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Although the purpose of the boring operation ix to produce

;Ei,:: ylindrical surtfaces. often the machined surface lacks cylin-
991, dricity duc to several tactors. These include spindle motion
arcel .errors, workpiece and/or machine weol vibration, and detorma-
nting ton errors due to workpicee tlexibility. For the last case. the

ylindricity of the machined surtuce is limited by the degree of
-workpiece flexibility. the severity of the cutting conditions. and
 the manner in which the part is held by the machine tool fixture,
g In addition, workpiece flexibility can lead to cylindricity errors
' from post-machining deformation due to assembly or therinal
stresses. A notable exampie in which flexure-induced cvlin-

matic  §
fibra-
rhing -

igan, 3

Pris- ]

g dricity errors are a large concern is in the production of engine
 Pro- '{:ylinder bores or liners { Kakade and Chow, 1993; Subramani
chool Ket al., 1993) where the lack of cylindnicity can lead to poor
rsity, jengine performance and excessive piston and cylinder wear.
s ] The conchtional upproach to reduce flexure-induced cylin-
ﬂymé k. : drlmty_ €Irors Is o use low material removal rates and elaborate

B clamping and restraint fixtares. This costly approach may be
eding 3 ifollowed by micro-sizing operations such as stress honing to
Engl- g further reduce the machining errors as well us 10 comrect tor

fPost-machining deformation. However, if these errors are re-
Peatable and can be quantified, either by off-line calculation or
o-line measurement, they can be eliminated during the machin-
Ing process by compensating tool motion, To achieve crror
CCmpensation, the depth of cut must be dynamically varied
piince the flexure-induced errors vary around the bore circumter-
¢nce. In this paper, we propose a two-level control scheme
achieve compensation which consists of both learning and
gepetitive control. This method s illustrated in Fig. 1 in which
W0 consecutive machining cycles are represented. Note that
#1© Cylindricity errors, e, are measured after each workpiece has
8N machined and are then used by a leamning controller to
Hlne the reference signal, r, for the subseguent workpiece.
' ddltlonally‘ a repetitive controller is used during each machin-
78 cycle to accurately track the updated reference signal.
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Reducing Cutting Force Induced
Bore Cylindricity Errors by
Learning Control and Variable
Depth of Cut Machining

In this paper, a method for on-line compensation of cvlindriciey evrors in muchined
hores s formmdated and demonstrated. The ovlindricitv errors addressed wre those
cased by the elastic deformation of the bore wall Jdue 1o Jorves applied o e
workpiece hott during and after the machining process, Compensation is achieved
using a plezoelectric boring bur serve capable of varving the depth of cut rapidly
Sor on-line compensation at acceptable industrial muachining speeds. Comrol of te
boring bar servo consists of both learning and reperitive control. Learning conrel
s used to determine the cuning 100l reference trajectory required o achieve compen-
safion, wnd repetitive servo comtrol is used to accurately track the reference trajector,
The srability and convergence of the error dvnamics of the learning conteol svstem
are unulvzed using a model for the fexvure-induced machinimyg ervors. Experimental
results demonstrate that the proposed method can siynificantiy improve beve ovlin-
dricity in machined components.

Variable depth of cut machining refers 1o machining systems
thar have the ability to vary the depth of cut rapidly hy utilizing
tust-tool servos, In recent years, researchers have investigated
the appticution of variable depth of cut machining in the produc-
tuon of noncircular shapes on a lathe ( Dow et al., 1991 Miller
ct al.. 1994; Rassmussen et al.. 1994: Tomizuka et al.. 1987
and for dynamic error compensation. Most of the rescarch in
dynamic ertor compensation has targeted vibrarion or spindle
meiton erors in precision turming  Tomizuka et al, 1987, Faw-
vett, 1990 Okazaki. 1990 Wy, 1988} ar the error motion ot
the rotating cutter in boring (Kim ot al.. [Y87). The use of
dynamic error compensation hus also been constdered in other
machining operations soch as end milling {Liang and Perry,
19925 and surface grinding ( Wu. 1988).

Previous research in the area of dynamic error compensation
has dealt with machining errors that could be monitored during
the machining operation {Chen and Yang. 1989; Dow et al.,
1991 Fawcett. 199(; Li and Li, 1992: Liang and Perry, 1992:
Miller et ai., 1994; Wu, 1988). For example, in the research
addressing spindle motion errors, the error motion of the spindle
was measured during the machining operation using positon
sensors {Chen and Yang. 1989: Wu, 1988). For reasens that
will be explained in the following section, it is not possible (o
measure {lexure-induced cylindricity errors during the boring
operation. However. due to the repeatable nature of these errors,
we will show that dynamic error compensation i sill possible
using the two-levet control scheme described above.

