the third
component of the Fourier series expression of the profile. Most trilobe errors are
because of the wrong clamping of the parts on the chuck of the tool in the lathe such
as the excessive clamping load exerted by the jaws of the chuck on the workpiece.
The jaws of the chuck applied on the workpiece are represented by a spring-damper
system. Hence these points are more rigid than the other points that are free on the

workpiece (Figure 2.7).

Jawl

Workpiece

Jaw2 @ Jaw3

Figure 2.7 Trilobe effect at chuck

An example that explains trilobe error of a part is shown below. The polar graph of

this shape has an equation

¥
r.@ =R+a 4,6n(n>q+] ),if R=20, Ay =2, n=3 and 6=0 then,
n=1
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r,(@) = 20+ 2603+ ),

Represents the polar graph with respect to the correct true circle of the figure
2.8a. And figure 2.8b shows the polar graph for different phase angles (6=0, 90, 180,
270).

Figure Z.Sa Trilobe with true.ci rcle Figure 2.8b Tri I.obe with different phases
2. 2. 4. Waviness

Waviness errors are between the twentieth and fiftieth harmonics of the Fourier
series equation on roundness profile. The main causes of these errors are chatter
created at the cutting process. Chatter is a self-excited type of vibration that occursin
metal cutting operations. This associated vibration makes cutting forces periodically
variable. When cutting forces reach considerable amplitudes, the machined surface
becomes wavy. Chatter is easily recognised by the noise with this vibration and the
marks left on the cutting surface. It an unacceptable situation in the cutting, hence it
reduces the tool life and the surface quality of workpiece [35].
Here is an example that shows waviness error of a part. The polar graph of this shape

has an equation
r (@ =R+A 4,6n(n>q+] ),if R=20, Ay =2, n=50 and 6=60 then,
n=l
r.()=20+2>6n(50q +] ),

Representing the polar graph with respect to the correct true circle of the
figure 2.9a.

Also for different phase angles (6=60, 180), the polar graph becomes as in the
figure 2.9b.

17



Figure 2.9a Waviness with true circle Figure 2.9b Waviness with different phases

2. 2. 5. Combination of errors (real case)

In a real round part al of these harmonics are combined on the workpiece
profile. Below two Fourier harmonics are superposed with respect to correct circle is
and corresponding FFT analysis is given in (Figure 2.10a, 2.10b). Two examples of
this kind are demonstrated below; first one is the superposition of two harmonics
(second and third).

The equation of first example:
r.(0) =20+ 2560 2> +] ) +16n(3x4j ),
Where, j ,=0,j ,=0

The other example is combination of five Fourier harmonics (second, third,
fourth, fifth, and tenth) superposed on each other.

r.(@) =20+16n( 2>q+] ,)+0.8>6n(3>q+] ) +1lx&n(4xq+] ,)
+0.7>6n(55g+j ) +0.4>6n(10>q+] ) ’

where, j ,=0,j ,=30,j ,=150,j =245, =150
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FFT(Fast Fourier Transform) FFT (Fast Fourier Transform)
— 15
3 = 3%,
28, R
S 2o
) [ £, 1l 0
<o . . . . . . . e . . L,
s ) 3 4 5 1 2 3 4 5 6 7 8 9 10
UPR (Undulation Per Revolution) UPR (Undulation Per Revolution)
Figure 2.10a Combination of two Figure 2.10b Combination of five
harmonics with FFT anaysis harmonics with FFT analyss

2. 3. Compensation of roundness harmonics

Since the roundness error of workpiece is categorized as its harmonics, applying
the reverse of harmonics can compensate these errors. Of course this has to be in the
micro level, since these errors are in the order of 1-2 micrometers. This compensation
action must be applied dynamically, since CNC lathe chuck rotates (Figure 2.11). For
example, if trilobe error is to be corrected at 1500 rpm angular speed, (1500/60) = 25
Hz (Spindle frequency), trilobe compensation frequency of 25x3 =75Hz actuation
with specified amplitude must be supplied. Therefore an actuator, which can give that
much of displacement with required bandwidth, is needed. Piezo stack actuator is
selected to be the most suitable solution for this application. Besides these, the
position of chuck must be known precisely to synchronize with the compensation
action. Then the encoder of CNC spindle (chuck) motor must be used in a good

synchronization with piezo stack actuator.
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PigZ0 stack

ft=tool frequency
Tool

Workpiece

Figure 2.11 Compensation of harmonics by using piezo stack actuator
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CHAPTER 3

CHARACTERISATION OF THE CNC TURNING MACHINE

In this chapter, characterisation of a CNC turning machine is investigated and
necessary compensation and control action are carried out according to information
obtained. Measurement, actuator, and computer methods used are clearly explained.
The specifications of these elements are given.

Characterisation of CNC turning machine is very significant for the requirement
of extracting the bulk errors such as axis linearity error, spindle motion error of the
machine before implementing the precision cutting operations. Because some of these
bulk errors are not compensated by suggested system (PBCD). So that
characterisation of CNC turning machine is needed for separation of these errors.

In this chapter, the characterisation and possible sources of errors are examined
by experimentaly. The measurement and gauging system used in characterisation are

explained. Also the possible surface error that is seen on workpiece is investigated.
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3.1. SOURCES OF ERRORS IN CNC TURNING MACHINE

The accuracy and precision of CNC turning machines are affected due to
variety of errors. All of these errors are combined (superposed) resulting in fina
irregularities on the surface of workpiece. Some of these errors occur during cutting
operation caused by the process. On the other hand, some other errors are aready
there before cutting. Now, the sources of errors in CNC turning machine while in the
cutting process are given:

€total = Qet-up T € position T € cutting force T € thermal T € wear T €weight of wip T

€vibration T € control T €measurement 31
The error components in equation (3-1) are explained in the following section;
3.1.1. Set-up errors (€set-up)

These errors are basically due to spindle eccentricity and tilting that are
explained below.

Chuck eccentricity

Eccentricity is defined as the misalignment between the center of rotation of

spindle and the geometric center of the workpiece (Figure 3.1).

Elative

I\ Center of w/p
b = @e

I | Center of chuck

k!
ex

Workpiece/

Figure 3.1 Chuck eccentricity
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e is absolute error from center of chuck to the center of w/p.

e, =e- eX0sq 3.2
e.=exdanq 3.3

Crelative — \/m 3-4a

Crelative — € x[2- 2>cosq 3-4b
Crotaimvermax = 2% (fOr q=180°) 3.5

Which is the maximum displacement that is read from eccentricity error.

Note: This error does not change over the length of the workpiece. Because
eccentricity is independent of axis of spindle.

The figure 3.2 shows the distance from afixed point on the machine to the
surface of the workpiece with only eccentricity of the workpiece. Laser displacement
sensor assembled on the machine measuring distance to the workpiece while it is
rotating is employed to depict the figure below.

Amplitude

180 deg

NN

0 deg 360 deg

time

Figure 3.2 Effect of chuck eccentricity on measurement

Tilting (Wobbling) error of chuck workpiece assembly:

Tilting (Wobbling) error is the misalignment of the workpiece axis-of-rotation

to the spindle axis of rotation (Figure 3.3).
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IChuck

Figure 3.3 Tilting (Wobbling) error

v, =Lxna»Lla 3-6
Maximum tilting error =y (0°) - y . (180°) =2xL>a

The distance from fixed point on the machine to the surface of workpiece when

only tilting of workpiece exists is same with eccentricity when chuck rotates.
Combination of eccentricity and wobbling error
Eccentricity and tilting errors are superimposed on the workpiece.

e. =z»@na>dnq (From Wobbling) 3-7
e, = z>dnax1- cosq) (From Wobbling) 3-8

Where z is the distance to the chuck aong the workpiece.
echucloc =(e>Gnq)+Z>a>gnq 3'9

Comery =€ XL~ €OSQ) +z>@ X(1- cosq) 3-10

But they can not be added algebraicaly like above, because the location of
eccentricity and tilting angles are different in both cases.
It will be shown later that, set-up errors do not create machining error if depth of

cut is bigger than the eccentricity and wobbling error.
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3. 1. 2. Position error (eposition )

Thisis basicaly different from the offset errors of CNC machines. Throughout
the thesis, position error is defined as the actual linearity of axes. (For machines under
examined Z, X axes).

