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Abstract

Precision turning as an alternative to conventional finish machining operations of cylindri-
cal components offers significant reductions in manufacturing cost and cycle time. In this thesis
the development of a piezoelectric tool actuator for precision turning of shafts is presented. A
review of research conducted in the areas of precision turning, piezoelectric actuator develop-
ment, and micropositioning systems design is presented. Mounted to a conventional turning
machine, the tool actuator overcomes the limitations of machine tool feed drives by providing
precise control of the finishing depth of cut. In this manner part tolerances are achieved in one
setup on a single machine, without the need for subsequent finishing operations.

Design of the actuator system was driven by constraints on motion range and resolution,
size, and structural properties. Tool motion is provided through the use of a high voltage piezo-
electric translator housed within a monolithic solid flexure. A capacitive position sensor provides
feedback of tool motion to the controller. In order to be practical in an industrial setting the actu-
ator design is compact, and provides an interface for exchangeable tooling. The specifications of
the actuator are 36 micron stroke, 370 N/micron stiffness, and 3200 Hz natural frequency (radial
direction). A sliding mode control scheme was implemented to regulate tool position, and reject
disturbances due to cutting forces and actuator non-linearity.

The actuator was experimentally verified through machining tests in both laboratory and
industrial sites. Results showed that positioning resolution of 20 nm is achievable in precision
finishing, and that the commanded controller position was accurately reflected on the machine
workpiece. Average surface roughness for 4340 steel (36-40 HRC) was less than 0.3 microns,

and less than 0.15 microns for hardened 4320 steel (58-62 HRC).
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Chapter 1

Introduction

Increasing demands for the reduction of the manufacturing costs of precision components has
highlighted the need for viable and cost effective alternatives to conventional precision machining
strategies. A typical precision shaft machining operation may involve both turning and grinding
processes. Rough, semi-finish, and finish machining are first performed on a computer numeri-
cally controlled (CNC) turning centre, then a grinding machine is used for fine finishing of the
part. It is in this final grinding stage that the part tolerances are commonly achieved. Conven-
tional CNC lathes are hindered by friction and backlash in the feed drives, such that the position-
ing accuracy of a given axis is limited. The positioning accuracy is different for each machine,
but typically a value of 5-20 microns is assumed. It is evident that cylindrical parts requiring high
dimensional tolerances of a few microns cannot be manufactured on a conventional lathe, there-
fore the grinding operation (or turning using a high precision machine) is a necessity.

In a precision turning operation all tolerances are achieved on the turning machine, without
the need for grinding. In general turning offers a higher production rate, less capital and tooling
costs, and is more environmentally friendly than grinding. Clearly by performing the entire oper-
ation on the same machine the cycle tiﬁle per part is reduced as no machine tool change is neces-
sary. High precision lathes have recently become available to meet precision turning
requirements. The main drawback is their high capital cost, which may be difficult to justify for
manufacturing plants already possessing conventional turning machines. As well many high pre-
cision machines require a special environment providing vibration and thermal isolation, which

adds to set up costs on the shop floor.
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The alternative is the use of a precise motion tool actuator mounted to a conventional lathe.
In this way coarse motion is performed by the turning machine’s CNC feed drives, and fine posi-
tioning is performed solely by the tool actuator. Commonly piezoelectric actuators are used to
deliver fine motion in machining applications. In this work the development of a piezoelectric
actuator for precision turning is presented. The actuator is intended as a plug-in to a conventional
turning machine, whereby the lathe feed drives execute coarse motion, and the actuator regulates
the tool position during finishing. The complete system has been developed, including electro-
mechanical design and analysis, manufacturing, and assembly of the actuator, followed by system
identification and controller design, and finally experimental testing in bo.th laboratory and indus-
trial settings.

The thesis is divided into six chapters. Chapter 2 presents a review of research conducted in
the areas of piezoelectric tool actuator development and the design of micropositioning systems.
Precise positioning alone cannot guarantee achieving part tolerances in the turning process. The
final shape is affected by the cutting tool geometry and material, machine tool rigidity, workpiece
material, and the cutting conditions; specifically cutting speed and feed rate. Thus an overview of
the turning process, surface roughness generation in turning, and precision turning of hardened
steels is provided, as well as a brief discussion of form errors in turning. Careful consideration
must be paid to each of these areas in order to guarantee the system meets precision machining
requirements.

Chapter 3 presents an overview of the design requirements and constraints, followed by the
general and detailed component design. The actuator must provide a sufficient range of motion,
while maintaining high positioning resolution. As well the design must have adequate mechani-
cal properties, such as high stiffness and natural frequency, and compact size. The main features
of the design are the use of a high voltage piezoelectric translator, solid flexures to transmit

motion to the tool free of friction and backlash, exchangeable tooling, and the option to clamp the

tool once positioned. The analysis stages are outlined, and analytical and numerical models are
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developed to determine the mechanical properties of the solid flexures. Properties of the feedback
sensor assembly, support plates, and clamping units are presented as well.

The identification of the manufactured and assembled actuator system is presented in
Chapter 4. This includes the direct output displacement to input force transfer functions, in all
three translational directions, for both the unclamped and clamped modes of operation. Using the
transfer function in the radial direction the system model is developed for controller design. A
sliding mode controller is derived and implemented, and the resulting response is discussed. The
non-linearities associated with piezoceramic actuators are quantified, they include hysteresis and
creep. Finally the instrumentation for closed loop digital control is described, and the properties
of the feedback sensor are discussed.

To evaluate the system, experimental testing was performed at the Manufacturing Automa-
tion Laboratory (MAL) at UBC, and with two industrial partners; Pratt and Whittney Canada and
Caterpillar Inc. The objectives of the experiments were to determine the achievable positioning
resolution of the controller while machining, the relationship between the commanded control
input and the actual workpiece surface profile, and the achievable surface roughness for both
medium and high hardness steels. The usefulness of the actuator system was investigated through
implementation at the industrial sites. The obtained results are presented and discussed in Chap-
ter 5.

Finally the major accomplishments of the thesis are summarized in Chapter 6, and recom-

mendations for future work in precision turning with the aid of tool actuators are given.




Chapter 2

Literature Review

2.1. Overview

The economic benefits of single step precision machining, coupled with advancements in
machine tool technology and cutting tool materials, have led many researchers to investigate pre-
cision turning as an alternative to conventional grinding processes. Tool actuators that can pro-
vide precise and accurate positioning during the cutting process have received a great deal of
attention, as they offer a low cost alternative to high precision machines for finishing operations.
This chapter includes a review of research conducted in the development of piezoelectric tool
actuators for precision turning. The achievable positioning accuracies, mechanical properties,
and control schemes used are presented for actuator systems related to the current work. Since
tool actuators are considered micropositioning systems, related work in micropositioning systems
design is presented as well, with emphasis on the design of solid flexure hinges. An overview of
the turning process in given, which includes the cutting forces and the effects of tool geometry.
The motivation for this work is the limited positioning accuracy of conventional machine tool
drives, thus the sources of positioning errors are presented. The quality of the finished part, which
is quantified by the form errors and surface roughness, has been studied extensively. The use of
both high precision machines and fast tool servos for the reduction of form errors is discussed,
and the dominant factors in generation of surface roughness are presented. Recently a great deal
of attention has been given to turning of hardened steels instead of grinding. An overview of the

research work in this area is provided, including cutting tool materials, chip formation, and sur-

face integrity.
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2.2, Precision turning

2.2.1. Tool geometry and forces in turning

The longitudinal turning process, used for reduction of a cylindrical workpiece diameter, is
illustrated in Figure 2.1. A cutting tool is positioned to a depth of cut, a, into the workpiece, and
fed along the length of the part at feedrate f as the workpiece rotates at speed n. During the
machining process the tool experiences loads F. Iz F,, and F, in the feed, tangential, and radial
directions, respectively, while forming the chip. The geometry of the cutting tool is character-
ized by the back and side rake angles, the side and end cutting edge angles, the side and end relief
angles, as well as the tool nose radius (Figure 2.2). The effects of the tool geometry are an impor-
tant consideration in the development of a precision turning process. The rake angles influence
the shear angle in the cutting process, and may be positive, neutral, or zero. Positive rake angles
increase the shear angle and thus reduce the cutting forces. As well positive rake angles produces
a better surface finish by facilitating chip flow away from the workpiece [1]. The drawback asso-
ciated with positive rake angles is lowered tool strength, which makes negative rake angle tools
suitable for interrupted cutting and turning of hardened materials to reduce the risk of tool frac-
ture. The end cutting edge angle provides clearance between the cutting tool and the newly
machined surface, and may cause rubbing of surface if too small. The side cutting edge angle
determines the angle of approach of the cutter into the workpiece and aids chip flow away from
the tool. A negative angle allows the tool to slowly engage the workpiece thus reducing shock on
the tool. For finishing operations a positive side cutting edge angle allows for a higher degree of
detail in profiling. The side and end relief angles provide clearance between the tool and
machined surface. With increased tool wear the relief angles are reduced, which may adversely
affect the surface finish [2]. The tool nose radius affects the achievable surface finish. Based on
the geometry a large nose radius produces a better finish, but increased the radial forces which

may cause vibration of the workpiece.
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Figure 2.1 : Turning process and cutting forces [1].
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Figure 2.2 : Geometry of the turning tool [1].
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2.2.2. Accuracy of machine tool feed drives

The motivation for the development of a precision turning actuator is the limited positioning
accuracy of conventional machine tool feed drives. An example of a common feed drive assem-
bly is shown in Figure 2.3. A servomotor provides rotary motion to the leadscrew via either a
timing belt or direct transmission. The leadscrew is supported by thrust bearings at either end.
The rotary motion of the leadscrew is converted to linear table motion via a preloaded nut. The
table rests on friction guideways, which control the direction of motion and absorb static and
dynamics forces [1]. Table motion is controlled using feedback from a rotary encoder mounted to
the servomotor shaft. Linear position is related to the encoder feedback based on the leadscrew
pitch and gear reduction. The actual table position may be affected by backlash and slippage in
the timing belt transmission, friction in the bearings, leadscrew, and guides, and backlash in the
leadscrew nut and timing belt. Although the feed drive control resolution may be on the order of
+/- 1 micron, the actual table positioning accuracy may vary as much as 20 microns. Konig et al
[3] suggested conventional lathés are ndt capable of substituting precision grinding operations.
Clearly the achievable accuracy depends on the design and wear of the machine tool used. Vibra-
tion and thermal deformation of the leadscrew assembly may also cause deviation in table posi-
tion.

Linear encoders have recently been introduced to eliminate these effects by measuring the
linear table position in relation to the fixed guideways or machine bed [4]. Although the effects
of backlash in the feed drive assembly can be eliminated this way, the smoothness of the table
motion remains affected by friction and stick-slip. As well linear encoders added to industrial
machine tools may not have sufficient resolution for precise positioning, and are commonly sus-
ceptible to damage from the chips and cutting fluids used in the machining process. A tool actua-
tor is used to compensate the feed drive inaccuracies by providing the tool motion (for short

stroke only) and keeping the machine tool feed drive command fixed, or locking the feed drive

possible on some machines. In this way, as long as the desired dimension change is within the
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actuator stroke, the positioning is accurate and the delivered motion is smooth, provided the actu-

ator is properly designed.

X Nut
-
Thrust bearings A /
\ Ballscrew
(O] J

B == ,
- A
Timing I, A ] SEeE
4 I > Friction guides Table
—_— "'"E"'"'_"" U B O (dovetail) e
- O
Rot
Servomotor Egc?)rger SECTION AA
Figure 2.3 : Axis feed drive of a CNC machine tool.
2.2.3. Part quality

The quality of the finished workpiece is judged according to the desigrn specifications, and
can be determined by examining the achieved form and surface roughness. For cylindrical com-
ponents, form can include the dimensional accuracy on diameter, roundness, straightness, and
flatness. The surface texture of a part describes both the surface waviness, as well as the surface
roughness. The low frequency waviness component, resulting from machine tool properties, can

be considered as contributing to form error. Surface roughness, characterized by high frequency

variations in the surface profile height, is determined by the machining process conditions.
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2.2.3.1. Form errors

Ni [5] attributed CNC machine tool inaccuracy to (1) geometric errors of machine compo-
nents and structures, (2) errors induced by thermal distortions, (3) deflections caused by cutting
forces, and (4) servo errors and NC interpolation errors. These errors limit the achievable form of
a machined part. In a single point turning operation the static cutting force in the radial direction
deflects the workpiece by an amount determined by the workpiece stiffness at that point. Clearly
the workpiece stiffness varies along its length, with a maximum near the chuck and tailstock and
minimum in the centre. When the workpiece deflects the effective depth of cut will be reduced,
causing a form error on the part. The varying workpiece stiffness causes the form error to vary as
well (for constant cutting force), resulting in a barrel shaped part. In order to achieve a certain
diameter several passes will be necessary. For finishing operations the depth of cut should be set
small to reduce the cutting force and thus workpiece deflection [1]. Alternatively for a repeated
process the depth of cut can be dynamically varied during machining to achieve the desired effec-
tive depth of cut into the workpiece, provided the workpiece stiffness and cutting forces are
known.

During cutting, mechanical work involved in chip formation is converted into heat. Although
most heat is conducted into the exiting chip, a percentage is conducted into the workpiece, tool,
and machine. With an increase in temperature these components undergo thermal expansion, and
the effective depth of cut is increased such that upon cooling the workpiece is overcut. Stephen-
son et al [6] developed a boundary element method to predict workpiece expansion in turning, and
also performed cutting tests. For aluminum cylinders they measured expansion as high as 0.08
mm, and 0.009 mm for hardened steel. The setup and specifications of the machine tool directly
affect the turned part. Lathe spindle run-out, or eccentricity, will affect part roundness. Misalign-

ment of the tailstock and spindle will cause the shaft to have a taper along its length. Finally

vibration of the tool or workpiece during cutting will cause waviness on the surface of the
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machined part. In extreme cases self-excited chatter vibrations can cause severe loading on the
machine tool as well as leaving poor surface finish.

Typically form errors produced during the turning process can be removed by subsequent fin-
ishing operations such as grinding. High precision lathes offer the ability to overcome many of
the sources of form error in turning through optimized machine design for reduced static and ther-
mal deformation, hydrostatic spindles, and aerostatic bearings [7], [8]. Jochman and Wirtz [9]
performed cutting tests on 100Cr6 steel (60-62 HRC) using a high precision lathe with hydrostatic
bearing systems. They achieved roundness and cylindricity form errors less than 0.2 microns and
1.0 microns, respectively, as well as mean profile height surface roughness less than 1.0 microns.
Although it should be noted that the length of cut was 15 mm, thus the squareness of the feed
drives would most likely not show any effect. The drawback of high precision machines is the
high capital cost, limited workpiece size, and requirements for thermal and vibration isolation. A
precision tool actuator is well suited for compensation of such form errors, provided the form
errors are known and repeatable. For example, Kim and Kim [10] used a piezoelectric tool actua-
tor to reduce surface waviness from 3.3 microns to 0.3 microns on a diamond turning machine.
The dominant mode of the feed drive on a diamond turning machine was compensated by Fawcett

[11] using a piezoelectric tool actuator to reduce surface waviness.

2.2.3.2. Surface roughness

In this work only two dimensional surface profiles are considered, as is standard for cylindri-
cal parts. De Chiffre et al [12] presented the 2D parameter conventions for ISO 4287:1997. Itis
important to distinguish between three profile types; the unfiltered (P) profile, the roughness (R)
profile, and the waviness (W) profile. The P profile corresponds to the actual surface profile on
the part, and it includes both the roughness and waviness components. In turning the roughness

profile represents individual feed marks of the tool along the surface, and varies with high fre-

quency determined by the feedrate. Conversely the waviness profile is a result of tool or work-
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piece vibration, and generally occurs at much lower frequency. The R and W profiles can be -
obtained from the measured P profile using an appropriate filter. Figure 2.4 illustrates how wavi-
ness and roughness profiles are obtained from the unfiltered surface profile of a turned workpiece,

where the unfiltered profile contains the raw profile compensated for inclination.
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Figure 2.4 : Unfiltered, roughness, and waviness profiles of a turned surfaceb.