Linearity of the axis or column is defined as the straightness (deviation from

true straight-line motion) of the static part. This depends on the overall geometry of
the machine and applied loads.

Linearity is not a random error but a progressive error that means that it changes
over the length of the machine element. Therefore, it is usualy measured as

micrometer deviation per mm length.

3. 1. 3. Thermal error (€thermal )

Thermal error is the form deviation of workpiece due to change of temperature
and nonuniform temperature gradient of cutting processes. Temperature change
induces thermal elastic strain, which is proportional to the product of the coefficient
of expansion of the material and to the temperature change.

e =a, xbr 3-11
e, =L, 3-12

Temperature deviation mainly affects the axes of machines. Using lubrication

can minimize the temperature effects to the cutting tool and workpiece.
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3. 1. 4. Deformation error (€ utting force)

Deformation error is due to excessive cutting forces on the workpiece (Figure
3.4).

Analytical expression is explained like below:

Chuck

Tool

wip -+

Figure 3.4 Deformation error

Moment diagram (Figure 3.5)

Fr

Mc

Rc
X

_ »

Figure 3.5 Momert diagram for cutting

Hence, the deformation equation
Vradialde_ﬁrmation - (3 XE X])
Where x is the distance to the chuck from cutting force location along the
length of the workpiece.

Radia cutting force= . = g, %% 3-14

Where K, isthe force constant
b is the width of cut
t is the feed (mm/rev)

E is the Young modulus
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| isthe Moment of Inertia

Pxd’
64

I =

Notel: In this calculation chuck is considered to be rigid.
Note2: Direction of deformationisin radial direction.

3. 1. 5. Deformation error under weight (eyweignt)

Deformation error under weight is caused by the weight of the workpiece. The
weight of the workpiecs is represented by the distributed load shown below (Figure
3.6).

e MAMAAAAAAAALAAAAL

w/p

Figure 3.6 Weight of workpiece

Hence, the deformation equation becomes:

_ ) 3'15
Vradialdef(rmation (8 XE X[)

Where x is the distance to the chuck along the length of the workpiece.

3. 1. 6. Wear error (ewear)
Error due the wear of tool tip effects only surface roughness, so it creates

negligible dimensional errors.
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3. 1. 7. Control error (€control)
Control error mostly depends on the resolution of the control agorithm. Hence,

if it is small enough, control error is negligible.

3. 1. 8. Vibration error (evipration)
Vibration error is due to the environmental condition of machining and cutting.

Vibration gives awavy surface on the workpiece.

3. 1. 9. Measurement error (€measurement)
Measurement error is due to the uncertainty of the measurement. But it is

generally negligible.

3. 2. Characterisation of workpieces machined in CNC machine

In order to find the general geometric errors, a cylindrical workpiece, which had
nominal 38-mm diameter and 110 mm length, was machined in EMCO PC TURN 155
CNC lathe with 0.1-mm depth of cut, 1500 rpm cutting speed with no tailstock
support. Then, diameter of this workpiece was measured outside the CNC turning
machine by Aeroel dit laser. The figure below shows the diameter variation of this
part along its length with comparison to a cylindrical ground 150 mm length and 40
mm diameter round part. The red curve (machined in CNC) is changing
approximately linearly (37.7824 mm to 37.8218mm) aong its length from the chuck.
The deviation is 40 micrometer, and this is maximum at the end of its length from
chuck end position. On the other hand, blue curve has no linearly changing
diametrical variation. This error is basically straightness error of the workpiece. This
error is probably coming from the guide of CNC machine, but how it can be proved

will be showed later by using laser measurement of perfect lapped gauge (Figure 3.7).
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Workpiece machined at CNC and Grinded outside
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Figure 3.7 Straightness error of CNC machine

3. 3. Cylindrical master gauge (lapped)
3. 3.1. Characterisation of cylindrical master gauge (lapped)

In order to find bulk error of CNC lathe, a cylindrical master gauge was
produced. The piece was lapped after turning. The master gauge has a good roundness
value which is less than 0.3 micrometer, exact diameter value is 40.002 mm and
diameter variation less than 2 micrometer over 80 mm gauge length. These values are
measured and given by producer’s company calibration laboratory with the help of
their measurement instruments. This gauge is usually used as a master gauge for
calibrations.

In order to find the whole characteristics of the master gauge, roundness
measurement instrument (Mitutoyo Roundtest, RA-116) was used for measuring
dimensional error of this gauge at different sections. Then, these errors are magnified
to see the exact location of the errors. Hence, by using FFT (Fast Fourier Transform),
separation of the errors was done with respect to their UPR (Undulation Per
Revolution) values. Because of the inaccurate column of roundness measurement
instrument, we can not neasure cylindricity and linearity of this guide. But we can
use Aeroel slit laser for measuring linearity by using diametric variation at different

sections. These measurements are given below (Table 3.1, 3.2), (Figure 3.8, 3.9):
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Roundness measurements of master gauge
Location of measurement Roundness

Maximum UPR  Amplitude of

max.

from chuck (mm) (Micrometer)  Vaue UPR (micrometer)
10 0.32 2 0.13
15 0.27 2 0.13
20 0.20 2 0.12
25 0.24 2 0.09
30 0.26 2 0.11
35 0.32 2 0.18
40 0.34 2 0.19
45 0.39 2 0.19
50 0.48 2 0.22
55 0.54 2 0.27
60 0.59 2 0.29
65 0.65 2 0.33
70 0.59 2 0.31
75 0.74 2 0.36
Table 3.1 Roundness measurements of master gauge
Roundness error versus location graph
0.8
T 07 /
E 06 /'\\r/
= 05 //
T 0.4
2 0.3 b e
S 0.2 \/
g o1
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Location of master gauge (mm)

Figure 3.8 Roundness error of master gauge along the length
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Aeroel Slit laser measurement of master gauge

Location of measurement Diameter (mm) Variation (micrometer)

from chuck (mm)
10 40.0043 0
15 40.0041 -0.2
20 40.0043 0
25 40.0042 -0.1
30 40.0044 0.1
35 40.0052 0.9
40 40.0071 2.8
45 40.0073 3
50 40.0058 15
55 40.0052 0.9
60 40.0047 04
65 40.0046 0.3
70 40.0048 0.5
75 40.0063 2

Table 3.2 Diameter measurements of master gauge

Diameter variation versus location graph

3.5

g, \ .
£ .. [\ /
£ / N\ /
8 os / N/
: ‘&
05 10 20 30 40 50 60 70 80

Location of master gauge (mm)

Figure 3.9 Diameter variation of master gauge along the length

3. 3. 2. Measurement of cylindrical master gauge on the chuck of CNC machine
(lapped)

Cylindrical master gauge is measured in CNC machine on the chuck by using
Keyence LK 2001 laser displacement sensor, which has 1- micrometer resolution, 30
mm operating distance and 2000 Hertz sampling frequency (Figure 3.10)[11].
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National Instruments Labview 6.i signal processing software with its hardware
is used for laser displacement sensor and thermocouple reading.

Two basic measurements were performed on CNC turning machine. These are
linear and rotating measurements. These measurements are performed in order to find
the linearity error of axis of CNC machine, and basic set-up errors (eccentricity,

tilting).

1. motion
-

Laser
Controller

Workpiece

i e - — 110
(Labview)

2. motion

Chuck

Figure 3.10 In process measurement in CNC Lathe

3. 3. 2. 1. Linear measurements

Linear measurements are performed for 12 positions (0,30,..33000) of the
workpiece. At each position linear measurements were performed from end face of
part to the chuck position (totally 50 mm feed motion of CNC machine). The figure

3.11 shows the measurement technique used for linear measurements.

Laser Laser

Feed

0

30
I

330

. 60
Workpiece -~ 300
—_——_—— e —_— .= —_-— P0 - — 270
120 240

1507 210
Chuck 180

Figure 3.11 Linear measurements
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In linear measurements, three basic errors are encountered. These are
straightness of workpiece, straightness of CNC xaxis guide, and tilting {vobbling)
error of workpiece clamping to the chuck. The former can be neglected because of
specification of perfect lapping gauge. This gauge has less than 1.5-micrometer
straightness error. So, the other two contributes to the error measured by the laser. The

measurement results are given in table 3.3;

Location of 1. Experiment 2. Experiment 3. Experiment 4. Experiment

measurement (deg)  (error)(um) (error) (um) (error) (um) (error) (um)
0 35 31 62 60
30 44 38 74 61
60 55 49 80 35
90 59 57 73 19
120 59 57 58 14
150 53 45 43 15
180 44 45 32 28
210 38 33 27 43
240 28 28 26 38
270 26 24 28 54
300 29 25 36 63
330 31 28 46 60

Table 3.3 Linear measurements of master gauge in CNC machine

The results show that al errors are positive from the end of the part to the one of
the chuck. The MS Excel figure shows the first experiment results at different angle
locations. In all locations, the distance from laser to the workpiece at the end position
is decreasing towards the chuck. The only difference is the rate of the decrease at
different measurement location. This is due to the waobbling (tilting) error dependence
on location. The important result that can be shown is the comparison of the
magnitude of the straightness error to that of tilting (wobbling error). In all
measurements, straightness error due to guides is higher than wobbling error in al

measurement locations (Figure 3.12).
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Lineer measurements of lapped gauge

70

60 —o— 0 deg

—B— 30 deg
50 60 deg
90 deg
—¥— 150 deg
—8— 180 deg
—+— 210 deg
—— 240 deg
270 deg
300 deg
330 deg
120 deg

Micrometer

30

20

10 1

0 10 20 30 40 50 60 70 80

Length of guide from end of workpiece(mm)

Figure 3.12 Laser measurements with respect to chuck end position

If the measurement results are plotted with respect to measurement locations,
approximately a sinusoidal curve is seen. This is due to the changing of tilting
(wobbling) error of workpiece with respect to measurement location. Since the
wobbling (tilting) error is changing sinusoidally along the rotation of spindle,
straightness error of guide is constant over rotation of the spindle. This is proved by
the results shown above. In table 3.3 these are the two values in each column. These

are max and min values of the experiments:

Experiment 1. max: 59 pum 90° location min: 26 um 270° location
Experiment 2: max: 57 um 90° location min: 24 um 270° location
Experiment 3: max: 80 um 60° location min: 26 pm 240° location
Experiment 4: max: 63 pum 300° location min: 14 um 120° location

It is easy to conclude that max and min values are 180 degree apart from each
other. Thisis the nature of wobbling (tilting) error (Figure 3.13a, 3.13b,3.14).
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waobbl emax) 3-16

Errormin = Straightness error - Tilting max (€= @uobblemin = Gwobblemax +0) 3-17



: : . . 3-18
Straightness of guide of CNC machine = £170r ;Er POV nin
Also;
. o - . 3-19
Maximum tilting error = L1707 na: 2Err0rm.n
S0;
Result are given in table 3.4
Experiment Straightness error of guide  Maximum wobbling error

1 43 17

2 41 17

3 49 21

4 40 24

Table 3.4 Results of rotational measurements of master gauge in CNC machine

It can be concluded for linear measurement that straightness of CNC machine
is approximately 40 im/50 mm. Maximum wobbling is dependent on chuck

clamping of workpiece and has no effect on dimensional error.

Compensation of CNC Guide straightness error

The straightness error 0.8i m/mm (40i m/50mm) could be compensated by
parameter setting of CNC software. But this machine control software (GE Fanuc 21)
has no such parameter setting. So straightness error is compensated in the G-code part
program. Below shows the G-code program with its explanation written in CNC
program [18]. But this is not effective method for this compensation, as it results in
steps on the surface (3im). The table below shows the diametrical variation of
workpiece with compensated and uncompensated results by using Aeroel Slit laser. In
compensated cutting, the total reverse straightness error over 50mm (38 i m/50 mm)
was fed to the program. Location of measurement is given from one end of the
workpiece to the other end of the workpiece clamped on the chuck (Table 3.5)(Figure
3.15, 3.16a, 3.16h).
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Location  of Diameter(mm)

measurement
Omm 41.9261
5mm 41.9209
10mm 41.9173
15mm 41.9141
20mm 41.9096
25mm 41.9059
30mm 41.9016
35mm 41.9002
40mm 41.8960
45mm 41.8923

Diameter(mm)  Variation(i m) Variation(i m)

Uncompensated Compensated  Uncompensated Compensated

41.7428 0 0

41.7405 -5.2 -2.3
41.7411 -8.8 -1.7
41.7433 -12 0.5
41.7423 -16.5 -0.5
41.7408 -20.2 -2

41.7426 -24.5 -0.2
41.7421 -25.9 -0.7
41.7421 -30.1 -0.7
41.7424 -33.8 -04

Table 3.5 Comparision of diameter measurements of workpiece between compensated
and uncompensated case

Straightness error(micromete

0,00

Comparision between compansated and uncompansated cutting diametral variation

,p0 ,00 20,00

30,00 40,00 50,00

-5,00

-10,00

-15,00

\\. —e— Uncompanseted cutting

-20,00

\ —l— Compensated cutting

-25,00

~C

-30,00

<

-35,00

-40,00

Workpiece measuremant location from end face(mm)

Figure 3.15 Comparison between compensated and uncompensated cutting case
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Uncompensated cutting Compensated cutting

-
D2 D1 D2 D1
— V]
D1-D2= 38 micrometer D1-D2< 2 micrometer
Figure 3.16a Uncompensated cutting Figure 3.16b Compensated cutting

3. 3. 2. 2. Rotating measurements:

Rotating measurements are performed for different fctions of the workpiece
(25,30,70mm away from starting point of chuck). At each position, rotational
measurements were taken both manualy and CNC spindle motion. The figure 3.17

below shows the measurement technique used for rotational measurements.

///////’

aser Lgser

0 po po po PO po |70

Workpiece
—_——, e ——— e — e — = - — W

Chuck

Figure 3.17 Rotational measurements

Because of inaccuracy of operator hand to rotate the spindle, CNC spindle
motion is preferred. But this motion has limited minimum angular velocity. This is
150 rpm.

0;

Spindle frequency= 150/60=2.5 Hertz

Laser frequency= 2000 Hertz
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position. But some figures increases and some decreases with increasing length from

the chuck. This is because of the nature of tilting (wobbling) error. In 1,2 and 3



experiments, waobbling error decreases the overall error of the workpiece along the
length as it can be seen in the figure. Rotational error at the chuck position can be
assumed as the centering error. Since it depends on the clamping conditions in the
chuck, it changes from experiment to experiment. But overal, 45-50 i m centering
error is seen on the measurement for different clamping.

From rotational measurements two important errors (tilting and centering) are
set-up errors. These errors do not affect the dimension during cutting. The reason for

thisis given in section 2 (Effect of centering on dimension in cutting).

Effect of CNC x-axis guide’s side linearity on measurement

It was found that CNC x-axis guide straightness error in z (norma to
workpiece) direction is nearly 40 um. It would be assumed that this guide would have
more or less same straightness error in side (tangential to workpiece) direction,
because the axes of CNC turning machines have same properties. So, how would this
error affect the accuracy of laser measurement? The figure below shows the

measurement error on workpiece (Figure 3.19).