Several parameters can be calculated from the roughness profile. The most useful are the
arithmetic mean deviation, R,, the maximum profile height, R,, the root mean square deviation of
the profile, Ry, and the bearing ratio t,. Note that these parameters can apply to P and W profiles

as well (eg. Py, P, Py). The surface roughness is dependent on several parameters, including the

tool properties (material, shape, geometry, wear resistance), cutting conditions (cutting speed, fee-




Chapter 2. Literature Review 12

drate, depth of cut), and workpiece properties (material, hardness) [13], [14], [15]. Note that
machine tool deflection, thermal deformation, and positioning accuracy are considered factors
which affect part form, not surface roughness. Ideally surface roughness is influenced solely by
feed rate and tool nose radius, as illustrated in Figure 2.5. At each revolution of the workpiece the
tool with radius R advances a distance equal to the feed rate f, and leaves a feed mark on the sur-
face. Based on the intersection of the circular feed marks the maximum roughness is given by
Equation 2.1 [16], as well as an approximation of the average roughness. The equations are based
on the assumption that the cutting takes place entirely on the nose radius of the tool, such that the
tool angles do not affect the geometry of the feed mark. This is common practice in finishing
operations where the depth of cut is small. The maximum roughness for generalized geometry
and cutting conditions have been presented by Jun [13]. In practice the achieved surface deviates
from the ideal surface of Figure 2.5. The challenge in precision turning is thus to achieve a sur-

face finish as close to the ideal surface as possible.

_f _f
R, = 5% Ry=3— ‘(2.1)

Workpiece

Figure 2.5 : Feed marks left on the workpiece surface duﬁng the turning process.
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The existence of tool wear will have an adverse effect on the achievable surface finish. Wear
in the flank of the tool, effectively decreasing the relief angle, can cause increased rubbing of the
tool against the newly machine surface [1]. Wear along the cutting edge, such as grooving or
notching, will cause a repeated pattern of spikes to appear in the roughness profile. It has been
observed that a groove at the trailing edge of the tool can form, which leads to increased feed
mark height [14], [17], [18]. Built up edge (BUE) can occur when the cutting speed is too low. In
this case softened material welds to the front of the tool edge, and changes the effective unde-
formed chip thickness [14], [19]. This causes an undesirable surface finish, as the BUE periodi-
cally leaves with the chip and forms again. Increasing the cutting speed serves to form a
continuous chip free of BUE [13]. El-Wardany et al [15] observed that increasing the cutting
speed in turning of AISI 1552 hardened steel lowered the average roughness, especially at low
feedrate. As well it was determined that depth of cut had a minimal effect on roughness. Jun [13]
noted that as the cutting speed is increased further roughness increased, which was attributed to
higher temperatures causing rapid wear and softening of the work material. Typically a cutting
fluid is used to reduce temperatures on the tool and in the work zone, and to disperse small parti-
cles which may otherwise weld to the surface of the tool. Use of cutting fluids also reduce the
amount of friction on the rake face and in the flank of the tool, which generally improves the sur-
face finish.

The phenomenon of material side flow in finish turning of hardened steels was investigated
by Kishawy and Elbestawi [17], as well as El-Wardany et al [15], [20]. Material side flow has a
detrimental effect on the surface finish, and is characterized by t§v0 mechanisms. In the first
material is squeezed between the tool flank and newly machine surface when the uncut chip thick-

ness, k, is less than a minimum value, A The second mechanism is the flow of plastified

min*
material in the cutting zone through the tool via a worn trailing edge. The minimum chip thick-

ness determines whether a chip is formed through shearing, and is affected by many factors such

as tool geometry and material, work material, and cutting speed. When the chip thickness is less
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than h the work material is plastically and elastically deformed (often termed "ploughing™),

min >
and no cutting takes place. Rather than being carried away from the work zone as a chip, the
plastified material is left on the surface of the workpiece, known as material side flow. The mate-
rial can be squeezed by the tool in both the feed and tangential directions, resulting in a surface
finish which deviates from the ideal. The fraction of the chip area which exceeds the minimum
chip thickness increases with decreasing feedrate f, and increasing tool nose radius R, as

depicted in Figure 2.6. Chen [18] concluded that material flow was reduced by increasing the

workpiece hardness, due to the reduced plasticity of the material.

Leading edge

Uncut chip area / Workpiece

Trailing edge
R2>R1
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min
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Figure 2.6 : Effect of feedrate and tool nose radius on the fraction of the uncut chip
area in which h< h;,.
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2.2.4. Hard turning

In precision hard turning the cutting tool material and geometry, the cutting conditions, the
machine tool properties, and the surface integrity of the part must be considered to determine the
achievable tolerances and functionality. Machining of hardened steels (hardness greater than 50
HRC) has been facilitated by the advent of new cutting tool materials such as Cubic Boron Nitride
(CBN) and ceramics such as Al,O5/TiC. Compared with conventional carbide tool materials,
they offer high hardness and temperature stability. This is necessary as thermal and mechanical
loads in hard turning are higher than typically encountered with softer materials. The reduced
level of tool wear using CBN is such that hardened cylindrical components (eg. gears, shafts)
which were pieviously ground can be machined oﬁ a turning centre. To reduce loads on the cut-
ting tool, a small depth of cut (within the nose radius) and low feed are required. At low depth of
cut the radial cutting force is highest [3], [18] due td the effect of the tool nose radius and large
negative rake angle, and increases dramatically over time with increasing flank wear [8].

Chip formation in hard turning is characterized by a segmented chip, rather than a continuous
chip generated when softer metals are machined [3], [8], [21], [22], [23], [24]. The high material
hardness combined with large negative rake angles cause large compressive forces in the shear
zone which inhibit plastic deformation of the material. The compressive stresses are reduced near
the free surface of the workpiece, enabling a shear crack to form. The crack propagates until the
level of compressive stress is sufficiently high, at which point the remaining chip is sheared
through plastic deformation. Thus a segmented chip consisting of undeformed segments held
together by plastified material is formed. Due to the cyclic nature of the chip formation, the cut-
ting tool experiences low amplitude, high frequency oscillations (greater than 10 kHz) in the cut-
ting forces [8].

Many researchers have investigated microstructural changes in the surface of a part due to
hard turning. The high temperatures generated by friction in the flank can cause the workpiece to |

be rapidly austenitized and then self-quenched forming a thin surface layer in which the micro-
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structure is altered. This is commonly referred to as "white layer"”, as an etched layer appears
white when viewed under an optical microscope. The white layer is characterized by increased
levels of martensite due to rapid cooling. The structure of the white layer is well know to affect
the residual stresses on the surface of the part, which may have an adverse effect on fatigue life.
Since martensite has a lower specific volume than austenite, transformation to martensite causes
tensile residual stresses to be superimposed on the compressive surface stresses achieved through
mechanical compression in the machifling process [3]. The heat generated in the flank region is a
result of the cutting power in the flank, which can be expressed by Pr= g JF f + Fj% -V, 18],
where pu is the coefficient of friction in the flank, F, is the radial cutting force, F 't is the feed
force, and V, is the cutting speed. Clearly reduction of these values minimizes the generated heat
in the flank region, and may reduce the appearance of white layer.

Thiele et al [25] determined that tool edge geometry showed a strong influence on white layer
formation and residual stresses of hardened 52100 steel (60 HRC). It was observed that large
honed cutting edges produced continuous white layers and deeper compressive stresses com-
pared with sharp tools, and that white layer thickness correlated to residual stresses. Matsumoto
et al [26] performed hard turning of bearing steel, and showed as well that deep compressive
stresses could be achieved by applying large edge honing or increasing the effective rake angle,
although no microstructural changes were observed. The effect of material composition was stud-
ied by Ramesh et al [27], who concluded that machining a 4340 steel (57 HRC) showed less
white layer formation than 52100 steel of the same hardness, especial]y at low feedrates.

The fatigue life of hard turned specimens was investigated by Smith and Melkote [28], who
determined that white layer formation showed no clear affect on axial fatigue life, and that varia-
tions in tool edge preparation affected the residual stress distribution. Ueda et al [29] measured
the temperature in the flank of CBN tools in machining, and determined that the temperature in

the flank is highly affected by cutting speed, reaching 950°C at 300 m/min, which exceeds the

austenitizing temperature of many steel alloys. Chou and Evans [30] developed a thermal model




Chapter 2. Literature Review 17

which predicted white layer formation, and concluded that the primary factor was flank wear land
rubbing. As well Liu and Wang [31] developed a model to predict the effect of tool flank wear on

heat transfer, thermal damage, and cutting mechanics in hard turning.

2.3. Piezoelectric tool actuator development

Piezoelectric translators are widely used as driving elements in tool positioning systems, con-
verting electrical energy into mechanical deformation. They have several features which are
advantageous in metal cutting applications, namely high stiffness, high force generation, unlim-
ited positioning resolution, and no stick slip or friction. The main disadvantages of piezoelectric
translators are limited stroke, heat generation in dynamic applications, and risk of brittle fracture
due to tensile or shear stresses. The most common piezoceramic material is lead-zirconate-titan-
ate (PZT). After poling by an electric field, raw PZT crystals exhibit tetragonal symmetry, an
anisotropic structure. Electric dipoles, formed due to charge separation between positive and neg-
ative ions, align during poling. After poling the dipoles stay roughly aligned, causing a remanent
polarization. When an electric field is applied to a poled piezoceramic material the dipoles
increase their alignment proportional to the voltage, and the crystal grows in the direction aligned
with the field and contracts along the axes normal to the field. Although the deformation is small,
when several PZT disks are mounted in series (known as a stack actuator) the resulting displace-
ment is significant.

Many authors have investigated the use of piezoelectric actuators for use as fast tool servos
for machine tools. Using a fast tool servo attached to a standard lathe turret, Zhu et al [32] devel-
oped a sliding mode control scheme and investigated the effect of cutting conditions on surface
finish quality. The fast tool servo, designed by Schumacher [33], was comprised of a PZT trans-
lator housed within parallel flexures onto which the toolholder was mounted. A laser sensor pro-

vided the position feedback signal. The actuator had a radial stiffness of 37 N/micron, natural
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frequency of 600 Hz, maximum stroke of 60 micron, and a positioning resolution of 0.2 micron.
Jun [13] showed that grinding quality surface finish was achievable by precision turning with the
actuator at a 5 micron depth of cut.

In order to increase the stroke of piezoelectric positioning systems, some authors have devel-
oped novel approaches. Bracht [34] designed an inchworm type actuator, whereby one PZT stack
provides the tool motion, and eight PZT stacks mounted transverse to the driver stack clamp and
unclamped either side of the actuator. The maximum stroke was 300 micron. The system was to
operate in one of two modes; position control or clamped. The stiffness of the design was 1142
N/micron in the clamped mode. A two-stage system incorporating a voice coil motor for coarse
motion and a PZT actuator for fine motion was developed by Sugita et al [35]. The system was
designed for turning of aluminum pistons, and the authors achieved +/- 2 micron accuracy. The
stati_c stiffness of the system was 64 N/micron. Pahk et al [36] used a ball screw drive combined
with a piezoelectric actuator for coarse and fine positioning of the tool tip. The total stroke was
200 mm with an positioning accuracy of 10 nm. The control scheme used was proportional-inte-
gral-derivative (PID) with a digital filter. The design of linear piezomotors was studied by Zhu
and Zhang [37]. The design requirements for machine tool applications were given as high reso-
lution, high stiffness, high output force, adequate compactness, and a monolithic flexure frame.
The actuator developed used a driving piezostack element, and two clamping piezostack elements
to produce inchworm-like motion. The achieved positioning resolution was 5 nm with a travel
range of 11 micron for a single step. Although the positioning resolution is high, it is unknown
how the piezomotor would perform in a machining operation as no cutting tests were performed.

Many authors have investigated the use of piezoelectric tool actuators for diamond turning
applications. Diamond turning involves the machining of high precision components, such as
optics and integrated circuit manufacturing, performed on high precision lathes which require
special environments for thermal stability and vibration isolation. ~ Although the tool actuator

presented in this thesis is intended for conventional turning centres, a review of tool actuators for
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diamond turning is useful nonetheless. Cuttino et al [38] used a fast tool servo with a piezoelec-
tric actuator housed in annular flexures to machine non-axisymmetric parts in single point dia-
mond turning. The system had 0.025 micron resolution, 70 N/micron stiffness, 100 micron range,
and a natural frequency of 250 Hz. The accuracy of the tool during machining was 0.6 micron.
Kim and Kim [10] used a piezoelectric actuator to control the depth of cﬁt as well as to compen-
sate waviness during machining. The system was mounted to a precision lathe with aerostatic
bearings and granite bed in a thermostatic room. A proportional-integral (PI) controller was used
with piezoeléctric voltage feedback to reduce surface waviness from 1.3 microns to 0.7 microns.

Rasmussen et al [39] used a piezoelectric tool actuator to compensate dynamic errors during
machining, such as non-uniform workpiece deformation, spindle motion error, and vibration. A
repetitive control strategy was employed to generate non-circular aluminum workpieces, with 21
micron variation in the depth of cut. The peak to peak surface errors were 5 micron. The actuator
had a static stiffness of 19.25 N/micron, 52 microns of travel, and a natural frequency of 1000 Hz.
A strain gage was used for position feedback. A micro-cutting device using a piezolectric actuator
housed within parallel springs was developed by Hara et al [40] for use with a diamond tool on an
ultra-precision lathe. The mechanical properties were natural frequency of 4.8 KHz and 80 N/
micron stiffness, the control resolution was 5 nm. In machining of an Ni-P plated steel disk the
effective depth of cut measured on the part agreed with the actuator command within +/- 0.1
micron for a commanded depth of cut range of 0.05 to 1 nlicron. Shamoto and Moriwaki [41]
used piezoelectric actuators for elliptical vibration diamond cutting of hardened steel, whereby
the tool is elliptically vibrated in the tangential direction to reduce frictional forces on the rake
face. Piezoelectric strips located on a circular bar were excited with a phase shift to achieve ellip-
tical motion of the tool.

Okazaki [42] achieved positioning resolution of 25 nm for a piezoelectric actuator design for
diamond turning machines. The static stiffness of the actuator was 2 N/micron, and a state feed-

back with state observer controller was implemented. Kim and Nam [43] investigated controller
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design of a piezoelectric actuator for a ultra-precision turning. They concluded a piezoelectric
voltage feedback was faster and more stable compared with displacement feedback control,
although the achieved settling time was only 0.15 seconds, and the displacement resolution of 0.5
micron is large for a precision process. Hanson and Tsao [44] developed a fast tool servo using a
piezoelectric actuator for variable depth of cut boring. A repetitive control scheme was used to
compensate periodic disturbances due to spindle eccentricity and fixturing, and a proportional-
integral (PI) controller was added to handle random disturbances. In turning of aluminum shafts

tracking error of less than 2.05 microns were achieved.

2.4. Design of micropositioning systems

An overview of the principles of precision design of micropositioning systems was presented
by Schellekens et al [45]. The main elements to be considered for precision design are component
geometry, kinematics, and dynamics. Limitations in manufacturing cause part geometries to devi-
ate from the ideal, causing macroscopic (straightness, roundness, flatness) and microscopic errors
such as surface roughness. The surface finish of mating components, even under clamping loads,
can affect the overall stiffness, damping, hysteresis, and thermal conductivity of the structure as a
whole. Kinematic factors such as actuator response, feedback resolution, control strategy, and
mechanical repeatability can limit the accuracy of the system. The dynamics of the structure must
be considered to minimize inertial loads. For rotational motions unbalanced forces must be mini-
mized by ensuring symmetry, and keeping the mass of moving components low reduces inertial
loads for translational motions. In addition, motion trajectories should be commanded such that

discontinuities in the acceleration and jerk profiles are minimized to ensure smooth motion and

reduce the risk of exciting the modes of the structure.




Chapter 2. Literature Review 21

For design the generalized Abbe principle is commonly applied, and stated below. This prin-
ciple can be applied to positioning systems as well to ensure the commanded position is reflected
in the application.

A displacement measuring system should be in line with the functional point whose displace-
ment is to be measured. If this is not possible, either the slideways that transfer the displacement
must be free of angular motion, or angular motion data must be used to calculate the conse-

quences of the Abbe offset.

Micropositioning systems requiring small precise movements often use solid flexure hinges
over rigid body joints in the translation mechanism. Solid flexures are well known to provide
motion free of rolling or sliding friction, zero backlash, and do not require lubrication [45], [46],

[47], [48]. Typically any material non-linearity can be neglected as it is insignificantly low com-

pared with motion range [45]. Flexure mechanisms can be designed for as many degrees of free-

dom (DOF) as required by the application. In this study only linear single DOF mechanisms are
considered. The limited stroke of piezoelectric actuators is such that flexure mechanisms are
often designed to provide amplification of the input displacement, which is accomplished through
appropriate selection of the geometry of the structure. In general an increase in displacement
amplification causes a decrease in stiffness [34], [49] at the location of the output displacement.
Figure 2.7 presents examples of flexure mechanisms which transmit linear motion. The out-
put displacement x results from the input force F. The parallel flexure in (a) is based on the four
bar linkage. The output motion is linear, yet there is a parasitic motion error in the transverse
direction [50]. The displacement amplification is simply the ratio ;—f = % where y .is the input
2

displacement. The parasitic motion can be compensated for using the compound parallel flexure

design in (b) [48], [50], which adds an additional fourb bar-linkage mechanism. In (c) linear

motion is achieved, although in'this case the hinges must be strained in the axial direction to per-
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mit motion. Although the achieved amplification can be very high, the non-linear nature of the
input-output relationship is a problem for control. The displacement amplification of the double
compound flexure in (e) is given by g = ;2—24 [52]. Furukawa et al [51] presented the non-lin-
ear displacement amplification of the mecharllisfn (d) by the equation given below.
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Figure 2.7 : Examples of solid flexure mechanisms transmitting linear motion.
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The hinge profile plays in important in the mechanical properties of the flexure. Figure 2.8
presents single hinge types. The circular hinge offers lowest stress and highest stiffness, whereas
the right angle hinge has low stiffness but high stress concentrations in the corners of the hinge.
The elliptical and corner-filleted profiles may provide an adequate compromise depending on the
application according to Xu and King [49], who compared the properties of each profile using
finite element (FE) analysis. It was determined that the elliptical hinge profile is most suitable for
high displacemént mechanisms due to higher flexibility and longer fatigue life compared with
square filleted ﬁinges for similar displacements. A low profile stage for precision joining was
designed by Yang and Jouaneh [53], which featured the use of a half-notch hinge, shown in Figure
2.8, which has half the compliance of a single notch hinge. Ultimately the optimum hinge design
depends on the requirements of the structure, and a trade off exists between stress and stiffness.
As well as stiffness in the direction of motion decreases, a proportional decrease in stiffness in the
directions perpendicular to the motion may be undesirable.

Machining errors in the hinge profile can cause the output displacement to deviate from the
desired value. Xu and Qu [48] presented analytical relations for the effect of machining errors on
positioning accuracy of a micropositioning stage. Ryu and Gweon [50] studied the effects of tol-
erances on hinge width, drilled hole radius and centre location, as well as the perpendicularity of
drilled holes. It was concluded that machining imperfections have serious influences on both in
plane and out of plane parasitic motions. Considering shape changes and residual stresses caused
by the machining process, wire Electrical Discharge Machining (EDM) is often used to obtain an
accurate hinge profile [42]. Xiaowei et at [47] proposed a combined electrical machining pro-
cess for the production of flexure hinges. Pulse electrochemical machining (PECM) of the hinge

profile following the EDM was performed to remove thermally affected zones and improve sur-

face finish.
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Figure 2.8 : Solid flexure hinge profiles.

Paros and Weisbord [54] investigated the design of solid circular hinges, as shown in Figure
2.9. Equations 2.2 and 2.3 were developed for bending stiffness, K, and axial stiffness, Kg,
based on hinge thickness (¢), radius (r), width (»), and modulus of elasticity (E). Itis assumed
that deformation is concentrated entirely within the web, and that the remaining part of the hinge
is rigid, and that under load only bending and axial deformation exist. As well it is assumed that
the centre of the hinge remains fixed, while in practice the hinge centre may change with defor-
mation [46], affecting the accuracy of the output displacement. A linear scheme was proposed by
Her and Chang [46] for displacement analysis of micropositioning stages. Each flexure hinge of
the mechanism is treated as rigid body hinge plus a torsional spring, axial extensions are not con-
sidered, and bending stiffness is assumed to be constant over the motion range. Through finite
element simulation they showed bending stiffness is not constant, and shows a linear decrease
with increasing angular displacement. For displacement angles within +/- 1 degree the bending
stiffness varied only 1.5 %, thus it can be considered constant for small displacements. For large

hinge radius to thickness ratios, the FE simulation of hinge bending stiffness deviated from Equa-

tion 2.2.
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Figure 2.9 : Circular solid flexure hinge geometry.
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Chapter 3

Actuator Design and Analysis

3.1. Introduction

This chapter presents the precision turning actuator, with focus on the system operation, com-
ponent design, and structural analysis. The objectives of the design, as well as the constraints to
be satisfied are discussed and related to the precision turning process. The overall design of the
system is presented, followed by the detailed component structural design and analysis. The
major components discussed are the piezeoelectric driving element, the Guiding Unit which trans-
mits motion to the tool via solid flexures, the feedback sensor assembly, the Clamping Unit
assembly, and the tool assembly. The analysis is focused primarily on the main structural compo-
nent of the actuator, the Guiding Unit. An analytical model is developed for preliminary selection
of flexure hinge geometry, which is then optimized for stiffness using a finite element (FE) model.
Using the determined properties of the flexure hinges, the maximum inertial load is predicted and
used to set the required preload on the piezoelectric translator. Given the preload, stiffness, and
stroke, the maximum load on the Guiding Unit is calculated and input into the FE model to predict
the maximum stresses. The stresses are then compared with the material properties of the struc-
ture. The dominant natural modes of the flexure hinge, rear support plate, and sensor bracket are

determined as well through finite element analysis.

3.2. Design objectives and constraints

The purpose of the tool actuator is to allow for precision turning on conventional lathes such

that the grinding operation, generally required for high tolerances on cylindrical parts, can be

26
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LS

eliminated. The design must satisfy constraints on tool positioning, the design envelope, the
mechanical properties, and system operation. For a tolerance of less than one micron on a diame-
ter, the variance in depth of cut can be maximum 0.5 microns, thus this is the maximum allowable
positioning resolution of the actuator. The total stroke must be large enough to reduce the num-
ber of finishing passes, and greater than the accuracy of a conventional feed drive, thus a value of
35 microns is chosen. In order for the system be usable in an industrial setting the actuator must
be compact and self-contained, and be able to interface to any standard lathe with minimal inter-
ference with other tools in the turret. Ideally the design should be symmetric to avoid moments
within the structure. Depending on the process (turning, grooving, facing, etc.), different types of
toolholders may be required, and the actuator must allow for easy exchange of standard toolhold-
ers. The tool tip must align with the radial axis, such that a commanded actuator displacement is
directly reflected as a change in depth of cut during the turning process. To reduce static deflec-
tion the actuator should have high mechanical stiffness in all directions, as well the natural fre-
quency must be sufficiently high such that the cutting forces do not excite the modes of the
system.

The radial component of the cutting forces in finish hard turning can reach as high as 500 N
[8], thus the minimum design stiffness in the radial direction is 200N/micron to allow a 2.5
micron reduction in depth of cut (5 microns on diameter) under maximum load. The minimum
natural frequency of any mode of the structure is 1000 Hz, such that only the workpiece, machine
tool spindle or feed drive dynamics are excited at loWer frequéncies. In addition the actuator must
provide the capability to rigidly lock the tool once positioned, which is desirable for roughing
operations in which the depth of cut is large and the cutting forces are highest. In this case the
radial stiffness should be double that of the unclamped operation.  Finally there must be the
option to measure the radial cutting force, which provides insight to the cutting process (eg. tool

forces, spindle eccentricity) and a measure of the disturbance seen by the actuator controller. The

design constraints are summarized in Table 3.1.
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Item Constraint
Stroke > 35 micron
Positioning resolution < 0.5 micron
Max. x dim 100 mm
Max. y dim 150 mm
Max. z dim 100 mm
Turret Interface Compatible with standard turret
Radial Stiffness > 200 N/micron (unclamped)

> 400 N/micron (clamped)

Natural Frequency

> 1000 Hz (any mode)

Operation modes

Position control or rigidly clamped

Tool Adapter

Accept standard exchangeable

28

toolholders
In radial direction only

Compact and self-contained
Symmetric about y and z axes
Tool tip aligned with radial axis

Force Measurement

General design

Table 3.1 : Actuator design constraints.

3.3. Design overview

A solid model of the precision turning actuator, mounted to the Hardinge Superslant lathe tur-
ret in the Manufacturing Automation Laboratory at UBC, is presented in Figure 3.1. The actuator
turret interface is clamped to a toolholder slot using a 19.04 mm x 19.04 mm cross section wedge
set. The feed drive of the CNC turning machine provides feed motions in the radial (x) and feed
(z) directions, and the actuator provides fine tool positioning in the radial direction relative to the
stationary actuator housing. The overall actuator dimensions are given in Figure 3.5. The actua-
tor envelope is 95.5 mm in the radial direction, 143 mm in the tangential direction, and 85 mm in
the feed direction, all of which satisfy the design constraints. The tool stick-out is 67 mm in the

radial direction, and 20 mm in the feed direction. The actuator is symmetric about the y and z ‘

axes, and the tool tip is aligned with the x-axis. Mounted to the Hardinge turret the actuator
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occupies one toolholder slot, and interferes with the two adjacent slots. Despite this the actuator
is considered to be compact as industrial turning machines have considerably larger turrets and
toolholder slots such that interference with other tools is minimal.

The external and internal components are presented in Figures 3.2 and 3.3, respectively. A
piezoelectric stack actuator is housed under preload within the Guiding Unit, as shown in Figure
3.4. With an applied voltage the piezostack expands and contracts along the radial (x) direction.
An alignment washer locates the piezostack to the centre of the assembly. The Guiding Unit is a
monolithic structure which transmits motion from the piezoelectric translator to the tool assembly.
Four solid flexures, each with two circular solid hinges, deform due to the load applied by the
piezostack. Due to the symmetric arrangement of the flexures the deformation is linear without
parasitic error, and motion is directly transmitted to the tool assembly. The Tool Adapter contains
a Komet ABS N25 clamping system, which allows for the use of exhangeable Komet toolholders
depending on the turning application (eg. longitudinal turning, grooving, facing, etc.). The Tool
Adapter is aligned to the Guiding Unit via two alignment dowels and fastened using four M4
bolts.

The Guiding Unit is enclosed and supported by the Top and Bottom Plates. A capacitive
position sensor is used to measure the relative displacement of the Guiding Unit flexures. The
sensor consists of a stationary probe fastened to the fixed Top Plate, and a moving target fastened
to the moving section of the Guiding Unit. Two Clamping Units, each containing a piezoelectric
stack actuator, serve to rigidly clamp the moving section (see Figure 3.4) if necessary for rough-
ing operations to prevent machine tool chatter. For machining operations involving cutting fluids
the actuator must be sealed to prevent leakage into the assembly. Acrylic covers are used to pro-
tect the position sensor as well as the gap between the Guiding Unit flexures and the Top and Bot-

tom plates, as shown in Figure 3.6. A silicone sealant is required along the cover edges and all

interfaces, including metal-metal contact zones.
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INDEXABLE
TURRET

TOOLHOLDER SLOT
38 mm x 38 mm

ACTUATOR

WEDGE SET
19 mMmx 19 mm

Vz ><Vx

CNC FEED DRIVE ACTUATOR
COARSE MOTION FINE MOTION Y TANGENTIAL

X
RADIAL z
FEED

Figure 3.1 : Actuator mounted to a Hardinge lathe turret.
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GUIDING UNIT

BOTTOM PLATE
TOP PLATE
TOOL ADAPTER

SENSOR

ASSEMBLY TOOLHOLDER

CUTTING INSERT

TURRET
INTERFACE

WIRE TAIL
EXIT

Figure 3.2 : Actuator external views and major components.
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Figure 3.4 : Internal view of actuator with support plates removed.




Chapter 3. Actuator Design and Analysis 34

’.,_' 75— =
©
@) <—>T— 8
143
+,
Y
©
Z
X
RECESS FOR
SEALANT
M2.5X5 FLEXURE
COVERS
SENSOR
COVER

Figure 3.6 : Actuator covers for use with cutting fluids.
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3.4. Precision turning process

The precision turning operation using the actuator for longitudinal shaft turning is outlined in
Figure 3.7. Roughing operations at large depths of cut and feed rates are performed with conven-
tional tooling and CNC control (Step 1). Following roughing, the actuator is used to perform
semi-finish turning, whereby the lathe CNC executes both radial (x) and feed (z) motions with the
actuator tool position, x,, controlled to a zero reference position (Step 2). Typically the depth of
cut in finishing is 0.1 mm to 0.4 mm. After each pass the operator must measure the diameter of
the workpiece and compare it to the specified design value. When the dimension is within the
effective stroke of the actuator (25-30 microns) the radial position of the CNC is fixed, and the
actuator tool position is retracted a small amount ( —10 <x,<-5 micron ) to clear the work-
piece (Step 3). The feed motion of the CNC positions the tool at the beginning of the cut, and the
final precision depth x, is commanded to the actuator based on the measurement of the shaft
diameter. With the CNC depth still unchanged, the feed motion is executed for the finish cut
(Step 4). By fixing the CNC motion the effects of the feed drive assembly backlash and friction
are eliminated, and tool positioning in the radial direction is entirely relative to the actuator refer-
ence position set in the previous pass. The final step is repeated until the required diametrical tol-
erance is met, which may take several passes due to static deflection and thermal expansion of
both the machine and workpiece. In a conventional shaft turning process Step 4 is performed on a
grinding machine to achieve the dimensional accuracy, which requires a change of machine tool
and workpiece setup. For finish and precision machining operations the actuator is under position
control using the feedback from the capacitive position sensor. The details of the instrumentation
and controller design are described in Chapter 4. The actuator may be operated in open loop
mode for roughing operations where small deviations in depth of cut are of little importance.

With Clamping Units activated the actuator should be operated in open loop mode, as motion of

the clamped Guiding Unit can damage the Clamping Unit piezostacks.
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1. ROUGH TURNING

2. FINISH TURNING - ACTUATOR
¢ STANDARD TOOL

* FEED AND DEPTH SET BY CNC
+ FEED AND DEPTH SET BY CNC » ACTUATOR CONTROLLED TO
ZERO POSITION

z

3. FIX CNC X-AXIS 4. PRECISION TURNING

* RETRACT ACTUATOR TO CLEAR WORKPIECE * SET DEPTH WITH ACTUATOR ONLY

e RETURN TO START OF CUT USING CNC * CNC CONTROLS FEED MOTION IN Z-DIR

Z-AXIS MOTION

Figure 3.7 : Steps in the actuator assisted precision turning operation.
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3.5. Component design and analysis

3.5.1. Tool assembly

The tool assembly is presented in Figure 3.8. In order to satisfy the requirement for
exchangeable toolholders, a clamping system, ABS N25 offered by Komet USA, is embedded in
the Tool Adapter. The male connection on the tool contains a floating pin, which mates with the
receiving screw on the female connection of the adapter as shown in Figure 3.9. The connection
is fastened by tightening the thrust screw on the female connection. The tool is aligned in the y
and z directions, relative to the adapter, via two orientation pins which form a clearance fit with
keyways on the adapter. The clamping system allows for any Komet ABS N25 toolholder to be
used. The flange design of the steel Tool Adapter reduces the tool stick out in the radial direction
compared with standard cylindrical adapters. To minimize the shear stress in the flange the rear
diameter of the adapter is designed to be less than the tool diameter. In this way the radial load is
transmitted directly to the Guiding Unit body without generating shear stress in the flange. The
Tool Adapter is aligned in the y-z plane using two steel alignment dowels, and four M4 bolts fas-

ten the adapter to the Guiding Unit.