«+—0.05 mm—>|

e
v A
R=40 mm
R=40 mm
a
\

O (Workpiece center)
Figure 3.19 Effect of side straightness on measurement

Maximum 50 pm straightness error;
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tan*@) = —0'25 = —0£5 =0.0716deg.

R xcos(@) = 40>cos(0.0716) = 39.99997 deg.
Error =e=R- R>cos(a) = 40- 39.999969.

Error = e =0.031 im. It is so negligible with respect to resolution of laser.

In this chapter, analysing the errors of workpice, sources of the errors and
possible compensation techniques were examined in detail. In order to characterise
the CNC lathe, some experimental studies were performed by using some tools
(National Instruments Labview 6.i signal processing software and I/O card, laser

displacement sensor, thermocouple, Aerod dlit laser, Roundness measuring maching).

It can be concluded in this chapter that, CNC turning machine axis error is 40
im and this eror is diminated in the G-code part program. The set-up errors
(eccentricity, tilting) are on the order of 50-90 i m. But these errors do not contribute

geometric error on the workpiece after cutting.
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CHAPTER 4

DEVOLOPMENT OF THE SYSTEM (PBCD)

In this chapter, design of PBCD and its components are explained in detail.
These components are piezo stack actuator, piezo stack actuator’s voltage amplifier,
mechanical housing, tool tip, piezo sensor amplifier circuit, dASPACE 1102 hardware
and software, Simulink software and CNC turning machine spindle motor encoder.
First, these components are described and then the assembly of PBCD is explained.

The figures of PBCD components are given in Appendix.

4. 1. Piezo stack actuators
Piezo stack actuators are separately contacted layers of ceramics, which
introduce motion when a voltage difference or electric field is applied. This motion is
due to the inverse piezoeectric effect. Usually the cross section of piezo stack
actuatorsis circular or rectangular.
Main application areas of piezo stack actuators are precise positioning for one

or multi axis stages, mirrors in optics, micro robots and active vibration control.

Characteristics of piezo stack actuators
Piezo stack actuators have some critical properties, which are essential in many
applications. Hysteresis, creep, stroke, stiffness, resonant frequency, electrical
capacitance and power consumption should be considered while choosing the piezo
stack actuators. In this chapter, these properties are measured experimentally by using
measuring instruments (Mitutoyo Roundtest RA-114, Agilent 356704 Dynamic signal

analyzer).

4. 1. 1. Hysteresis

Hysteresis, being an unwanted nonlinear behavior of piezo stack actuators, is
defined as the maximum difference between the up going and down going output
values in a sequential operation of piezoelectric actuators. Usually the cause of the
hysteresis is dependent on previous output values of piezoelectric actuators.

Hysteresis of piezoelectric actuators is due to the crystalline polarization effect and
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friction in molecular base. The piezo stack actuator open loop output motion is
dependent not only the current input value but also on previous inputs. Hysteresis of
piezo stack actuator is found experimentaly. The figure 4.1 shows the measured
hysteresis curve of piezo stack actuators. Hysteresis curve is plotted by giving
approximately 30 Volt increments or decrements from piezo stack amplifier. The tests
are performed with Mitutoyo Roundtest RA-114 Inductive contact probe, which has

10nm resolution and + 1mm range [12].

Hysteresis loop of piezostack actuator

0 20 40 60 80 100 120 140 160
Input ampilifier voltage (Vo)

Figure 4.1 Hysteresis loop of piezo stack actuator

Hysteresis can be eliminated by closed loop control.

4. 1. 2. Creep (Drift)

Creep is the time dependent change of output (motion) of piezo stack actuator.
Like hysteresis, it is one of the maor limitations of piezo stack actuators. Creep
decreases logarithmically with time. It is the ow output response after change in
input is completed. The following equation describes the creep of piezo stack
actuators[13].

DL(#) » DL X1+gg ><OL1))
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Where,

DL is displacement 0.1 seconds after the voltage change is completed.
giscreep factor which is dependent on the properties of the actuator
tistime

Creep of open loop piezo stack actuator is measured and plotted below in figure

4.2.
Creep of open loop piezostack actuator
41.4
41.2 /// !
T 4 .
g ,/——l/'/
§ 408 /.
[S]
I= 40.6 /
5 40.4
Q.
3 40.2
40
39.8 T T T T 1
0 20 40 60 80 100
Time (second)
Figure 4.2 Creep of open loop piezo stack actuator
Like hysteresis, creep can be eliminated in closed loop control of piezo stack
actuators.

4. 1. 3. Stroke

Piezo stack actuator that is used for PBCD can be operated at bipolar voltage
input values. Its input voltage is between —30Volt to 150V olt. The maximum stroke,
which is the response to the mentioned input voltage values, is 105 nm. However, in
PBCD applications, only unipolar inputs are used in experiments. So the maximum
stroke for unipolar inputs, which is from OVolt to 150 Volt, is 80 nm [14].

4. 1. 4. Stiffness
Stiffness is the elastic property of piezo stack actuators. It shows how much
deformation is detected when aforce is applied. Stiffness of piezo stack actuator used



in PBCD is 6N/mm. If full stroke of motion, i.e. 105nm, is needed, 1056 = 630N
forceisrequired.
Stiffness of PBCD is different from piezo stack actuator. PBCD is stiffer than

piezo stack actuator.

4. 1. 5. Resonant frequency

Piezo stack actuators have generaly higher resonant frequencies. Resonant
frequency of piezo stack actuator used in PBCD is 12 kHz. But the resonant frequency
of the unloaded actuator is not important. Because any externa mechanical

component or mass reduces the resonant frequency of the system.

4. 1. 6. Electrical Capacitance

When operated well below the resonant frequency, piezo stack actuator behaves
as a capacitor. Since the displacement is directly proportional to charge or voltage
applied on piezo stack actuator [14]. The capacitance of the piezo stack actuator used
in this research is 3200 nF.

4.1.7. Power consumption

A typical piezoelectric actuator dissipates only small amount of power (order of
miliwatts), which will not affect thermal equilibrium of a precision machine. On the
other hand, equivalent electromagnetic actuators dissipate much more power due to

the winding resistances and eddy current losses [36].

4. 2. Piezo voltage amplifier
In order to operate the piezo stack actuator, appropriate piezo voltage amplifier
is required. Piezo stack amplifiers amplify the input signa in sufficient voltage level

necessary to move the actuator.

4. 2. 1. Specifications of piezo voltage amplifier

Specifications of piezo voltage amplifier used in this research are tabulated
below:

Voltage range :-30 Volt through 150 Volt

Gain factor 30
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Max./average current  : 60 mA
Bandwidth : 20 kHz

Number of channel 1

4. 2. 2. Limitations of piezo voltage amplifier

The maximum/average current value of the piezo voltage amplifier limits the
piezo stack actuators dynamic operation. Actualy producer specifies this limit.
Because overheating of piezo stack actuators is becoming a problem at high
frequencies. There is a loss of energy during charging and discharging. The loss of
energy is due to heat dissipation.

Since from awell known equation

dv 4-2

I =Cx—

dt

Where
| iscurrent of piezo voltage amplifier

C iselectrical capacitance value of piezo stack actuator

‘i,—V IS voltage change per unit time
t

This eguation can be rewritten for sinusoidal input of piezo stack actuators as

follows:
Average current
1,.=CY xf 4-3
Maximum current
[max:2>p>Cxfo 4-4

Where

f isfrequency of piezo stack actuator

V is amplitude of input voltage

Using above equations, maximum frequency at which piezo stack actuators can

be operated is found. For example; for full stroke

46



I e = 60mA, C=3200nF, V=150V olt
Maximum frequency that piezo amplifier can give: 19.894 Hertz

The table 4.1 shows the amplitude and frequency couple of piezo stack actuators

under maximum piezo voltage amplifier current.