ALIGNMENT
DOWELS

TOOLHOLDER -

TOOL ADAPTER KOMET MVJNL16

WITH ABSN 25

CONNECTION CLAMPING SCREW

M4 X 10

SET SCREW

INSERT

Figure 3.8 : Actuator tool assembly.
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i
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Figure 3.9 : Komet ABSN25 clamping system (dimensions in mm).

For the measurement of radial cutting forces, two single axis load cells can be mounted
between the Tool Adapter and Guiding Unit through the mounting bolts, as shown in Figure 3.10.
For increased rigidity two washers, surface ground to the thickness of the load cells, are mounted
on the two remaining bolts. The specifications of the load cells are given in Table 3.2. By placing
each load cell on opposite sides of the y and z axes the radial cutting force can be determined
regardless of the resultant moments on the Tool Adapter due to cutting forces in all three direc-
tions. The cutting forces F,, F s> and F are transmitted to the Tool Adapter, and cause moments

M., Mf, and M, on the flange. The resulting force seen by the force sensors are FS 1 and F'S,,

pg L M, M, M,
P74 4L 4L, 4L,

FS =5+_Aﬁ+&+%
27 4 4L AL, " 4L,

where L, and L, are shown in Figure 3.10. The radial force is given by Equation 3.1.

F, = 2% (FS, +FS,) 3.1)
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Model Kistler 9132A
Range 10 kN
Resolution <001IN
Stiffness 1.8 kN/micron
oD 12 mm
ID 4.1 mm
Thickness 3 mm
Preload 50% FS for
series connection

Table 3.2 : Single axis force sensor specifications.

3.5.2. Piezoelectric driving element

A high voltage piezoelectric translator is chosen as the driving element as it offers many
advantages for machine tool applications over other actuators. In general, piezoelectric actuators
provide sub-nanometer expansion, smooth motion (no friction or stick-slip), high mechanical
stiffness, and high force generation. The main drawbacks are low resistance to tensile and shear
stresses, small stroke, high heat generation, and non-linear deformation. The translator used is a
stack actuator, composed of many thin disks of lead-zirconate-titanate (PZT) ceramic material,
connected with electrodes. The PZT material exhibits the piezoelectric effect, whereby an applied
electric field causes a proportional mechanical deformation. The deformation is the result of
changing alignment of the atoms within the PZT crystal structure, and is not associated with a
change in crystal structure. Although the degree of deformation is quite small, when many PZT
disks are stacked together the resultant deformation is substantial. In general, the maximum
deformation of a stack actuator is approximately 0.1% of the stack length.

Stack actuators can be delivered in both preloaded and bare configurations. Since a stack is
comprised of many thin PZT disks, preloading is required to maximize the contact area between

disks as well as reducing the effect of the flexible bonding material. Thus the preload maximizes

the stack stiffness and stroke, and for dynamic operation to ensures the stack remains in contact
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with the structure. A preloaded actuator is delivered encased in steel with a small flexure mecha-
nism providing the preload as shown in Figure 3.11. A bare stack requires the user to provide the
stack preload. To meet the design constraints on the radial dimension of the actuator, a bare stack
was selected as it offered a 30 % reduction in length compared with a preloaded stack. In this
case the Guiding Unit flexures must provide adequate preload of the piezoceramic. This is
achieved by selecting a proper stack up length of the PZT translator and Alignment Washer (Fig-
ure 3.4), which exceeds the available space in the Guiding Unit. By deflecting the flexures to
accommodate the PZT stack a constant preload is provided. To satisfy the stroke and stiffness
constraints, a stack actuator with a 40 micron stroke and 25 mm diameter from Piezomechanik

GmbH was selected. The specifications of the piezostack are listed in Table 3.3.

CERAMIC ENDFACES PRELOAD MECHANISM
| INSULATED COATING STEEL CASING
— PIEZOSTACK

WIRE LEADS

(a) Bare stack (b) Preloaded stack

Figure 3.11 : Bare and preloaded piezostack configurations.

Stroke 40 micron
Length 36 mm
Diameter 25 mm
Stiffness 450 N/micron
Resonant Frequency 25 kHz
Capacitance 1 uF
Blocking Force 16 000 N
Voltage Range 0 to +1000V

Table 3.3 : Driving piezoelectric actuator specifications.
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3.5.3. Guiding Unit

The Guiding Unit is the main structural component of the precision turning actuator. The
component model is shown in Figure 3.12, along with dimensions of the hinge profile. The four
solid flexures, each with two circular hinges, allow the moving section to deform linearly in the
radial direction under applied load from the piezoelectric stack actuator. The advantages of solid
hinges over jointed mechanisms are increased rigidity, zero friction or stick slip, and no wear.
The Guiding Unit, as well as the Top and Bottom plates, are machined out of titanium alloy Ti-
Al6-V4, which has a high strength to density ratio compared with steel. The material properties
are given in Table 3.4. The entire structure is machined using wire EDM to avoid residual stresses
and contour errors along the hinge profiles, commonly associated with milling and drilling opera-
tions. The flexure and hinge dimensions are optimized for minimal size and maximum rigidity.
The spacing between the flexures is set based on the size of the clamping units which apply

clamping forces on the moving section of the Guiding Unit when activated.

Density 4.43 Mg/m>
Modulus of Elasticity 120 GPa
Modulus of Rigidity 44 GPa
Yield Strength 924 MPa
Ultimate Strength 1000 MPa
Poisson’s Ratio 0.36
Fatigue Limit 560 MPa
Coef. of thermal expansion 9.4 E-6/°C

Table 3.4 : Titanium alloy (Ti-6Al-4V) properties [55].
The structural properties of the Guiding Unit are determined by the geometry of the flexure
hinges. The first step in optimization of the hinge profile is to determine the stiffness require-
ment. When housed within a flexible structure, the stroke of a piezoelectric actuator is reduced

according to Equation 3.2, where K, is the stack stiffness, K, is the flexure stiffness, AL, is the

stroke under free conditions (nominal), and AL is the reduced stroke.
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(3.2)

The rigidity of the Guiding Unit must be limited, as increasing stiffness decreases the over-
all stroke of the system. Thus a compromise is required between minimum stiffness in the radial
direction and maximum stiffness in the perpendicular directions. The maximum reduction in
stroke is set to 5% (2 microns), such that the constraint on stroke is safely satisfied. Based on the
actuator stiffness K, =450 N/micron, and nominal stroke AL =40 microns, the maximum allow-
able radial stiffness of the flexures, K, is 23 N/micron. This corresponds to an effective stroke

AL of 38 microns.

TOP/BOTTOM
PLATE INTERFACE '
M6 THREAD SOLID
FLEXURE
CLAMPING
SURFACE
SENSOR TARGET '
ASSY INTERFACE MOVING
M2.5 THREAD SECTION
TOOL ASSY
\éV)l(T*TE TAIL INTERFACE
M4 THREAD
CIRCULAR
HINGE
HINGE WIDTH
b =54 mm

HINGE PROFILE

~—> — T=8mm
A/~R=25mm

‘~>1‘<~—t=3mm

Figure 3.12 : Actuator Guiding Unit and flexure hinge profile.
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3.5.3.1. Analytical model of flexures

An analytical model of the Guiding Unit flexures was developed to predict the static stiffness
of the flexure hinges in the radial direction for a range of hinge parameters (radius and thickness).
Figure 3.13 presents the Guiding Unit structure (a), the approximated model considering the flex-
ibilities of the circular hinges (b), the linear spring model where each flexure is modeled as an
equivalent linear spring K,  (c), and the equivalent radial stiffness K (d), which is the sum of
the equivalent linear stiffness for each flexure acting in parallel. The system is considered rigid
except for the flexure hinge rotational (K ) and axial (K ) flexibilities which are given by Equa-
tions 2.2 and 2.3. The torsional and axial springs act at the hinge centres. The equivalent radial
stiffness for a single flexure is determined by adding the effective linear stiffness due to hinge
bending, K, rp, and stretching, K, gg, as shown in Figure 3.14. The values K, pp and K, g
are determined by equating the potential energy of the displaced system to the external work done
by a force F , acting at the centreline of the structure in the radial direction, deforming the struc-
ture a distance x . Motion is constrained to the x-direction due to the compound arrangement of
the flexures, thus the translational degree of freedom x has a roller support.

First the effect'of bending stiffness is considered, illustrated in Figure 3.14. A force F p dis-
places the flexure a distance x . Due to the roller support constraint the rotational displacement
of each of the two torsional springs, 0, is the.same. The following relation is obtained for small

angles of rotation,

Xy _ (x, = x)
L, L,

0 =tan@ =

—x
(L1 “Lz).

solving for the displacement yields x = 6(L,;—L,) ,or 6 =
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The total potential energy for the two deformed torsional springs with equal spring constants

and displacements is expressed as

U= %K392+ %KB(%)Z = K;0°
substituting for the rotation 0,
2
Kox
U = 3—2

The external work done by the force F| in deforming a virtual linear spring K, rp a distance

X 18
X X
W = [Fidx = [K, pprdx
0 0
1 2
W = EKx’ FB.X

Equating the potential energy and external work (no kinetic energy) yields Equation 3.3 for

the equivalent stiffness in the radial direction due to the flexure rotational stiffness
2K,
K, rp = — (3.3)
(Ll - Lz)
The equivalent stiffness K, p¢ due to flexure axial stiffness is derived in a similar fashion.

From the geometry of Figure 3.14 the following relation is obtained, where 0L is the combined

elongation of both springs.

The resultant stiffness, K , , for the two springs K acting in series is
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The potential energy for an elongation 3L is given by

1 2
U = EKS, r6L =

1 2. 2 2
The external work done on the flexure due to force F, is expressed with the equivalent vir-
tual spring stiffness K ;.. Note that the linear stiffness K ¢ is a function of the displacement

x (at zero displacement there is no stiffness, and at infinite displacement stiffness approaches

KS, r )

X X
W = [Fdx = [K, gp(x)xdx
0 0

Equating the derivatives of the work and potential energy yields the expression for K, ¢

given by Equation 3.4.
dw _ dU
dx dx
L3
Kx’ SF()C) = KS, r 1 -—— (3.4)
[2 .2
X+ L

The equivalent linear springs K, rp and K, ¢ act in parallel, and are added to obtain the

equivalent linear stiffness for a single flexure K, r in Equation 3.5.

K K K _ 2Ky K (1 L ] (3.5)
oF = By ppt By gp = 5+ 1— )
(Ll - Lz) ,/xz + Lg

Finally the resultant radial stiffness of the system due to both bending and stretching of the

four flexures acting in parallel is given by Equation 3.6.
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8Ky L,
Kx=4Kx,F= L—LZ+4KS 1—2—2 (3.6)
(Ly—Ly) ./x + L,
5/2 .
where Kp = 2Ebr , and K¢ = Eb
1/2 172
9nr n(r/t) "~ =257
D) C
X F
F—s >
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® @
(a) Structure (b) Approximate model
K K

F

22277
@ P
% f
22 1777
@% o

F—>0—
5 Kx,F Kx,F4T }—/lixf——Q —F>
’ f —

®

77247

o<

(c) Equivalent axial spring model (d) Resultant axial stiffness

Figure 3.13 : Guiding Unit model for equivalent linear stiffness based on flexure hinge
flexibility in rotational and axial directions.
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Figure 3.14 : Superposition of a single hinge bending and axial stiffness to obtain the
equivalent linear stiffness.

The following parameters are given from the initial design; L, = 0.056 [m],
L, =0019 [m], Ly =0.042 [m], b =0054 [m], and E =120 [GPa]. The
dependence of the linear stiffness K, on the displacement x (Equation 3.6) is eliminated by con-
sidered the relative contributions of bending and axial stiffness. For linear displacements of the
structure less than 0.1 mm, the axial stiffness contributes less than 1% of the total stiffness, thus it
can be ignored for small displacements. In Qrder to size the circular hinge the radial stiffness is
plotted versus hinge radius for a range of hinge thickness values in Figure 3.15. Plotted in the fig-

ure is the target stiffness of 23 N/micron, which is satisfied by selecting a preliminary hinge

geometry with 3.25 mm radius, and 3.0 mm thickness.
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Figure 3.15 : Guiding unit stiffness versus hinge radius for varying hinge thickness.

3.5.3.2. Finite element model of flexures

A finite element model of the Guiding Unit flexures was created in ANSYS consisting of 8
noded block elements (SOLID45). This model was used to determine the stresses under maxi-
mum loading, the stiffness in each direction, as well as the mode shapes and natural frequencies
of the flexures. The circular hinge had 10 elements distributed along the profile. The bases of the
flexures were constrained in all directions to zero displacement, representing the bolting locations

to the support plates. Starting with the preliminary values determined from the analytical model,
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the hinge geometry is optimized. The target stiffness is achieved when the hinge radius is reduced
to 2.5mm, at a hinge thickness of 3mm. The finite element model showed lower stiffness com-
pared to the analytical model, as in the analytical model the structure was considered rigid except
for the hinge bending and axial deformation. The stiffness in each direction was determined by
applying a 1 N load in the desired direction, and determining the maximum deformation in the
same direction (inverse being the stiffness). For the radial direction the load was applied as a
pressure of 2038 Pa to the area (4.9e-4 m?) in contact with the piezoelectric translator. The results
are summarized in Table 3.5. As expected the structure is substantially stiffer in the feed and tan-
gential directions compared with the radial stiffness. The first three mode shapes of the structure
are presented in Figure 3.16. The first mode is axial displacement of the flexures in the radial
direction, and occurs at 1215 Hz which exceeds the design constraint of 1000 Hz. The second
mode at 5690 Hz is torsion about the y axis, and the third mode corresponds to transverse motion

in the feed direction at 6826 Hz

Direction Load l-)isplacement Stiffness
[N] [micron] [N/micron]
Radial (x) 1 0.0436 23
Tangential (y) 1 0.000496 2016
Feed (z) 1 0.00142 704

Table 3.5 : Guiding Unit stiffness determined from finite element model.

The flexures and piezoelectric translator act as two springs in parallel, thus the overall stiff-
ness of the system in the radial direction, assuming the back plate of the Guiding Unit is fixed, is

given by:

Kp = K,+ K, = 450 +23 = 473 [N/micron] .
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-

Mode 1 - 1215 Hz Mode 2 - 5690 Hz Mode 3 - 6826 Hz

Figure 3.16 : Mode shapes of the Guiding Unit flexures determined from FE model.

The effective mass of the moving components is the sum of the tool assembly, the moving
section, and a fraction of the PZT translator and flexure masses. As a rule one third of the PZT
mass is considered for dynamic cases. The mass is approximated as 1.1 kg.

Mogp = Mypop+ My + %mPZT*‘ 3™, GU
My = 05+038+0.1+0.12 = 1.1 [kg]

The natural frequency in the radial direction assuming a single degree of freedom system is

1 |Kg
fv = 5r = 3302 [Hz]

Mesr
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The maximum load in the radial direction applied to the flexures is the sum of the piezoelec-
tric translator preload and the force required to displace the flexures the maximum stroke of the
translator. The preload must be higher than any inertial forces on the moving section such that the
piezoelectric translator remains in contact with the Guiding Unit at all times. The amplitude of
the dynamic load F, for a structure of mass m vibrating at natural frequency @ with amplitude
A is given by Equation 3.7. For the flexures the effective mass is considered, and the maximum
vibration amplitude is simply half the stroke, as in Equation 3.8. The maximum dynamic load for
the Guiding Unit flexures is given by Equation 3.9, where f, is the frequency of mode 1 (1215
Hz), AL is the actuator stroke (40 micron), and the effective mass consists of the mass of the

moving section m,, . and one third of the flexure mass mg.