Maximum Voltage Displacement  Frequency
current (mA)  amplitude (Volt)  (nmm) (Hertz)
60 150 80.0 19.9
60 100 53.3 29.8
60 10 5.3 298.4
60 1 05 2984.1

Table 4.1 Amplitude and frequency couple of piezo stack
actuators at maximum piezo voltage amplifier current

4. 3. Piezo sensor amplifier circuit

Piezo stack actuators used in this thesis have two cables, which are power
supply and feedback output. The feedback cable has three small cables in it. Those
cables have different colors, which are shown in the figure 4.3 with the amplifier
circuit. There are two strain gauges that have 5 milivolt voltage differences between
them and with these cables they constitute half Wheatstone bridge circuit. In order to
make full Wheatstone bridge circuit, two resistors are connected to these cables.
Wheatstone bridge circuit provides a means for accurately measuring resistance and
for detecting small changes in resistance. In the figure 4.4 below R is a strain gauge
that experiences a change in resistance with a change in the displacement of piezo
stack actuator. Change in one strain gauge gives the feedback that is proportional to
the displacement of piezo stack actuator [15].

In the circuit, an amplifier 17741 integrated circuit (1C) was used to increase the
change of voltage difference. In this circuit, amplifier factor is 1000. So the voltage
difference was amplified by 1000 times (R»/R1)=1000. The aim of using this amplifier
isincreasing the resolution of the controller. Both Wheatsone bridge and amplifier IC
(Integrated Circuit) are fed by power supply. Full amplifier and Wheatstone bridge

circuits are shown in the following figures 4.3, 4.4.
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R1 R2
Sensor
A output
R1 R2
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Figure 4.3 Wheatstone bridge circuit
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A Ei1 Ground
j Op.amp. Eo (+)
B2 R1 Outputs of Piezo
+5V -5V
Ie Power supply
L —1
D R2
2 [a
Eo (+)=(R2/R1)*[Ex-Ev]
Figure 4.4 Amplifier circuit for piezo feedback
4. 4. Tool tip

The tool tip is made up of the standard tool holder that is cut to match proper
dimension for the design of PBCD. The model of tool holder is SDJCL 1212F 07
(22mm X 12mm, Left oriented). The mechanical drawing of the tool tip cut is givenin
the appendix.
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The tool insart used in this research is PLANSEE TIZIT 10 HM-
WENDEPLATTEN.

4. 5. Mechanical housing

The design of piezo stack actuator mechanical housing is based on the smple
flexure lever amplifier system. The main disadvantage that affects the design is the
limitations of the turret tool holder fold space. The principle of the housing design is
the deflection of the housing tip. The simple figure of the piezo and housing tip is

shown in figure 4.5:

A 4
t
Insert
<«—> :
— Fpiez
Piezostack P
actuator
Housing
Figure 4.5 Piezo housing

Mechanical drawing with its dimension is given in the appendix. FEA (Finite
Element Analysis) is performed for deflection and force analysis. Deformation and
VonMisses analysis are given in the appendix. The important result is the maximum
displacement that is the output of G150 Volt piezo voltage amplifier input of the
PBCD. Approximately 23 nm displacement is observed from the FEA of the PBCD.
FEA isperformed at Catia V.5. Software. Inthereal case, the measurement results of
PBCD show good similarity with FEA. Inductive probe, which is on the Mitutoyo
Roundtest, RA-116, is used to measure the real displacement of the PBCD. The result
of the real displacement of the PBCD is shown in the figure 4.6.
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Dx:ﬂ
k,

Where
F . isforce exerted on PBCD by piezo stack actuator

k, i1s stiffness of housing at the insert location
stack actuator side by
Where

Sisdisplacement of piezo stack actuator

d , is deflection of piezo stack actuator.

Deflection of piezo stack actuator can be found by stiffness of piezo stack

actuator ( ) and force exerted on PBCD by piezo stack actuator ( F, ).



Then,

=

tan
=

Combining the equations (4-6) and (4-7)

S0 the displacement of the PBCD is reduced by 71.43 %.

D
Dx=S - (f,*—
(k. kp)
Dr=—3
ke
k»

If Swere afull stroke of piezo stack actuator,
Ax =80nm/3.5=228nmm.

Piezo stack actuator (Kkp)

Fs

-

Housing

4-7
4-8a
4-8b

-
/)
/

B/

K—¥ / Housing tip (ki)

.

/
/
/

Figure 4.7 Principle of piezo housing
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Therefore, the mechanical housing reduces the full stroke of the system from 80

imto23im.

4. 6. dSPACE 1102 hardware and software

Dspace 1102 software and hardware are used with Matlab to run Simulink
simulations in real time for PBCD. Piezo stack voltage amplifier and piezo stack
actuator feedback data are connected to the dSPACE 1102 card. Also CNC turning
machine spindle motor encoder data is fed to the controller for dynamic operation of
piezo stack actuator. So one D/A (digital to analog) converter for analog voltage
amplifier, one A/D (analog to digital) converter for feedback of piezo stack actuator,

and one encoder reading are connected.

4.7.P.C.

CPU : Pentium 733 MHz
RAM : 128 MB
Operating system : Windows 98

4. 8. CNC Turning machine
The PBCD is mounted on the EMCO 155 PC Turn machine (Figure 4.7).
Specification of this machine is given below:

Spindle

Spindle motor . dep

Spindle motor encoder : 1024 ppr
Spindle motor speed  : 150-4000rpm

Axes

Feed motor . Step

Step resolution : 1.25mm

Slide traverse > X: 100mm, Z:300 mm
Control : Fanuc 21
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Figure 4.8 EMCO 155 PC Turn machine
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CHAPTER 5

EXPERIMENTS AND RESULTS

5.1. Control of piezo stack actuator

PID (Proportional Integral Derivative) control, which more than half of the
industrial controller use, is implemented for PBCD control. The applicability of the
PID control to most control systems makes it very useful and popular for al
controllers. Especialy for systems where the analytical design methods can not be
implemented because of the unknown model of the systems. Like these systems

PBCD mathematical model is not known. Figure 5.1 shows the PID control of a plant.

PID control

Input Output

(Kp+Ki/s+sKad) > Plant >

Figure 5.1 PID control

The requirement of the control is to compensate the nonlinear behavior
(hysteresis and creep) of piezo. In order to find optimum parameters of the controller,

Ziegler-Nichols' second rule is used.

Ziegler-Nichols Rule

The process of selecting the controller parameters to provide the given
performance specification is known as controller tuning. For PID parameters tuning,
Ziegler-Nichols suggested a rule to set K, K;, Kqbased on some experiments. These
experiments are known as Ziegler-Nichols first and second method. In the first
method, the plant’s response to unit-step input is examined. If the response looks like
S-shaped, this method works. This S-shaped curve is characterised by two parameters,
which are response delay time and time constant. These parameters can be found by

simply drawing a tangent line at the turning point of the Sshaped curve. If the first
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method does not work, the Ziegler-Nichols second rule is used. Second method is
based on the response of the plant to the proportional control action. Starting from
zero value of K, up to the critical value, oscillations are looked for. At this critical
value, the period Teitica Of this oscillation is determined. Both Kpgitica @and period
Taritica @€ used in the calculation of PID parameters in the following table 5.1 [16].