F, = mo'A (3.7)
AL
Fy= 4ﬂ2'm-f2-—2— (3.8)
2 m 2 AL
Foou = 47 (my,+ £20)f5, - 5F = 582 1) (3.9)

The preload on the structure must be greater than the dynamic load to ensure the flexures
remain in contact with the PZT translator. Using a factor of safety of 2, the PZT preload Fp ¢,
is set to 1164 N.

Fp gy = FSXF; gy = 1164 [N]

The maximum load F; due to piezoelectric translator expansion is the product of the flexure
stiffness and maximum actuator expansion, given by Equation 3.10. The resultant maximum load
on the Guiding Unit flexures, Fypg is the sum of the preload and force required to displace the

flexures the full actuator stroke. From Equation 3.11 the maximum load is 2084 N.

F, = K,-AL = 920 [N] ~ (3.10)

Frps = F4 gu+Fy, = 2084 [N] (3.11)
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With the maximum load applied in the radial direction, the resulting.Von Mises stresses are
given in Figure 3.17, with the maximum stress being 135 MPa. This value is well bélow the
fatigue limit of titanium alloy. The stress is distributed entirely within the circular hinges, as there
is no bending of the flexures or of the moving section in the symmetric structure. In order to pro-
vide the preload, the flexures must be initially displaced 51 microns in the radial direction based

on the flexure stiffness and preload, according to Equation 3.12.

F
Soy = 2 = AN = 51 (um] (3.12)

x 23 Num

The initial displacement is achieved via surface grinding of the alignment washer such that
the stack up length of the piezoelectric translator and alignment washer (Figure 3.4) is 51 microns
greater than the available space in the Guiding Unit frame. Surface grinding of the alignment
washer is necessary as the manufacturer’s tolerance on piezostack length is +/- 0.5 mm. The flex-
ures are deformed using the four tapped holes at the tool adapter interface to accommodate the

piezoelectric translator and alignment washer.

3.5.4. Position sensor assembly

A capacitive position sensor is chosen due to its high resolution, small size, and ease of inte-
gration to the design. The sensor consists of two plates, a fixed probe and a moving target, form-
ing an air capacitor. As the target moves the change in capacitance between the two plates is
compared to a reference capacitor within the electronics card, and a voltage corresponding to the
change in position is output. The output voltage U, is given by Equation 3.13, where d is the

plate spacing, and d, is the nominal range,

U, = 10x ((-j- - 1) (3.13)

o
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which has longer overhang than the target

The position sensor assembly is presented in Figure 3.18, and the sensor specifications are
The weakest component is the probe bracket,

Figure 3.17 : Finite element result for Guiding Unit stresses under maximum radial load.

ing material, such that thermal deformation in the assembly has limited effect on sensor plate flat-
first mode of the bracket must have a sufficiently high frequency. A finite element model of the
probe bracket was created, consisting of five noded tetragonal elements, and a modal analysis was
conducted. The bracket is constrained to zero displacement at the bolting locations to the Top

given in Table 3.6. The mounting brackets are machined out of aluminum to match the plate cas-
bracket. Any vibration of the probe bracket will cause error in the position measurement, thus the

Plate. The first bending mode of the bracket occurs at 6756 Hz, shown in Fi gure 3.19.

ness.
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Range 50 micron
(extendable to 150 micron)
Resolution S nm
Bandwidth Adjustable
300, 1000, or 3000 Hz

Material Aluminum
Resonant 20 KHz
Frequency
Sensitivity 0.2 volt/micron

Table 3.6 : Capacitive position sensor specifications.

CAPACITIVE
SENSOR
TARGET
BRACKET TO
M2.5 X 10 MOVING
GUIDING UNIT
BRACKET TO
STATIONARY
TOP PLATE
SPACER
CAPACITIVE BLOCK
SENSOR
PROBE

0.050 MM
RANGE

Figure 3.18 : Capacitive position sensor assembly.
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BOLT LOCATIONS

MODET1 - 6765 Hz

Figure 3.19 : Finite element result for first bending mode of the sensor probe bracket.

3.5.5. Support plates

The Guiding Unit is supported by the Top and Bottom plates, each of which provides nine
mounting locations to the Guiding Unit structure (see Figure 3.3). As well the support plates pro-
vide a stationary interface for the two Clamping Units at four counterbore locations on each plate.
The counterbores are enlarged to allow for adjustment in the position (y direction) of the Clamp-
ing Units relative to the Guiding Unit moving section. Wire cutouts are included on the Bottom
Plate to allow passage of the Clamping Unit piezostack input cables underneath the flexures. Of
the Guiding Unit support plates, the Bottom Plate is most crucial as it provides the interface to the
turret slot. The plate should be rigid such that cutting forces do not excite bending and twisting
modes at the turret interface. Eight noded block elements were used to create a finite element
model of the plate, and a modal analysis was performed, with the results shown in Figure 3.20.

The first and second bending modes of the plate occur at 1551 Hz and 2741 Hz, respectively. The
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third mode is torsion about the y axis, and occurs at 3047 Hz. All frequencies are above the

design constraint of 1000 Hz.

Mode 1 - 1551 Hz Mode 2 - 2741 Hz Mode 3 - 3047 Hz

J
X%

X
D
R

o
R
N

S

& XY

yTé:( yLV_:( YTA:Z

Figure 3.20 : Finite element result for first three Bottom Plate vibration modes.

3.5.6. Clamping Units
The Clamping Unit assembly was designed by Bracht [34] for use in a long range two stage

piezoelectric drive, and is presented in Figure 3.21. The assembly consists of a housing with

solid flexures, a piezoelectric stack actuator, and an alignment washer. Four M6 bolt locations are
used to fasten the Clamping Unit to the Top and Bottom plates. 'As with the Guiding Unit, expan-
sion generated from the piezostack is transmitted through the flexures to the top surface. By acti-
vating the piezoelectric driving element, the flexure of the Clamping Unit deforms until it is in

contact with the moving section of the Guiding Unit. When both clamping units are activated the

moving section of the Guiding Unit is clamped (Figure 3.4), as long as the frictional forces in the
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contact area are not exceeded, and the overall rigidity of the system is increased in each direction.
The piezoelectric stack actuator selected has a 30 micron stroke, and 27 mm length, manufactured
by Piezomechanik GmbH. The specifications of the clamping unit piezostack are given in Table
3.7. As with the main driving element, the inertial forces of the moving section must be deter-
mined to set an adequate preload for the piezoelectric translator. The stiffness of the Clamping
Unit flexure have been determined by [34] using finite element analysis, and given as

Ko x = 250 [N/um], K., , = 39 [N/um] ,and K, , = 143 [N/um].

CLAMPING
CONTACT DIRECTION

>
=
>} FLEXURE

O | TOP/BOTTOM
=
O Y

PLATE BOLTING
ALIGNMENT bd

WASHER /

PZT

TRANSLATOR %

WIRE LEAD
CUTOUT

X

Figure 3.21 : Clamping Unit assembly details.
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Stroke 30 micron
Length 27mm
Diameter 16mm
Stiffness 200 N/micron
Resonant frequency 25 KHz
Capacitance 0.3 uF
Blocking force 6000 N
Max. compressive load 6000 N
Voltage range 0 to +1000V

Table 3.7 : Specifications of the Clamping Unit piezostack.

The natural frequency in the y direction is approximated based on K, ,, and the effective

mass of the flexure (0.032 Kg), and calculated as 5560 Hz.

1 |K
T cy, =
fcu o fm————lf - 5560 [Hz]

The amplitude of the dynamic forces due to resonance of the moving section is given by

2 AL
Fhcu = 4nfey = ~mycy = 585 NI

The preload on the piezostack, F P.CU" is set as 1170 N using a factor of safety of 2. The
flexures must be deflected an amount §¢y; to provide the preload. The flexures are displaced to

accommodate the piezostack and alignment washer via fastener locations on the clamping and

bottom surface.
Fpcy 1170 .
dcy = X =39 = 30 [micron]

cu,y

The reduction in stroke of the piezostack is determined based on the stiffness of the flexure in

the y direction, giving a total stroke of 25 microns.

— Lt _ ;
ALecy = AL, ¢y Kt+Kcu,y 25 [micron]
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Clamping of the Guiding Unit is only effective if the generated frictional forces are higher
than the radial cutting force, such that mating surface remain in contact. Given a clearance of 10
microns between the contact surface in the unclamped mode (Figure 3.4), the normal force F),

achieved by each clamping unit is the product of the available stroke and stiffness,

Fy = (AL, —-10)-(K,, ,+K

cu,x ¥ Ky o) = 3585 [N]

Assuming of coefficient of frictio_n of 0.55 for titanium-titanium contact [56], the generated
frictional force for by two Clamping Units is 3944 N, which exceeds the maximum expected
radial cutting force of 1000 N.

lFfriction = 2l"LFN = 3944 [N]

3.6. Summary

An overview of the requirements for the precision turning actuator design were given, which
include constraints on motion, stiffness and natural frequency, size, and operability. The design
details and operation of the piezoelectric tool actuator have been presented, as well as the struc-
tural analysis of the major functional components. The important features of the design are the use
of a piezoelectric driving element in series with double parallel flexures to transmit motion to the
tool assembly. The actuator accommodates standard exchangeable‘tooling, and has a compact,
symmetric design. In addition force sensors can be mounted at the tool adapter interface for mea-
surement of the radial cutting forces. A capacitive sensor is used for position feedback.

An analytical model was developed for preliminary sizing of flexure hinge geometry based
on the desired radial stiffness of 23 N/micron, which resulted in a reduced total actuator stroke of
38 microns. The hinge geometry was further optimized using a finite element model. The natural

frequency of the first radial mode is predicted to by 3300 Hz, using the manufacturer’s specifica-

tion for PZT stack axial stiffness. The dominant mode shapes of the Guiding Unit, sensor bracket,




Chapter 3. Actuator Design and Analysis 61

and Bottom Plate were shown to be greater than the design constraints. Based on the inertial loads
caused by vibration of the flexures, the preload required to keep the piezoelectric actuator in con-
tact with the mating surfaces was determined to be 1200 N for both the Guiding Unit and the
Clamping Unit. To provide the preload the required displacement of the flexures to accommodate
the PZT stacks and alignment washers was determined. Based on the predicted maximum radial

due to the preload at maximum stroke, the stresses in the flexures were determined using the finite

element model and shown to be below the fatigue limit of the titanium alloy.




Chapter 4

System Identification and Control

4.1. Introduction

In this chapter the electrical and mechanical properties of the assembled actuator system are
identified and discussed, and a controller is designed to meet the positioning requirements for the
precision turning cutting process. An overview of the system instrumentation and signal flow for
feedback control is included. Identified system properties include the non-linearities associated
with piezoceramic devices, the modal properties of the actuator structure, the calibration of the
feedback sensor, and the dynamics of the feedback sensor electronics. A model of the actuator is
developed based on the assumption of a second order system, and a static gain relating input volt-
age to force input to the system. A sliding mode controller design is adopted based on previous
work by Zhu et al [32], which demonstrated accurate positioning and rejection of cutting force
disturbances when applied to a piezoelectric actuator for precision machining. The controller
design steps are outlined, and the control law is obtained. Based on the demands of the precision
turning process, the requirements of the closed loop response are determined, and used to opti-
mize the controller gains. The controller is implemented, and the open and closed loop responses
of the simulation and actual structure are compared in relation to the closed loop system require-

ments.
4.2. Instrumentation and system setup
The actuator system is operated under feedback control with the control software residing on

a PC. Data processing is performed using an Indy F3 Digital Signal Processing (DSP) board, with
a TMS320C32 microcontroller. Digital to analog conversion is performed by a DL3-A1 Analog

62
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Module which interfaces to the DSP board. The gain of the D/A converter is set to one by the
manufacturer. The specifications of the DSP board are given in Table 4.1. The control software is
written in a Fast Cyclic Executive (FCE) operating system, designed by Otkunc [57], which runs
under MS Windows NT/2000. The program reads the input signals, executes the control law, and
outputs the control signal every sampling interval T,. The sampling frequency, f;, is set to 7500
[Hz]. The output control signal, in the range of O to 10 volts, is received by a Physik Instrumente
P-270 high voltage amplifier with a gain K, of 100 [volt/volt]. The amplifier specifications are
listed in Table 4.2. The high voltage signal (0 to +1000 V) is input to the piezostack driving ele-
ment, as well as the clamping unit piezostacks when necessary. The output capacitive sensor sig-
nal is pr_ocessed by a Physik Instrumente E-509 electronics card, which compares the capacitance
to a reference capacitor, and outputs a voltage signal of +/- 5 volts. The input and output signals
connect to the D/A converter via a BNC junction box. A schematic of the system setup is given in

Figure 4.1.

PC
Control Software

High Voltage Amplifier

Junction 0..+10V 0..+1000 V
Box —
7 ” o =
= . -- o o PZT Clamp
DSP Board
ADA T PZT Ort
+#-10V river
7.5 KHz

Sensor Card

+-5V 5
[s] -
o
0 o Capacitive
Position
Sensor
Charge Ampflifier
0. +10V
—/ Force Sensor

O -t

Figure 4.1 : System instrumentation and signal flow.
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Processor Indy F3
Bus configuration ISA (2K of 16-bit
Dual Port RAM)
Analog Input 4 Channels .
Analog Output 2 Channels
I/0 range +/- 10 volts

Table 4.1 : Specifications of the Spectrum F3 DSP board.

Output voltage 0 to -1000 V (standard)
0 to +1000 V (optional)
Polarity switchable
Max. avg. output current 100 mA
Max. peak current 500 mA (<5 msec)
Avg. output power 100 W
Nonlinearity <0.5%
Large signal bandwidth 2 Khz
Small signal bandwidth 7 KHz

Table 4.2 : Physik Instrumente P-270 high voltage amplifier specifications.

4.3. Piezoelectric actuator non-linearities

Piezoceramic materials commonly exhibit two types of non-linearity; hysteresis in position
for varying input voltage, and position creep over time for a given input voltage. Hysteresis, due
to-crystalline polarization and molecular friction, is such that the displacement of the actuator is
dependent not only on the electric field applied but also whether the actuator was previously oper-
ated at a higher or lower voltage. The hysteresis in the system was characterized, and is presented
in Figure 4.2. The input voltage was increased from zero to +1000 V (and +500 V), then
decreased to zero, and the position at each increment was measured using a laser displacement
sensor. The maximum hysteresis is approximately 25%. Figure 4.3 presents the creep over time

of the actuator for an input voltage of +150 V, which corresponds to an initial displacement of 5

microns. The actuator creep, due to remanent polarization of the ceramic, shows an exponential
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decrease over time. After one minute the displacement increases above 5.9 microns. The relation
between displacement and time for a given initial displacement was determined and is given in

Equation 4.1, wherelx(t) [m] is the position at time t [s], and x(0) [m] is the initial displacement.

(1) = x(0)-[1+0.109 - *'*] for0<t<60s . (4.1)

The occurrence of these two phenomenon pose a challenge in operating piezoelectric transla-
tors in an open loop mode, as the output displacement shows a nonlinear dependence on both
input voltage and time. Thus closed loop control is required to accurately position any piezoelec-

tric translator.

40 T T T T T T T T T

Position [micron]

0 100 200 300 400 500 600 700 800 900 1000
PZT Input [volts]

Figure 4.2 : Piezoelectric actuator hysteresis.
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Paosition [micron]

Figure 4.3 : Piezoelectric actuator creep.