Kp Ki Kd
0'6 XKpcrilical 0'6 XKpcrilical 0'6 prcritical >O' 125 XTcritical
05 xTcritical

Table 5.1 Calculation of PID parameters by using Ziegler-Nichols first method

Kp — Plant
Plant —

Unit-step input

Figure 5.2a Ziegler-Nichols first method  Figure 5.2b Ziegler-Nichols second method

Ziegler-Nichols' first method is applied to the PBCD (Figure 5.24). But the S
shaped curve is not seen. So this method is not applicable for PBCD. On the other
hand, the second rule works on PBCD (Figure 5.2b). The parameters of the PID are
tabulated below according to the table above and, which is applied to the second
method of Ziegler-Nichols. After applying this method Kpgitica and Teritica are found
1.73 and 0.04878 respectively. The corresponding PID parameters are tabulated in
Table 5.2. These PID parameters are tuned while observing the performance of the
dynamic position control of PBCD. So Kp and Ki are increased according to the
response of the system.

Kp Ki Kd
1.04 42.64 0.024

Table 5.2 PID parameters of PBCD control
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5. 2. Constant position control of PBCD

Constant position contral is the control algorithm written in dSPACE software.
In this control, a constant step value is given to the PBCD. The main purpose of this
control is to keep the PBCD toal tip constant during the cutting operation. So that, by
using this control the PBCD deflection is eliminated during cutting. Since the cutting
forces deflect the tool in the cutting operation, the tool position would not be constant
in the cutting operation. The constant position control would be very effective to keep
the PBCD tip in the cutting position like highly rigid tools that have very small
deflection.

In constant position control of PBCD the surface characterisation changes, after
cutting with zero constant displacement input command of PBCD, are investigated.
The corresponding Simulink program is given in the appendix. In the program, the
constant command is multiplied by displacement gain in order to get the command at
the feedback voltage level. This displacement gain is found to be 0.23. Actualy, this
value means that 1 mm position gives 0.23-Volt feedback. After the feedback data is
subtracted from the command, error is obtained. In fact, multiplying error with error
gain gives podstion error. The error gain is 4.35 that is the inverse of displacement
gain. Added PID (K,, Ki, Ky parameters multiplied by the error is normalised for
dSPACE to put it into the acceptable range. The PID parameters are as follows: Kp
=42.04, K; = 2000, Kq =0.024. PID parameters are found from Ziegler-Nichols
method and tuning. The normalisation value (control gain) is found as 0.03. The
control output found after control gain is sent to D/A converter for piezo voltage
amplifier to supply voltage to piezo stack actuator. A/D converter takes feedback
coming from feedback amplifier circuit. After multiplying by 10, which is the
Simulink gain, data is normalised by adding feedback normalisation value. Table and
figure 5.3 show the feedback value for corresponding displacement of piezo stack
actuator. With the help of this table, feedback normalisation is found 5.25Volt /
(5.7+16.2)mm = 0.23V/mm. Also the feedback is multiplied by —1 after adding
feedback normalisation to get final ordered feedback signal. Since the signal is very
noisy, alow pass filter is added before subtracting from the input command. The filter
Chebyshev | with low pass cut-off frequency of 1 rad/sec (0.16 Hz), and order of filter
one is used. Since the PBCD is implemented by constant position control, cut-off

frequency is chosen so small. Therefore filtering eliminates nearly all of the noises.
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On the other hand, the main drawback of using this filter is the increase of response
time. Because of the low filter cut-off frequency, the response becomes very slow.

The sampling period of constant position control of PBCD is found 35i sec.

Displacement of PBCD Feedback of piezo Feedback after
(mm) (Volt) normalisation (Volt)
-5.7 85 0
-3.8 8.1 0.4
-1.85 7.65 0.85
0.15 7.2 1.3
2.15 6.72 1.78
4.2 6.23 2.27
6.3 5.77 2.73
8.3 5.23 3.27
10.35 4.78 3.72
12.3 4.24 4.26
14.3 3.78 4.72
16.2 3.25 5.25

Table 5.3 Feedback normalisation of PBCD

20

15

10

Displacement (micron)
o 6]
:\
~ 4
o A

Feedback voltage (V)

Displacement versus feedback voltage graph

—+— Before norm.
—&— After norm.
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PBCD is ready for cutting operation in CNC machine after constant position
control, which is explained above (Figure 5.4). The results on the surface after cutting
with constant position control of PBCD are compared with non-controlled PBCD
cutting operation. Same Gcode program is used as in the straightness of the CNC
machine. The surface of workpiece is measured at roundness measuring machine
(Mitutoyo Roundtest, RA-116). The measurements of the cross-section locations are
also given in the table. The tables show that, at least 20-30 % of improvement is
achieved after applying constant position control of PBCD. This improvement is
explained as the better control of PBCD to overcome the deflection of tool wokpiece
couple than no control application of PBCD. There are four examples for different
cutting conditions. The polar graphs of these examples are given in the Appendix.
Examples are shown below (Example 1,2,3 and 4).

Piezo voltage

amplifier

= B4
s | 3 )
— =1
— — = §
a
[a) w
Gear 8 a
_| o d
huck Feedback
chuc wip Amplifier and
Wheatstone
1 J bridge circuit

step o o T SN — T PP
motor ]
- PC (Dspace control)

Encoder

Figure 5.4 Constant position control of PBCD

Example 1

In this example, the performance of the PBCD under constant position control
with respect to no control is investigated. Differences in the errors of both cases and
improvements of the surface error on workpiece are found. The PBCD is used in the
cutting in CNC turning machine for both cases. The cutting conditions are given
below. The workpiece surfaces are measured in Mitutoyo Roundtest, RA-116. The

measurements are performed at specific location of workpiece (18,27,36 mm from

58



Cutting conditions
Spindle speed
Feed

Feed overwrite

Depth of cut

Name of

measurement

Roundness
(upto 15 UPR)
Roundness
(Full UPR)
FFT
(Principal UPR)
Roundness
(upto 15 UPR)
Roundness
(Full UPR)
FFT
(Principal UPR)
Roundness
(up to 15 UPR)
Roundness
(Full UPR)
FFT
(Principal UPR)

M easurement

Location

roundness error versus location graph isin figure 5.5.

: 900 rpm

> 0.15 mm/rev
90 %

:0.15 mm

No control

(mm)

From Hub (mm)

18

18

18

27

27

27

36

36

36

4.09

13.62

1.76 (2 UPR)

4.92

14.85

1.90 (2 UPR)

4.35

13.47

1.89 (2 UPR)

Constant position

control (nmm)

1.26

8.39

0.55 (2 UPR)

247

10.01

0.85 (2 UPR)

2.46

9.44

0.94 (2 UPR)

hub). The results of the comparison of the surfaces are tabulated in table 5.4 and

I mprovement
(%)

69.2

38.4

68.8

49.8

32.6

55.2

43.4

29.9

50.3

Table 5.4 (Example 1): Comparison of measurement between PBCD control cutting and no

control cutting
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Roundness error versus location graph

6
= 4,92
o5
5 4,09 4,35
S
4
o
5 3 s B no control
? = 246 M con. position control
52
c 1,26
>
o

0 T

18mm 27mm 36mm
Location of workpiece

Figure 5.5 (Examplel) Comparison of roundness error between PBCD control and no

control

It can be concluded from the figure and table that the roundness error is
decreased up to 30 % of the no control cutting case when constant position control is
used in the cutting. Also the amplitudes of the principle UPR values @ UPR) are

decreased to 40 % of the no control cutting case.

Example 2

This example is nearly same with Example 1. Again the performance of the
PBCD under constant position control with respect to no control is investigated. But
the cutting conditions are different now. These are given below. The measurements
are performed at specific location of workpiece (9,27,36 mm from hub). The results of
the comparison of the surfaces are tabulated in table 5.5 and roundness error versus
location graph is in figure 5.6.

Cutting conditions

Spindle speed - 1464.844 rpm
Feed : 0.2 mm/rev
Feed overwrite :30 %

Depth of cut : 0.1 mm
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Name of M easurement No control Constant position  Improvement
measurement L ocation (nm) control (nMm) (%)
From Hub (mm)

Roundness 9 1.74 1.13 35.1
(upto 15 UPR)
Roundness 9 10.63 11.47 -7.3*
(Full UPR)
FFT 9 0.43 (3UPR) 0.28 (2 UPR) 34.9
(Principal UPR)
Roundness 27 2.09 1.15 45.0
(upto 15 UPR)
Roundness 27 11.51 13.32 -13.8*
(Full UPR)
FFT 27 0.56 (2 UPR) 0.25 (2 UPR) 55.4
(Principal UPR)
Roundness 36 1.66 1.27 234
(up to 15 UPR)
Roundness 36 11.26 10.93 29
(Full UPR)
FFT 36 0.42 (3UPR) 0.42 (2 UPR) 0

(Principal UPR)

Table 5.5 (Example 2): Comparison of measurement between PBCD control cutting and no
control cutting
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Roundness error versus location graph
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Figure 5.6 (Example2) Comparison of roundness error between PBCD control and no

control

In this example, the improvement in the roundness error is now in the order of
25-45 %. This improvement difference from example 1 improvement can be
explained from different cutting conditions of two cases. Also the values with
asterisks show negative improvements. These negative values are due to the
chattering effects of cutting conditions on the surface. But as explained in the
previous sections, chattering does not contribute the form error. It effects only the

surface roughness.

Example 3

In order to see the effect of filter on control, the measurements after cutting
using constant position control with filtered feedback data, is compared with the one
that is not filtered. In constant position control with filter case, Chebyshev | (with low
pass cut-off frequency 1 rad/sec (0.16 Hz), and order of one) is used. The
measurements are performed at specific location of workpiece (18,27,36 mm from
hub). The other conditions are same with Example 2. Results are shown in table 5.6

and in figure 5.7.
Cutting conditions
Spindle speed : 1464.844 rpm

Feed : 0.2 mm/rev
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Feed overwrite

Depth of cut

Name of

measurement

Roundness
(upto 15 UPR)
Roundness
(Full UPR)
FFT
(Principal UPR)
Roundness
(up to 15 UPR)
Roundness
(Full UPR)
FFT
(Principal UPR)
Roundness
(upto 15 UPR)
Roundness
(Full UPR)
FFT
(Principal UPR)

M easurement
location
from hub (mm)
18

18

18

27

27

27

36

36

36

130 %

0.1 mm

Constant position

control without

filter (nM)

4.75

13.65

0.93 (3 UPR)

4.82

16.06

1.05 (3 UPR)

4.71

14.97

0.90 (3 UPR)

Congtant

position control

with filter (nm)

2.28

12.65

0.74 (2 UPR)

1.64

11.81

0.5 (2 UPR)

151

13.25

0.35 (2 UPR)

Improvement
(%)

52.0

7.3

204

66.0

26.46

52.4

67.9

115

61.1

Table 5.6 (Example 3): Comparison of measurement between PBCD control cutting and no

control cutting
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Roundness error versus location graph
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Figure 5.7 (Example3) Comparison of roundness error between PBCD control with
filter and the one without filter

It can be concluded from the figure and table that the roundness error is
decreased up to 68 % of the constant position control without filter cutting case when
the one with filter is used in the cutting. Also the amplitudes of the principle UPR
values (2 or 3 UPR) are decreased to 20 % of the constant position control without
filter cutting case. These results show that the filter is effective on the surface of the

workpiece.

Example 4

Comparison of constant positioncontrol of the PBCD with the no control of the
one regarding the variation of diameter is investigated too. This example is performed
to see how the diameter variation of the workpiece along the length is changing when
constant position control is used in the cutting. The nominal diameter of both casesis
chosen nearly same (37.5-38mm). In this example, the measurements are done using
Aeroel slit laser. The cutting conditions are same with Example 2 and 3. The cutting

conditions, table and corresponding figure are given below (Table 5.7), (Figure 5.8);

Cutting conditions

Spindle speed : 1464.844 rpm
Feed : 0.2 mm/rev
Feed overwrite : 30 %

Depth of cut ;0.1 mm
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Location of Diameter (mm) Diameter (mm) Variation (im)  Variation (im)

measurement  no piezo control  piezo control no piezo control  piezo control

5mm 37.4697 38.0210 0 0

10mm 37.4686 38.0183 -1.1 -2.7
15mm 37.4645 38.0171 -5.2 -39
20mm 37.4624 38.0170 -7.3 -39
25mm 37.4615 38.0165 -8.2 -4.5
30mm 37.4632 38.0193 -6.5 -1.7
35mm 37.4668 38.0195 -2.9 -15
40mm 37.4664 38.0183 -3.3 -2.7

Table 5.7 (Example 4): Comparison of diameter measurement between PBCD control
cutting and no control cutting

Diameter variation of workpiece

:\In 15 20 oll; qln 'QIR Alﬂ Alf;
N N
AN —m

no control

\ / —— con. position control

Variation (micrometetr

™
N
d

Measurement location from hub (mm)

Figure 5.8 Diameter variation of workpiece between no control and constant position
control case

This example shows the difference of the workpiece diameter variation of
constant position control to no control of PBCD. The figure shows that the maximum
diameter variation of constant position control is decreased to nearly haf of the no
control of PBCD. The other important result inferred from the figure is that the overall

trends of both cases are nearly same.
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5. 3. DYNAMIC POSITION CONTROL OF PBCD

Dynamic position control is the control algorithm written in dSPACE
software. In this control, a sinusoidal input value, which has calculated frequency and
amplitude according to the harmonics explained in previous sections of the workpiece
roundness error, is given to the PBCD. The main purpose of this control isto keep the
PBCD tool tip in sinusoidal motion that would be reverse of the harmonics of the
roundness error on the workpiece during cutting. So that, by using this control the
specified roundness harmonic is eliminated during in the cutting operation. But the
nature of the operation is dynamic, it creates problems such as noise, chattering and
control error.

In dynamic position control of PBCD, the surface characterisation changes,
after cutting is investigated (Figure 5.9). The corresponding simulink program is
given in the Appendix. In the program, the sine wave input command is dependent
upon the encoder of the step motor of CNC machine spindle. Encoder position of step
motor is measured by DS1102ENC_POS block. In order to get radian angle value this
block is multiplied by radian gain which is -(2721).2.pi/(1024). Where 1024 is the ppr
(parts per revolution) of encoder. Since one location must be known exactly, index
point of encoder is found by the block DS1102ENC _INDEX_C. If index is found, the
block is set to 1. So if it is equa to 1, the encoder position starts from index point.
Then the position can be converted to degrees by multiplying by degree gan
(360/(2* pi)).

There are lots problems in this operation. One of the main problems of
dynamic cutting is the spindle motor of CNC machine. Because of the properties of
the step motor, the speed comes to its command angular velocity approximately 0.6
second after starting to turn. In order to overcome this settling time effect, 18000
degree of angle (50 full turn) is paused after starting to turn. So that the spindle is
settled down to work in synchronisation with PBCD. Sine wave is ready to start to run
into the control algorithm. However, step motor velocity ripple is in the order of 200
rpm. Another problem is that, step motor is turning at some fixed angular velocities.
For instance, it is rotating around 1464.844 rpm when 1300-1600 rpm angular
velocity command is given from G-code of CNC machine. One possible solution for
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this problem is running step motor at these fixed velocities. If 1500 rpm spindle
motion is needed, 1464.844 rpm is used at the Gcode program. Then the piezo is
operating according to this angular velocity of the spindle.