4.4. Actuator modal p'ropertie.s

The modal properties of the actuator were determined for each of the three translational
degrees of freedom, and for both the clamped and unclamped mode of operation. These proper-
ties were identified from the displacement to force direct transfer function obtained experimen-
tally using impact hammer tests in the range of 0-5000 Hz. The structure was excited near the
tool tip using an impact hammer instrumented with a force transducer, and the resulting response
was measured using an accelerometer. The dominant mode of each transfer function is curve fit-
ted using the MAL-UBC Cutpro modal analysis software, and the properties (natural frequency f,
damping C, stiffness K, mass M, and damping ratio () are determined for the given mode. The
results are summarized in Table 4.3. The magnitudes G [m/N] of the direct transfer functions in

the x, y, and z directions for the unclamped actuator are presented in Figure 4.4. Since the accel-
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erations are converted to displacements by dividing by ®” at each frequency , the magnitude
tends toward infinity at low frequencies. The depth of cut in the machining process is affected
mainly by the flexibility of the system in the radial direction, as deflection in the feed and tangen-
tial directions reflect little deviation in fadial position of the tool. The achieved static stiffness in
the radial direction is 370 [N/um], and the natural frequency is 3.2 kHz. The obtained stiffness is
lower than the expected value of 473 [N/um]. The actual stiffness of the Guiding Unit is 20 [N/
um], which agrees well with the predicted value of 23 [N/um], thus the discrepancy in stiffness is
attributed to the manufacturer’s quoted value of the piezoelectric translator stiffness. Regardless
the stiffness exceeds the design constraint. The clamped mode transfer functions are given in
Figure 4.5. Clearly when the clamping units are activated the dominant mode in the radial (x)
direction is shifted to a higher frequency of 3.9 kHz, and the static stiffness increases to 626 [N/
um]. As well the rigidity in the y and z directions are noticeably increased when the clamping

units are activated.

Mode Direction f [Hz] e M[Kg] | C[Ns/m] | K[N/m]
Unclamped X 3200 0.027 0.9 985 3.70x10%
Unclamped y 1720 0.047 0.54 547 6.30x10’
Unclamped VA 2000 0.069 0.25 436 3.95x107

Clamped X 3870 0.028 1.059 1442 6.26x10%
Clamped y 1790 0.053 0.701 819 8.52x1074
Clamped z 2140 0.075 0.42 824 7.18x107

Table 4.3 : Identified actuator modal parameters.
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Figure 4.4 : Direct transfer functions for the x, y, and z directions, unclamped mode.
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Figure 4.5 : Direct transfer functions for the x, y, and z directions, clamped mode.
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4.5. Displacement sensor

The static gain of the capacitive sensor was calibrated using an HP 5517B laser and HP
10706B interferometer with a fundamental optical resolution of 158.2 nm, which is refined to 5
nm using the system electronics. For increments in applied voltage to the piezoelectric actuator
the sensor output voltage and laser interferometer position were recorded, shown in Figure 4.6.
The initial displacement of the sensor was varied, with the initial output voltage ranging from -9
volts to 1.4 volts (sensor output range is +/- 10 volts). The plots show the sensor is linear over the
entire output voltage range of the sensor. The average sensitivity factor is 0.2013 volts/micron,

which shows close agreement to the sensor specification of 0.2 volts/micron.

10

Sensor Qutput [volts]

: ; A ; : .| & Vo=-142
8k ... e o SRR e SRR LB Vo=-215 1} A
o : : : : : : ;
-10 ! 1 ! 1 1 1 1 t
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Interferometer Position [micron]

Figure 4.6 : Capacitive displacement sensor calibration.
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The Physik Instrumente E-509 capacitive sensor electronics card applies a low pass filter
with adjustable bgndwidth to the output position signal. In order to avoid aliasing during sam-
pling of the position signal, the sensor bandwidth must be set lower than the Nyquist frequency,
fy - For a sampling frequency of 7500 Hz, the Nyquist frequency is fy = 3750 Hz, thus the sensor
bandwidth is set to the maximum of 3000 Hz. The dynamics of the E-509 capacitive displace-
ment sensor electronics card were identified by comparing the direct transfer function (x-direc-
tion) obtained using an accelerometer to measure the response, to the transfer function obtained
using the capacitive displacement sensor. Given the pre-determined modal properties in the x-
direction (Table 4.3), the sensor dynamics can be solved for by curve fitting the transfer function
and assuming a form of the sensor transfer function. A first order filter with a zero and pole is
assumed. The measured displacement X, to actual displacement X transfer function is
expressed as Equation 4.2, and the block diagram is shown in Figure 4.7. The bode diagram of
the simulated sensor transfer function is given in Figure 4.8. The bandwidth is approximately 2.4
kHz, which is lower than the manufacturer’s specification of 3 kHz. The simulated and measured
magnitude and phase of the actuator transfer function is shown in Figure 4.9, and the real and
imaginary parts of the transfer function are shown in Figure 4.10. The simulated result shows
excellent agreement with the measured values. The peak value of the transfer function at the
dominant mode (3200 Hz) is approximately 60% of the value obtained from accelerometric data,
which agrees with the magnitude of the bode plot in Figure 4.8. The form of the real and imagi-
nary parts of the transfer function clearly show the effect of a higher order system with a zero as

they show trends opposite to a typical second order system.

X Bys+1 . _
G.(s) = m(8) B - —0.00004s + 1

(4.2)

X(s) = Bys+1 ~ 0.000111s+1
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System Dynamics Sensor Dynamics
F(s) X(s) Xm(s)
[Nm] 1 [m] B,s+1 [m]
ME +Cs +K B,s+1

Figure 4.7 : Block diagram of the sensor dynamics.
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Figure 4.8 : Simulated bode diagram of the sensor dynamics.
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4.6. Actuator system model

The piezoelectric translator and flexures are modeled as a second order system, and the sys-
tem model is expressed in Equation 4.3. The effective mass, damping, and stiffness are repre-
sented by variables M [Kg], C [Nm/s], and K [N/m], respectively. The displacement and its
time derivatives are represented by x(z) [m], x(¢) [m/s], and x(r) [m/s?]. The input force to the
system is F; [N], and the force disturbance is F; [N]. By assuming a constant gain K [N/volt]
to relate the input voltage to the piezoelectric actuator to the force input to the system, the control
signal u(t) [volt] can be introduced as in Equation 4.4 given the amplifier gain K, [volt/volt]. In
Laplace domain the system is described by Equation 4.5, and solving for the displacement yields

Equation 4.6. The block diagram of the system is given in Figure 4.11.

Mx(t) + Cx(t) + Kx(t) = F,— F, 4.3)
Mx(t) + Cx(t) + Kx(t) = K,Kp-u(t)-F, (4.4)
Ms*X(s) + CsX(s) + KX(s) = K,KzU(s) — F (s) (4.5)
KK 1
X(s) = —5 AT U(s) - —5———F (s (4.6)
Ms +Cs+K Ms"+Cs+K
Fd (s)
(N]
u(s) Fi (s) X(s)
[volt] p [N] O- 1 [m]
—| K > rO—| ————— &
A F + M32+ Cs+K

Amplifier Gain  Input voltage-

Force Relation System Dynamics

Figure 4.11 : Block diagram of the translator-flexure system.
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4.7. Sliding mode controller design

The controller design is based on the methodology proposed by Zhu et al [32] , who devel-
oped a sliding mode controller with parameter adaptation to control a piezoelectric actuator for
precision turning. The results achieved by Zhu et al showed the sliding mode controller ade-
quately rejected cutting force disturbances and compensated the inherent non-linearities of the
piezoelectric translator. Thus the controller design is implemented in this work, and the steps are
outlined below.

A sliding surface, S, is designed as in Equation 4.7, where A [1/s] > 0 is a constant gain which
specifies the bandwidth of the response, x [m] is the displacement, and x, [m] is desired dis-
placement. As the sliding surface contains both the error in displacement and the error in veloc-

_ity, convergence of the sliding surface to zero (S — 0) ensures convergence of the system states
to the desired values (x = x; and x = 0). The actuator is intended for regulation tasks with a
fixed position input, thus the derivative of the desired displacement, Jéd, is zero.

S = AMxy—x) + (xg—x) @.7)
A(x;—x) - X

The time derivative of the sliding surface is expressed as

S = —(Ax+%) 4.8)

Neglecting the disturbance force included in Equation 4.4, the acceleration x is expressed by

~ ~ ~

Equation 4.9 where M, C, and K represent the estimated plant parameters.

~ ~

K.K .
5= -AcE, C. K (4.9)

M M M

.Substituting into the derivative of the sliding surface yields

A

K.Kr . KJ

(4.10)

S.'=—(7ué+ — U—=X — =X

M M M
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In order to guarantee asymptotic convergence of the sliding surface to zero, the Lyapunov
stability theorem is applied. The theorem states the following [55]:
An equilibrium point of a time invariant dynamical system is stable if there exists a continu-

ously differentiable scalarfunction V(x) such that along the system trajectories the following is

satisfied
V(x)>0, V() =20 4.11)
(o o dV _ AV dx
V) = dr ~ ox 3 =0

If the condition is a strict inequality then the system is asymptotically stable.

By designing the Lyapunov function to be a function of the sliding surface, satisfying the the-
orem wiil ensure convergence of the sliding surface to zero. The Lyapunov function V(t) is cho-
sen to include the sliding surface §, and the error between the disturbance, d [N], and a
disturbance observer d [N]. A constant gain, p >0 [N/m], is included as well. The Lyapunov
function is positive definite and continuously differentiable in accordance with the Lyapunov the-
orem.

~2

V(S, (d—d)) = %[A}S%(d 'pd) } (4.12)

The disturbance observer is designed by [59], and given by Equation 4.13. The disturbance
observer is an estimate of the sum of all disturbances in the systems, which include the cutting
forces, errors in parameter estimates, and unmodeled hysteresis and creep of the piezoceramic
actuator. A range of values is applied to the disturbance observer such that de [d,d"] where

d’and d* denote the lower and upper bounds of the disturbance, respectively.

d = pSk (4.13)
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taking the integral yields
d = [pxSdr = px[sds (4.14)
where K is designed to impose limits on the control signal, and is given by

0 if d<d- and S<O

0 if d>d and S20
1 otherwise

K = (4.15)

In a stable turning process the cutting forces are constant, except for high frequency forces

due to chip breaking and frictional forces. For a constant disturbance d the derivative of the

Lyapunov function is given by

. _ V. dS, _ 9V _ dd-d)

oS dt+a(d_[1) dt

V= MSS’—%—CQ&

Substituting the derivative of the sliding surface (Equation 4.10) and disturbance observer
(Equation 4.13) yields Equation 4.16.

V = — MASx + CSx + KSx— SuK, Ky + Sd — S(d - d)x (4.16)
V = — MASx + CSx + KSx — Suk K+ Sd + S(d—d)(1 — )

According to Equation 4.15, S(d - 21)(1 —K) <0, thus the derivative of the Lyapunov func-

tion can be expressed as
V<~ MASx + CSx + KSx — Suk Ky + Sd 4.17)

By introducing the feedback gain K, the following equation will ensure stability since

~K,§° <0,

— MASx + CSx + KSx— Suk Ky +5d = -K,S° (4.18)

s
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Solving for u yields the control law in Equation 4.19.

~MAx+Cx+Kx+d+K,S
W= (4.19)
K,Kp

Substituting Equation 4.14 for the disturbance estimate yields Equation 4.20.

— MAx + Cx + Kx + pKISdt +K.S
U = (4.20)
KsKp

Force Disturbance

N
Input s %—’ P R Fd (s) Output
Displacement l u(s) | Displacement
+ + + 1 - 1

S) ———» — b1 K, | Ke O X(S)
Xd( ) A —O S(s) E O_>KAK,_— A ll MSZ+ Cs+K

Actuator
Dynamics

x>

5

Figure 4.12 : Block diagram of the sliding mode controller with parameter adaptation.

The block diagram of the controller is presented Figure 4.12. The controller consists of error
feedback components K. S and pKIS dt, as well as feedback terms —AAH»)'C, &‘x and I;'x. Unlim-
ited bounds are set on the disturbance observer, Zl € [—oo, +oo], such that no limitations are
imposed on the controller integral action (x = 1 in Equation 4.15). The gain relating the input
voltage to the piezoelectric translator to the equivalent force on the system, K., is determined by
the ratio of the static flexibility K [N/m] to the static gain K, [volt/m] relating input voltage to

displacement at zero frequency. The amplifier gain is assumed constant over the frequency

range.
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Ky = 1332 [N/volt]
K, = 100 [volt/volt]

The estimated plant parameters determined from the direct transfer function in the radial

direction (Table 4.3) are

M =09 [Kg]
C = 985 [Ns/m]
K

370x10° [N/m]

The constraints on the closed loop response of the system are the rise time and overshoot.
The rise time must be such that the cutting tool responds to a step disturbance in the machining
process before the next revolution of the part. In this way any form error on the part due to con-
troller response is limited to the first revolution. The worst case of a high cutting speed of 400 m/
min and a small part diameter of 25 mm dictates that the rise time be less than 20 msec. The con-
troller must be tuned such that the desired value is not overshot, which would cause grooving on
the surface of the part, although completely no overshoot from a critically damped system would
result in a slow system response. Thus the maximum overshoot is set to 1%. Through simulation
using Matlab/Simulink software the control parameters are tuned to achieve the desired response.
The tuned constants used in the controller are:

A = 350 [1/s]
o = 7.0x10"  [N/m]
K, = 2.3x10° [Ns/m]

A low pass filter is applied to the velocity computation to reduce the effect of noise from the
capacitive sensor. In discrete time domain the velocity is computed from the displacement as in
Equation 4.21, where T [s] is the sampling interval, and o is set to 0.5. The control law is imple-

mented in digital form in the control software. For integration the sliding surface is approximated

as a constant over the sampling interval in discrete time domain as given in Equation 4.22.
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x(k) = a}&(k—l)+(1;—°‘)[x(k)—x(k— N (4.21)

N

[Sdr(k) = [Sdr(k—1)+S(K)T, 4.22)

4.8. System response

The measured and simulated open loop response of the system for a step control input u of
0.5 volts is presented in Figure 4.13. The simulated response shows an offset in the static gain of
5%, and much less damping compared to the actual response. This may be explained by the
assumption of a static gain relating input voltage to input force. In the actual system the dynamics
of the input voltage to displacement transfer function may not simply be a ratio of the input force
to displacement transfer function. As well actuator creep is such that the final position changes
over time and is not fixed as with the simulation. The rise time of the open loop actuator is 0.4
ms, and the settling time is 4 ms.

The closed loop response of the actuator and simulation is presented Figure 4.14 for the slid-
ing mode controller parameters listed in section 4.7. The response is the result of a unit step dis-
placement input of 1 micron. Clearly the desired response is achieved, as the final value is 1
micron and the oscillations and creep associated with the uncontrolled system are eliminated. The
actuator rise time is 10 ms, and the overshoot is less than 1%. The steady state error is 0.010
micron, due to sensor noise. The simulated response shows excellent agreement with the actual
response, despite the discrepancies in the simulated open loop system. The rise time of the con-

trolled system is twenty five times that of the open loop system, thus the controller significantly

slows the response such that the effect of unmodeled dynamics in the simulation is negligible.
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Figure 4.13 : Open loop System response to a step voltage input.
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Figure 4.14 : Closed loop system response to a unit displacement step input.
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4.9. SMC and feedforward force control

By measuring the radial cutting force using the integrated force sensor arrangement (section
3.5.1) a feedforward force control scheme can be investigated. The block diagram of the feedfor-
ward controller is given in Figure 4.15. The force sensor charge signal is processed by a charge
amplifier, which outputs a voltage vy proportional to the measured force. Using the calibration

factor of the sensors, K, the measured force is obtained. The feedforward transfer function
_1

K,Kp '
In this way corrective action by the controller is taken before the process is influenced by the

fo is simply a static gain designed to cancel the force disturbance F; [60], thus Gy =

force disturbance. Implemented in discrete time domain the measured force F, (k) is filtered to

remove high frequency components as given by Equation 4.23, where Ol is set to 0.8.

Force Disturbance

Measured charge Fq(s)
amplifier signal . Output
Vi) Frm (s) u(s) 1 Displacemen
G K K O—> X(S)
s i . e Ms% Cs + K
Actuator
Dynamics

Figure 4.15 : Block diagram of the feedforward force controller.

F,(k) = aF,(k=1)+(1 ;ocf)Fm(k) (4.23)

Since no position feedback is included this controller will only compensate the tool deflec-
tion due to radial cutting forces. Position will be affected by hysteresis, creep, variation in the
force sensor calibration, and any errors in the transfer function Gy The feedforward force con-

trol can be combined with the sliding mode controller designed in section 4.7 to allow position

feedback control. In this case the measured disturbance force F, is included in the system model
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as an approximation of the actual force disturbance F; as represented in Equation 4.4, and the

acceleration of the tool is expressed by Equation 4.24.