The control algorithm is the same as the constant position control agorithm
that is explained in the constant position control of PBCD section except some
parameters. First, PID parameters are K, =120, K; = 2000, K4 =0.005. Second, the
filter is still Chebyshev | filter but the cut-off frequercy is now higher than 500
rad/sec. Actualy cut-off frequency is dependent on the application. If higher
harmonic roundness errors are to be eliminated, higher cut-off frequency value is
needed. For example, for trilobe roundness error compensation at the 1500 (25 Hz)
rpm spindle speed, 25*3=75 Hz (471.24 rad/sec) frequency of piezo motion is
required. In order to eliminate higher frequency noise, also considering the piezo
frequency, cut-off frequency in the order of 700 Hz for low pass filter is enough to
this application. Because of the higher frequency application, the amplitude of the
piezo must be low compared to constant position control of PBCD. The higher the
frequency of PBCD control, the more difficult to control PBCD. So the position error
IS getting higher as the sine wave frequency increases. The sampling period of
dynamic position control of PBCD is found 45

Piezo voltage

amplifier

| % A
- A
alle id
Gear 8 a
_| a ©
Feedback
chuck wip Amplifier and
Wheatstone
T J bridge circuit
| -
fg step 1
é motor | | :|
& L PC (Dspace control)

Figure 5.9 Dynamic position control of PBCD
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Example 5

In this example, the performance of the PBCD under dynamic position control
isinvestigated. Roundness errors and the lowest frequency form errors (2 UPR) of the
surface at different locations along the length of workpiece are found. The cutting
conditions and the amplitude of PBCD are given below. The workpiece surfaces are
measured in Mitutoyo Roundtest, RA-116. The results of the comparison of the
surfaces are tabulated in table 5.8 and roundness error versus location graph is in
figure 5.10.

Cutting conditions

Spindle speed . 1464.844 rpm
Feed : 0.2 mm/rev
Feed overwrite 110 %

Depth of cut :0.1mm

Amplitudeof PBCD 2251im

Location Roundness (up to 15 Upr) FFT (2 upr)
(im) (im) (im)
5 4.60 1.03
10 5.23 1.33
15 3.68 1.99
20 1.78 0.60
25 7.23 1.80
30 4.67 1.08
35 4,76 0.64
40 2.58 1.14
45 1.65 0.46
50 4.40 0.97

Table 5.8 (Example 5): Dynamic position control results of PBCD
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Dynamic position control result of PBCD (Roundness error)

Magnitute (micrometer)
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Location of measurement

Figure 5.10 Dynamic position control results of PBCD

It can be concluded from the figure and table that the roundness error is highly
deviating when dynamic position control is used in the cutting. The maximum
roundness error is found as 7.23
aong the length and the high roundness errors are due to the problems of dynamic
position control of PBCD, which is explained above. Therefore the results are not so
good.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In this study, sources of errors in a turning system are analysed. A potentia
compensation system using precision cutting with piezo based cutting device (PBCD)
in CNC turning machine is presented. In order to devolop and demonstrate the system
several experiments were done by utilising software and hardware tools such as
Labview, simulink and dSPACE software, laser displacement sensor, thermocouple,
dit laser, roundness measuring machine, piezoelectric actuator, amplifier circuit,
dynamic signal analyser, Catia V.5., AutoCad 2000. PBCD is a PID (Proportional
Integral Derivative) controlled both for constant position and dynamic position
operation. Constant position control operation can be used for diameter errors. In
constant position control, the cutting operation is proved to be satisfactory. Roundness
of workpiece at different sections are improved at least 25-30 % with respect to non
control PBCD cutting. In dynamic cutting, the encoder of the CNC turning machineis
taken in the control loop aso. The improvement of surface error due to dynamic
cutting is limited.

There are some limitations for this work. First, the spindle motor of CNC
turning machine creates two main problems for dynamic cutting. These problems are
late response of motor and high variation of angular speed. Using delay-time at the
control algorithm solves the former one, but controller can not solve the latter one.
Implementing this work on some other CNC machines, which have servo motor
spindle, would give better angular speed stability (less variation). Second, the
chattering of the tool is another problem that gives bad surface (waviness surface)
characteristics to workpiece. The basic reason for chattering is the high flexibility of
housing. A better housing for PBCD could be designed to improve rigidity. Third, the
CNC machine, which PBCD is mounted on, is not a precise turning machine. If the
PBCD is performed in diamond turning, very small depth of cut (in the order of one-
micrometer level) turning may be possible. Also the chuck has higher set-up errors.
For example eccentricity of chuck is between 40-60 im. So, in order to control
roundness of workpiece, minimum 100 im depth of cut is needed not to cause
eccentricity. One of the mgjor problems faced in the experiments is the mechanical

noise of the spindle motor of CNC turning machine. Turret and tailstock of the
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machine transfers this mechanical noise. Since the PBCD is mounted on the turret, the
feedback sensor of piezo stack actuator picks the noise. Therefore, the control loop
becomes unstable. The software filter in dSPACE program could not eliminate this
noise especially in Dynamic position control of PBCD. Other solution methods have
been also tried. It was observed that, using electric tape band between turret and
PBCD contact points eliminate the noise by 95 %, also the metal screws connecting
turret tool holder with housing of PBCD aso transfer the noise. Then plastic screws
are used instead of metal screws to lessen the noise in the control |oop.

In the future, the idea of roundness error compensation can be implemented in
inprocess measurement and control systems. In this research, in-process
measurements can not be done by using only one laser. For diameter and roundness of
workpiece, a least three sensors are needed at the same cross-section of the
workpiece. Also the laser sensor, with higher accuracy and resolution is needed in
order to achieve better precision.

The application of this system would be used in most conventional CNC turning
machines in industry. Especialy, the companies that produce their products in mass
production. Because in these CNC turning machines in mass production, the cutting
conditions such as cutting speed and feed, tool geometry and vibration are not
changed. Therefore the workpiece geometric errors are usualy repeatable. So if
repeated errors are found, this system would be highly productive while using in the
dynamic position control.

The constant position control case would be used to cut cylindrical workpieces
in the correct diameter value. If the PBCD is fixed at the turret in order to get high
rigidity after constant position control command is given, very low deflection of
PBCD can be seen. So the correct diameter of workpiece would be achieved. In this
application CNC turning parameters should be exactly known to get good resullts.

For the actuation part of this research, some other aternatives can be used
instead of piezo stack actuators such as motors and linear motors. But these actuators
have some disadvantages. For example, motor may be highly accurate but it needs a
mechanical attachment for converting rotation to linear motion. These mechanical
attachments would result in nor-linearity (backlash, pitch resolution, friction) to the
system. Also dc motors having low mechanical time constant for Dynamic position
control can not be found easily. Likewise linear motor has some drawbacks. First,

linear motors are not highly force resistive. They can be easily damaged from cutting
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forces as the forces are directly applied on the motor. Second linear motors, have less
bandwidth than piezo stack actuators and the bandwidth becomes limited when
mechanical attachment or tool tip is inserted on linear motors. Lastly, they are not
designed for hazardous environments (high temperature, chips, cutting fluids); Very

good sealing would be necessary.
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CNC G-code compensation program

00066
N5 G10 PO Z-60.75

N10 G10 PO W-61.4

N15 T0606

N20 G97 S1500 FO0.2 M4

N25 GO X48.9 Z-2

N30 G1 X48.938 Z-50

N35 GO X60 Z50
M30

" Program name’’

"’ Data setting for workpiece zero point in z direction of
CNC machine”’

"' Data setting for workpiece length’’

" Turret tool number call’’

"’ Constant rotational speed 1500 rpm with 0.2 mm/rev

and counterclockwise direction’’

"’ Positioning (rapid traverse) to X48.9 and Z -2,
Compensation start’’

"’ Linear interpolation (feed) to X48.938 and Z 50,
Compensation finish’’

"’ Positioning (rapid traverse) to X60 and Z 50"’

" Program end”’
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Static control of PBCD
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PICTURES OF PBCD AND ITS COMPONENTS

PBCD in CNC turning machine PBCD on the turret of CNC machine

Piezo amplifier, power supply and
feedback amplifier circuit

P.C. running dSPACE program
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