~ ~

. KK . F
= AE, Lo K T (4.24)

M M M M

Substituting Equation 4.24 into the derivative of the sliding surface yields

.S.'=—[7w'c+ U= X — X —
M M M M

Using the Lyapunov function (Equation 4.12) and following the steps outlined in section 4.7
the control law given by Equation 4.26 is obtained. The block diagram of the controller is pre-
sented in Figure 4.16.

— M)x + Cx + Kx + pK_[Sdt +KS+F,

= 4.26
u K.K, (4.26)

Measured Force
Fm (S)

Force Disturbance
Fd (s)

1 d
Input s "l <P ' Gy Output
+

Displacement Displacement

1 + - 1

+ ,—
X((S) — L+ O—| K Ke [~O— x(s)
o) - * S(s) L - + | KaKe +u(s) A il I ME+ Cs + K
Actuator
N Dynamics
s |—[ & o .
A
K

Figure 4.16 : Block diagram of sliding mode controller with feedforward force control.
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4.10. Summary

In this chapter the important actuator system properties were identified. The instrumentation
used for operation of the actuator was presented, as well the dynamics of the sensor electronics
card were discussed. The piezoelectric actuator exhibited two types of non-linearity; hysteresis
and creep. The hysteresis was as high as 25%, and creep showed exponential decrease over time.
Both phenomenon make it necessary to operate the eicfuator under closed loop position control.
The modal properties of the structure were identified, in both the unclamped and clamped mode.
All natural modes are above 1000 Hz. In the‘ radial (x) direction the unclamped properties of the
dominant mode are a natural frequency of 3200 Hz and a damping ratio of 2.7%. Using the
obtained mass (0.9 kg), stiffness (3.7e8 N/m), and damping (985 Ns/m) the output displacement
to input force transfer function was identified. Activating the Clamping Units showed a significa-
tion increase in stiffness for each direction.

Combined with a static gain representing output force to input PZT voltage and the amplifier
gain, the x-direction transfer function was used to model the actuator displacement given an input
control signal. A sliding mode control law was developed with three control parameters, tuned
through simulation and experiment. Simulation results for the actuator model showed less damp-
ing compared with the experimental values, as well as the unmodeled PZT creep. The simulated
control response showed excellent agreement with the actual response. The system performance
for a step input was a rise time of 10 ms, and 1% overshoot. Finally feedforward force control

was added to the sliding mode controller to compensate the cutting force disturbance during

machining before the tool position is affected.




Chapter 5

Experimental Results

5.1. Introduction

The performance of the piezoelectric actuator was evaluated by performing cutting test
experiments on conventional machine tools. This chapter presents the results of precision turning
experiments performed at the UBC Manufacturing Automation Laboratory. Of prime interest is
the achievable positioning accuracy of the actuator, which is characterized by examination of the
feedback position signal and the part dimensions. The use of the actuator for micro profiling of
shafts is presented, and compared to a conventional machine. An investigation of the achievable
surface finish in precision turning of both mild and hardened steels is included in order to deter-
mine the deviation from an ideal turned surface. The actuator was installed and operated at two
industrial sites; Pratt & Whitney Canada and Caterpillar Inc. The purpose was to determine the
feasibility of the actuator in an industrial setting, and the achievable level of part tolerances
(diameter, surface roughness) given a practical amount of tool wear. These results are presented,

and discussed with respect to the specific industrial application.

5.2. Experimental setup

The cutting experiments were performed on a Hardinge Superslant GN6T two-axis CNC hor-
izontal turning centre in the Manufacturing Automation Laboratory at UBC. The setup of the
actuator on the turning centre is presented in Figure 5.1. The toolholder used was a Komet
MVINL16 left handed toolholder, which accommodates 35 degree diamond shaped inserts suit-

able for finishing. The back rake angle is -9 degrees, the side rake -5 degrees, and the lead angle

86
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is 3 degrees. Two types inserts were used, depending on tﬁe application. For low hardness mate-
rials coated carbide inserts were used, and for high hardness material cubic boron nitride (CBN)
inserts were used. The properties of each insert are listed in Table 5.1. Two workpiece material
types were tested, AISI 4340 and AISI 4320 steel, the former being a medium hardness steel (35-
40 HRC) and the latter being a high hardness steel (58-62 HRC). The composition and selected
properties of each are given in Table 5.2. For tests using carbide inserts CIMPERIAL 1070 cut-

ting fluid with 5% dilution was used to reduce tool wear by removing heat from the cutting zone.

Supplier Valenite Sandvik
ISO VNMG 16 04 04 -1W VBMW 16 04 04
Designation SV325 S01020
CB20

No. Sides 2 1
Chipbreaker Yes None

Chamfer None 0.1mm x 20deg

Material Carbide low content CBN w/

TiN
Coating A1203, TiC, TiN None

Table 5.1 : Inserts used for the cutting tests.

Steel Grade AIST 4340 AISI 4320
Composition 0.80 Cr, 1.8 Ni, 0.25 Mo, 0.35/0.65 Cr, 1.55/2.0 Ni,
(Weight %) 0.38/0.43C 0.2/0.3 Mo, 0.4/0.7 Mn,

0.17/0.23 C

Treatment Heat Treated Carburized

(0.79 mm case depth)
Hardness 35-40 HRC 58-62 HRC
o~y Transition 723-775C 723-825 C
temperature
Diameter 75 mm 70 mm
Length 50 mm 150 mm
Supplier Pratt & Whitney Canada Timken Research

Table 5.2 : Workpiece material specifications.
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e

o > Turret

Actuator

Figure 5.1 : Experimental setup on the Hardinge lathe at MAL-UBC.

5.3. Position control

The controller performance during cutting was investigated by considering the position sen-
sor signal. Figure 5.2 presents the tool position during the cutting process for both the open loop
and controlled cases at a 0.1 mm depth of cut. Included is the radial cutting force measured using
the integrated force sensors discussed in section 3.5.1, as well as the control signal input to the
amplifier. The results are for the 4340 steel and carbide insert, at 125 m/min cutting speed and
0.05 mm/rev feed rate. In the uncontrolled case the tool deflects 0.07 microns when the average

cutting force of 24 N is applied. This corresponds to a stiffness of 343 N/micron, which shows
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close agreement to the identified radial stiffness of 370 N/micron (Table 4.3). Including the actu-
ator creep and sensor noise the total position error is approximately 0.1 microns such that the
effective stiffness is 240 N/micron. Undér control the stiffness is increased to 686 N/micron, as
the position is held to within 0.035 microns. For the case of precision finishing at a 5 micron
depth of cut, the average cutting force measured using the integrated force sensors is 6 N. The
position is held to within 0.020 microns as shown in Figure 5.3. The corresponding stiffness is
300 N/micron, clearly limited by the sensor noise. With the machine on and spindle rotating and
no cutting, the base noise in the sensor signal is 0.010 microns, and the uncertainty in the achieved
position control is roughly twice that value. The results show that for both semi-finish (0.1 mm)
and finish (0.005 mm) machining the actuator has low static deformation in the radial direction,
and that the controlled tool position is held to less than 0.1 microns given in the design constraints
(Chapter 3).

It is clear that the inherent non-linearities of the piezoelectric translator, namely the hysteresis
and creep, as well as the actuator deflection under cutting force disturbance are compensated for
by the sliding mode controller. The effects of creep and force disturbances can be clearly seen in
the input control signals given in Figures 5.2 and 5.3. Considering the positioning resolution of
conventional machines can range from 5 to 20 microns, the piezoelectric actuator system aug-
ments the resolution up to 1000 times for precision finishing operations. The level of achieved

resolution is such that the system positioning is on the level of high precision machines, although

only within the 35 micron stroke of the actuator.
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Figure 5.2 : Radial cutting force and tool positioning for a 0.1 mm depth of cut.
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Figure 5.3 : Radial cutting force and tool positioning for a 0.005 mm depth of cut.
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Figure 5.4 presents the tool position during machining at 0.1 mm depth of cut for the feedfor-
ward force controller alone as well as combined with the sliding mode controller, as outlined in
section 4.9. Using the simple feedforward force controller the disturbance due to the radial cut-
ting is rejected, although there is a slight overshoot indicating small errors in the force sensor cal-
ibration as well as the feedforward transfer function G,. When combined with the sliding mode
controller the position is controlled to the reference value without offset. The achieved resolution
remains limited by the sensor noise, thus the addition of the feedforward force controller shows
no improvement in the controller performance. As two additional force signals are sampled in*“
each control interval, the sampling frequency must be decreased to guarantee all computations are
performed within the sampling period. Based on this drawback, and the comparable positioning

resolution, the sliding mode controller alone is used for position control.
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Figure 5.4 : Position control using feedforward force compensation for a 0.1 mm depth of cut.
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5.4. Micro profiling

Although the position feedback is controlled to less than 0.025 microns for precision finish-
ing, this alone provides no information as to the Quality of the machined part. Since only the
radial direction is controlled, the actuator and tool are subject to static deflection in the feed and
tangential directions. As well no compensation is provided for the static and thermal deflection of
the machine tool, the control resolution of the CNC x-axis, or the alignment of the z-axis. Thus
for a given command input to the actuator, the actual change in dimensions reflected on the part
is of interest. Experiments were performed to investigate the achievable micro profiles in hard
turning of 4320 steel (58-62 HRC), these included step, taper, and convex profiles. The command
input to the controller was incremented in each sampling interval to achieve the desired input pro-
file. The cutting conditions for all tests are 125 m/min cutting speed, and 0.05 mm/rev feed rate.
The insert used was the chamfered CBN tool, and tests were performed without cutting fluid to
avoid fracture of the CBN material due to thermal shock.

The surface profiles were measured with a Mitutoyo stylus type surface analyzer. The
achieved profiles for a 5 micron and 1 micron step change are presented in Figure 5.5. The profile
shown is the unfiltered profile, which contains both the roughness and waviness components of
the profile. For both the 5 micron and 1 micron step changes in command position, the profile
reflected on the surface of the workpiece shows excellent agreement. Due to the roughness and
waviness of the surface it is difficult to determine the error between the desired and achieved
change in position, a value of 0.1 microns is estimated. For comparison the same step change
commands were given to the CNC of the machine with standard tooling, the obtained surface pro-
file is shown in Figure 5.6 for a 5 micron and 1 micron step change. The resulting error in tool
positioning by the feed drive is approximately 3 microns. Although it is considered a precision

turning machine, clearly it alone cannot deliver submicron positioning. As well the start of the

feed drive motion in the radial direction is jerky and causes grooving.
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Step Change: 1 micron
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Figure 5.5 : Step change in depth of cut, actuator control.
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Step Change: 1 micron
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The use of the actuator for dynamically varying the depth of cut is investigated as well.
Although the sliding mode controller has been designed assuming constant input command, the
magnitude of the commanded displacement input change at each sampling interval is small, such
that tracking errors are negligible. The achievable micro profile in hard machining a fine taper is
presented in Figure 5.7 for precision turning using both the piezoelectric actuator system and the
machine CNC feed drive control. The desired taper height is 10 microns, with a length of 10 mm.
Under actuator control the profile is smooth and the desired taper height is achieved. Using the
linear interpolation of the CNC controller the profile is jagged with a three micron error in height.
Although the manufacturer’s specification for control resolution is +/- 0.25 microns, clearly the
effects of the feed drive friction and backlash are reflected on the part profile. By allowing such a
smooth change in tool position over time the actuator may be suitable for fine compensation of
thermal growth in machine tools, given a known deviation in part diametrical tolerance as a func-
tion of machining time. For precision bearing design a micro convex profile can be applied to the
bearing surface to reduce edge pressures. Figure 5.8 presents the machined surface profiles for
convex and concave profiling of the hardened steel, in which the desired profile height is 10
microns. The measured profiles show close agreement with the input command. It should be
noted that no compensation was provided for the tool nose radius, thus cutting took place at vary-

‘ing locations along the cutting edge for the circular path such that the profile differs slightly from
a true convex or concave shape. Including the surface waviness and roughness the desired trajec-
tory is followed within 0.2 microns. The cutting conditions for both the linear and circular profil-
ing were 125 m/min and 0.05 mm/rev feed rate, using CBN tooling.

From the achieved part micro profiles it is evident that the positioning accuracy of a conven-
tional machine can be significantly improved when the piezoelectric actuator system is incorpo-
rated. As well it has been shown that the commanded controller input is reflected as an equivalent

change in depth of cut during finish machining. Thus the design constraint of sub-micron posi-

tioning resolution is satisfied.
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Figure 5.7 : Tapered profile for both actuator and CNC control.
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Figure 5.8 : Convex and concave surface profiles.
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5.5. Surface roughness

The surface roughness after finish turning was investigated for both the mild and hardened
steels. For each measured 2-D profile the analysis software corrects for inclination and edge
effects to obtain the unfiltered (P) profile, and then a filter is applied to obtain the roughness (R)
profile. The roughness parameters are evaluated according to the JIS JB0601-1994 standard, and
are highly sensitive to the filter type and amplitude transmittance. The filter specified by the JIS
standard is Gaussian, whereby the amplitude transmittance is 50% at a specified cutoff value (A.).
The cutoff value, based on the expected range of average roughness, is set to 0.8 mm for the range
0.1 microns < R, < 2.0 microns [61]. The evaluation length of the profile is 8 mm which is in
accordance with the minimum value of 4 mm specified in the standard. The parameters investi-
gated are the average roughness R,, the ten point height of irregularities R,, and the maximum
peak to valley height R,. The average roughness, commonly specified in design, provides no
information as to the shape of the profile. In general R, provides a more meaningful description
of the profile than Ry, as it is determined by the sum of the average height of the five highest
peaks and the average depth of the five deepest values. The surface roughness parameters were
determined for cutting speeds of 150 m/min and 200 m/min, and for feed rates of 0.03 mm/rev,
0.04 mm/rev, and 0.05 mm/rev based on the recommendations of Zhu et al [32] for 4340 steel.
Each cutting test consisted of a semi-finish pass at 0.1 mm depth of cut, followed by a finish pass
at a depth of cut of 5 microns. The length of cut was 10 mm. As well a new insert was used for
each test to reduce the effect of tool wear on achievable roughness. For each cutting condition the
profile was measured at three locations around the circumference of the shaft.

The obtained surface roughness values for machining of 4340 steel (38 HRC) are presented
in figures 5.9 and 5.10 for cutting speeds of 150 m/min and 200 m/min, respectively. Plotted are

the mean value for each cutting condition, with the error bars indicating the scatter in values mea-

sured along the circumference of the shaft. As expected the maximum roughness R, is slightly
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higher than the average of the five highest peaks and five lowest valleys, R,. For the given feed
rates there is no effect of cutting speed on roughness. Scatter between results along the circumfer-
ence is low when considering the average roughness, and a maximum of 0.3 microns when con-
sidering R,. Feed rate had a minimal effect on roughness. The achieved average roughness is
0.25 microns, and 1.3 microns R,.

The roughness results for hard turning of 4320 steel (60 HRC) for cutting speeds of 150 m/
min and 200 m/min in figures 5.11 and 5.12, respectively. For the harder material the surface fin-
ish shows definite improvement compared with the softer material. This is explained by the
reduced plasticity and softening of the harder material for the same cutting conditions. Reduction
in the plasticity serves to reduce the amount of plastic flow around the tool in the feed and tangen-
tial directions, thus improving the surface texture. The average roughness for the carburized steel
is as low as 0.1 microns at 0.03 mm/rev feed rate, with a corresponding R, of 0.7 microns. The
values are slightly lower at higher cutting speed, although there is not enough data to conﬁrm this
trend. Tables 5.3 and 5.4 summarize the results for all cutting conditions, along with the associ-
ated cutting lengths.

The ideal average and maximum roughness based solely on feed rate and tool nose radius
(Equation 2.1) is included in Figures 5.9 through 5.12. Note that in the ideal case R, equals R,.
For the 4340 carburized steel the results show close agreement with the ideal value at a feed rate
of 0.05 mm/rev. At lower feeds the roughness values do not decrease. This may be explained by
the increased fraction of the chip which has a chip thickness lower than the minimum value for
chip formation (see Figure 2.6). Where the chip thickness is less than the minimum value only
elastic and plastic deformation take place, and the material is ploughed by the cutting tool. Thus
the achievable surface finish for the cutting tool used is limited. Decreasing the chamfer angle

and increasing the sharpness of the cutting edge, effectively decreasing the rake angle, would

reduce the radial force component and reduce the minimum chip thickness. In practice this may
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be difficult as tool manufacturer’s provide a limited range of tool geometry, and values for the cut-

ting edge sharpness are not given.

Feed Speed Cutting R, R, Ry
[mm/rev] [m/min] Length [m] [micron] [micron] [micron]
0.03 150 147 0.22 1.47 1.78
0.03 200 147 0.21 1.37 1.57
0.04 150 110 0.24 1.52 1.87
0.04 200 110 0.26 1.82 2.16
0.05 150 88 0.25 1.60 1.85
0.05 200 88 0.29 1.81 2.07
Table 5.3 : Surface roughness results for 4340 steel (35-40 HRC).

Feed Speed Cutting l-la R, Ry
[mm/rev] [m/min] Length [m] [micron] [micron] [micron]
0.03 150 157 0.13 0.82 0.94
0.03 200 157 0.11 0.70 0.79
0.04 150 118 0.12 0.75 0.85
0.04 200 118 0.12 0.74 0.81
0.05 150 94 0.14 0.83 0.89
0.05 200 94 0.12 0.80 0.90

Table 5.4 : Surface roughness results for 4320 steel (58-62 HRC).
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Figure 5.9 : Surface roughness of 4340 steel at 150 m/min.
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Figure 5.11 : Surface roughness for 4320 steel at 150 m/min.
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Figure 5.12 : Surface roughness for 4320 steel at 200 m/min.
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5.6. Industrial application 1: Pratt & Whitney Canada

To determine the feasibility of the system in an industrial application the actuator was tested
at Pratt & Whitney Canada (PWC) in Longueuil, Quebec, with the support of Manufacturing
Engineering Development. The machine tool used was an Okuma LB45 two-axis horizontal
CNC turning centre. The system setup is shown in Figure 5.13. The workpieces tested were
medium hardness turbine shafts and disks. The current machining operations for the turbine
shafts include rough turning followed by grinding. Although surface finish requirements are met
in the turning operation, high diametrical tolerances cannot be met due to the positioning accuracy
of the turning machine, thus the grinding operation is required. The same coated carbide cutting
inserts used in production were selected. The purpose of the tests was to determine the positioning
accuracy, the achievable surface roughness, as well as the logistics for practical implementation of

the actuator system.

(Courtesy of Pratt & Whitney Canada)

Figure 5.13 : Actuator setup at Pratt & Whitney Canada.
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Cutting tests were performed in which a step change in command position was given to the
actuator. The desired shaft diameter reduction is plotted against the measured value in Figure
5.14. The actual change in shaft diameter was measured using a laser scanner. For diameter
reductions greater than 10 microns the results are within 5% of the desired value. At smaller
changes in depth of cut (<5 microns) there is a high degree of scatter in the results.  In general
the obtained results are within a few microns of the intended values. Although significant
improvement was achieved compared with conventional machines, the results were worse than
those achieved at MAL-UBC for hardened steel. The discrepancies may be explained by the
achievable surface roughness for the toolfmaterial pair. [Extrapolating the average roughness
measurements yields peak to valley roughness values of 1 to 4 microns. In measuring the size of
the step change an average of several diameter measurements around the circumference of the
shafts were measured before and after the step. = A diameter measurement taken in the valley of
the feed mark may show 2 to 8 microns difference compared to one measured on a peak, thus
there is inherent error in the diameter measurement.

The average roughness of the measured surfaces are presented in Figure 5.15 for the range of
feed rates 0.02 < f < 0.1 [mm/rev], along with the ideal turned surface roughness. The trend is
comparable to that of the ideal result, with roughness showing an exponential dependence on feed
rate. The shifting of the obtained values is most likely due to tool wear, as well as plastic flow of
the work material around the tool during the cutting process. The obtained surface finish values
are within the tolerances specified by PWC. The actuator is sufficiently compact that there was
no interference with other tools in the lathe turret. The main drawbacks of the system were deter-
mined to be the short stroke, limitations to subsequent cutting operations due to the interference of

the actuator cabling (eg. tool changes), and the need for integration with the CNC controller of the

machine.
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Figure 5.15 : Average roughness values for PWC tests.
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5.7. Industrial application 2: Caterpillar Technical Center

Hard turning tests were performed at the Caterpillar Inc. Technical Services Division in Peo-
ria, Illinois. The objectives were to determine the achievable surface texture, form, and surface
integrity in machining roller shafts with various cutting conditions and tool geometry at low depth
of cut. Currently roller shaft components are manufactured by first rough turning, followed by
grinding to meet surface finish requirements. The actuator system was mounted to a five-axis
Mazak Integrex 300Y turning machine as shown in Figure 5.16. An adapter plate was machined
to provide an interface to the actuator body from the machine tooling system (Sandvik Capto C6).
The work material was a 52 HRC alloy steel. The cutting tests comprised of rough, semi-finish,
and finish turning with the same cutting insert to represent a practical amount of tool wear. The
rough and semi-finish cuts were performed at 0.2 mm depth of cut, and a length of cut of 100 mm.
The finishing depth of cut was 0.02 mm, for a length of 80 mm. In this way the microstructure of
the semi-finish and finish pass could be compared at the same location for the same tool. The test
variables considered were cutting speeds of 125 and 185 m/min, feed rates of 0.04 and 0.08 mm/
rev, and tool nose radius of 0.4 and 0.8 mm. Low CBN content inserts were used, with a 0.1 mm
x 20° chamfer.

The average roughness results (using 50% Gaussian filter) are presented in Figure 5.17 for
the 0.4 mm nose radius tool, and in Figure 5.18 for the 0.8 mm nose radius tool. Included is the
ideal average roughness based on feed rate and geometry (Equation 2.1). At a feed rate of 0.08
mm/rev the average roughness shows good agreement with the ideal value. When the feed rate is
decreased the roughness decreases as well, but to a lesser extent compared with the ideal. Again,
this may be explained by the increased fraction of the chip having less than the minimum chip
thickness at lower feed rate, causing increased ploughing of the work material. In comparison
with cutting tests performed at MAL-UBC for hardened steel at the same cutting conditions and

tool geometry, the results show roughness three times higher. This is attributed to the reduced
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hardness of the material (52 versus 60 HRC), which allows increased plastic flow around the tool
edge and increased tool wear. The cutting tests at Caterpillar had a cutting length of 1720 m (at
0.04 mm/rev feed), which is fifteen times larger than the tests conducted at MAL-UBC. The
increased cutting length causes increased wear in the flank of the tool, which increases rubbing
against the newly machined surface. The lowest achievable average roughness was 0.3 microns,

which met the part specification.

(Courtesy of Caterpillar Inc.)

Figure 5.16 : Actuator setup at Caterpillar Technical Center.

The form of the machined shafts was investigated for the actuator-machine setup. The form
errors of interest were the roundness and straightness of the machined shafts. Roundness errors
are attributed to spindle eccentricity, as well as tool and machine vibration. Straightness errors are
the result of machine, tool, and workpiece deflection, thermal deformation, and vibration of the
machine, tool, and workpiece. The effects of the piezoelectric actuator on achievable form

include increased tool deflection due to the addition of flexible interfaces, increased bending
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moments on the machine tool structure due to the large tool stick out in the feed direction, and any
vibration of the actuator body which may be reflected as surface waviness on the part. The
roundness error was measured at four locations along the length of the test shafts, and the results
given in Figure 5.19. The maximum roundness is 6 microns. Straightness errors are less than 7
microns for a 78 mm length, shown in Figure 5.20. The form errors are within the part tolerances,
indicating that the machine tool combined with the actuator had sufficient stiffness for precision
machining of roller shafts.

The effect of low depth of cut on surface integrity was investigated by comparing the shaft
microstructure in the semi-finish and finish pass. Microstructure samples were prepared by sec-
tioning the workpieces using wire EDM (at slow feed to reduce the risk of thermal damage) and
then polished and etched. The obtained microstructures are presented for depths of cut of 0.2 mm
and 0.02 mm in Figures 5.20 and 5.21 for cutting speeds of 125 m/min and 185 m/min, respec-
tively. In all cases there exist a 1-4 micron wﬁite laye‘r," indicating that the reduced cutting forces
at low depth of cut were not a factor in white layer generation. Although the residual stresses
were not measured, the existence of the thin damaged surface layer indicates tensile residual
stresses are expected on the shaft surface. Below the surface highly compressive stresses are
expected due to the high mechanical stresses generated by the machining process. The tensile
surface stresses may cause the shaft to be susceptible to the initiation of micro cracks on the sur-
face, which would affect the part functional behaviour (wear resistance, lubrication). The effect of
the white layer on fatigue life of the shaft is difficult to predict without experimental fatigue tests.
From axial fatigue tests it has been argued by Smith and Melkote [28] that the white layer is sim-
ply an artifact of the machining process, and has no significant affect on the axial fatigue life of a

hard turned specimen. As well Tonshoff et al [8] showed results indicating that the surface integ-

rity had a minor influence on the fatigue life of roller bearings subjected to rolling contact loads.
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5.8. Summary

In this chapter the experimental results obtained for precision turning using the piezoelectric
actuator have been presented. In machining of a medium hardness 4340 steel the achieved posi-
tioning resolution for a finishing depth of cut of 5 microns was 0.02 microns. Investigation of the
controlled position as well as the control signal shows that the sliding mode controller rejects dis-
turbances caused by cutting forces as well as actuator non-linearity to precisely control the tbol
position. To ensure the commanded position to the controller is reflected as an equivalent change
in depth of cut on the machine part, a series of micro profiles were machine on a hardened 4320
steel workpiece. Position step changes of 5 microns and 1 micron showed that the desired posi-
tion change was achieved to a high degree of accuracy, measured using a surface analyzer. Simi-
lar precision was achieved in machining a micro taper, convex, and concave profiles. The profiles
were compared to those obtained using a Hardinge precision turning centre. The precision
machine showed positioning errors up to 3 microns, as well as jerky motion between linear inter-
polation blocks. An investigation of the attained surface roughness was performed for both the
medium and high hardness steels, at low feed rates (0.03 mm/rev to 0.05 mm/rev) and high cut-
ting speeds (150 m/min and 200 m/min). The high hardness 4320 steel showed precision quality
roughness, with maximum roughness R, less than 1 micron, and average roughness R, of 0.1
micron. The 4340 steel showed increased roughness, due to the increased level of plasticity caus-
ing material side flow around the tool.

The actuator system was evaluated at two industrial sites, Pratt & Whitney Canada and Cater-
pillar Inc., for precision machining of shafts. Results from Pratt & Whitney for turbine shaft
machining éhowed accurate tool positioning and acceptable surface finish. In precision turning
of hardened roller shafts at Caterpillar Inc. no significant improvement was achieved with regards

to surface texture or integrity. In this case the actuator was not a viable alternative to grinding

operations.




Chapter 6

Conclusions and Recommendations

6.1. Conclusions

In this thesis, a piezdelectric tool actuator for precision turning of shafts has been designed,
analyzed, manufactured, and implemented. The actuator is designed to be mounted on conven-
tional turning machines to provide fine tool positioning otherwise not achievable due to the limi-
tations of machine tool drives. The actuator is intended to be operated by first performing semi-
finish machining in which the machine tool feed drives executes both radial and feed motions.
Following the semi-finish pass the shaft diameter is measured, and compared to the design speci-
fication. The radial axis of the machine is then fixed, the actuator is retracted a small amount to
clear the workpiece, and the feed motion of the machine brings the tool to the start of the cut. The
final finishing depth of cut is input to the actuator, and is precisely controlled during the finishing
pass. In this way the shaft is precision turned on a conventional machine, and subsequent opera-
tions on a high precision lathe or grinding machine are not required, provided the surface rough-
ness tolerances are met.

The design of the actuator was driven by constraints on overall size (dimensions, compact-
ness), structural properties (stiffness, natural frequency), motion (useful range and resolution,
friction free), and operability (tooling, force measurement, rigid clamping). The design con-
straints were satisfied through design for minimal size and maximum stiffness based on optimiza-
tion of parallel flexure geometry. As well careful selection of the integrated components

(piezoelectric driving element, capacitive sensor, tool adapter) ensured conformance to the design

constraints to provide a practical and useful system.
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For control purposes the actuator was modeled as a 24 order system, based on the experi-
mentally determined transfer function of output displacement to input force. A static gain relating
input voltage to input force was assumed. Using the system model a sliding mode controller was
derived. The control parameters were tuned to achieve the desired closed loop system response.
The controller was implemented in discrete time domain in a Fast Cyclic Executive real-time
operating system on a host PC with a control sampling frequency of 7500 Hz. The specifications
of the assembled system are as follows:

o Range of motion: 36 micron

Position control resolution: 0.020 micron (for DOC < 10 micron)

Rise time for a step input: 10 ms
¢ Radial stiffness: 370 N/micron (unclamped), 626 N/micron (clamped)
o Natural frequency, radial mode: 3200 Hz (unclamped), 3870 Hz, (clamped)
e Maximum force generation: 16 000 N (at zero displacement)

The achievable surface roughness in precision finishing at a 5 micron depth of cut was inves-
tigated for medium and high hardness steels. For a feed rate range of 0.03 mm/rev to 0.05 mm/
rev, and cutting speeds of 150 m/min and 200 m/min, the obtained surface roughness parameters
are given below. |

o AISI 4340, 36-40 HRC: R,<0.3 micron, R,<2.0 micron, Ry<2.2 micron
o AISI 4320, 58-62 HRC: R,<0.15 micron, R,<0.9 micron, Ry<1.0 micron

Through experimentation at two industrial sites, useful data on the benefits as well as the
drawbacks of the actuator was gathered. The compact design of the actuator proved to be suffi-
cient on an industrial machine, as no interference occurred with other tools in the turret. Identi-
fied drawbacks of the actuator include the limited stroke, the need for integration with CNC
control, and potential tangling of the actuator cables. The achievable positioning accuracy in

turning turbine shafts exceeded that of the existing turning process. Average surface roughness

values were typically higher than those achieved in the laboratory, for medium hardness turbine
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shafts as well as hardened roller shafts. The increase in roughness is attributed to higher levels of
tool wear as the cutting lengths were greater than for the tests conducted at MAL-UBC. Finally,
finishing hardened shafts at small depth of cut (0.020 mm) showed no reduction in white layer
generation, indicating in this case the actuator provided no improvement over conventional

machining processes.

6.2. Recommendations for future research

The practical use of the piezoelectric actuator for precision turning is limited to components
with short length. With increased shaft length the effects of machine tool deformation, alignment
of the translational axes, and feed drive motion become significant, and the machining process
can no longer be considered a precision turning operation. In order to perform precision turning
of large shafts on conventional machine tools, information of the important part features is
required during machining. This is accomplished through in process gaging of the workpiece.
Information such as part diameter can be input to the piezoelectric actuator controller, which can
then compensate the errors (due to deflection, alignment, etc.) by updating the tool position.

Based on the evaluation of the actuator at industrial sites, it is recommended that the next
generation actuator have a longer stroke, at least 60 microns, to reduce the number of semi-finish
passes required for the desired depth of cut to be within the actuator stroke. As well for some pro-
filing operations the actuator body can interfere with features on the workpiece. If an actuator is
required for such an application, the design constraints should specify the maximum distance
between the tool tip and the actuator body in the feed direction.

Although not the focus of this study, the achieved positioning resolution of the actuator is
such that it is a likely candidate for real-time compensation of machine tool thermal drift and
workpiece deflection. Given accurate and repeatable off-line measurement of machine tool and

workpiece deformation, the actuator position can be updated to ensure a constant depth of cut.
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