Our approach is demonstrated on an experimental system
which was designed to operate at acceprable industrial machin-
ing speeds and Is demonsirated using a 1000 rpm spindle speed.
Many of the previous systems developed for dynamic error
compensation (Li and Li, 1992; Liang and Perry, 1992: Kim et
al.. T988) have been demonstrated at slow spindle speeds (less
than 300 rpm) due to insutficicnt servo svstem bandwidth. An-
other important requirement for the fast-tool servo is that it
must assure machiming stability over a wide range of operaling
conditions, This setvo feedback controller includes an tnner-
loop A.-norm bounding controbler and an outer-loop repetitive
controller. The purposc of the former is 1o increase the dvnamic
stiffness and hence the cutting stability of the closed-loop sys-
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Fig. 1 Block diagram of proposed two-level contro! scheme

tem. The Jatter is included because flexure-imnduced errors con-
tam significant periodic components, and i has been shown
that repetitive control can be effectivety used in metal cutting
aperations to track and/or reject periodic inputs ¢ Hanson and
Tsan, 1996 Li and Li. 1992, Rassmussen ¢ al.. 1994; Tsuo
and Tomizuka. 1988 ).

The remainder of this paper s organized as iollows: First.
sources of bore cylindricity errors are characienzed. and a
muodel for flexurc-induced cylindrivity errors is formulated, The
poring servo system and servo feedback controller designs are
deseribed. followed by a presentation of the leaming controller,
Conditions 10 ensure stability and rapid convergence of the
learning comro) system are given. Finallv, cxperimental ma-
chining results which demonstrate the etfectiveness of the pro-
posed process feedback control strategy are prescnted.

Cylindricity Errors in Machined Bores

The cyvlindricity errors addressed by this research result from
flexure of the workpiece due to cutling forces, machine ool
fixturing forces. and permanent post-machining forces applied
o the workpiece during the manufacturing process, As men-
tioned carlier, 1t is not possible to measure the Aexurc-induced
cylindricity errors while the workpicee is being machined. One
reason for thic is that a portion of the errors is generated at
ather times such as during the final asscmbly. A second reason
I8 that in-process measurement of workpiece deformation by
the cutting and fixiuring forces does not refllect the actual cvline
dricity error of the machined workpiece. Therefore. the errors
arc measured aller a workpiece has undergone the complete
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process which includes machine too] fixwring. machining, and
finul assembly. This measurement i~ then fed o 2 learning con-
troller 1o determine the catung wal trigectory for the subsequent
part.

Ta anatyze the stability and convergence ol the leaming con-
trol algorithm, a maodel is needed that relates the cvlindricity
errors (as outpul) W the culting ool trajectory {as inpat). Let
the cvlindricity error. €. at the point (#. 2 on the bore surface
b defined as

e(#. 2y =r;— r 8. 20 (1
where 7, 15 the desired bore radius, r (8. 7} is the actual bore
profile afier the machining process. and coordinates # and z are
defined in Fig. 2. The actual bore profile generated during the
manufacturng process 1% written as

b D= r g8 0) Fdoclf D) = dpanwnl L 2V (2)
In this expression, r, represents the bore profiie of the workpiece
when mounted in the machinc tool: i.c.. it represents the uncut
bore profile after the machine tool fixturing forces have beett
applied. Addivonelly. doc represents the true depth of cuol and
corresponds to the amount of material removed during the ma-
chining process as shown in Fig. 2. Lastly, a0 wuen represeﬂ15
any post-machining bore deformation which may be caused by
the rermoval of machine ol fixturing forces. the application @
assembly forces. or thermal distortion of the workpiece.

The true depth of cut is defined as the distance the cuttiog
tool penctrates the workpliece. 1.e.

Transactions of the ASME
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Material being removed

Fig. 2 Coordinate system used to describe bore profile

doci#. 2 = rog{#, 7i
R B A R S e RS N B

where r,, 15 the culting radius ot the boring bar. &, is the
amount of radial flexure of the workptece induced by the cutting
forces. and dn ropresents any additional change in the depth
of cut such as spindle motion errors or thermal detormation.
The radial flexure of the workpiece., &, depends on the
magnitude of the cutting forees, which in wmn depend on the
depth of cut. Since we propose 1o eliminate the flexure-induced
cylindricity errors by varying the depth of cut. the effect of the
doc an da,, must be included in this model. In developing this
retationship, the following two assumptions ure made:

(1} Foragiven spindle speed. feedrate, coting ool geome-
try and workpiece material, the principle cutung forces
{womponents ol the resultant cutting toree in the radial,
tangential, and uxial directions ) are ltnearly retated to
the depth of cut

i1} The radial flexure of the workpicee due o the applica-
tion of a principle cutting {orce is proportional to this
force and the effects of the principle culting forces are
additive.

These assumptions were validated by Subramani et al. ¢ 1993
in the development of a process moded to predict cutting-lorce

induced cylindricity errors in machinined bores. Note that as-
sumption (1) can be expressed as

Fial8, 20 = k8. 2y doc (6, 71 — fi, 4

where &4, and [, are the cutting stiffness and magnitude of

the cutting force in the j-th direction. respectively, f{. is an
olfset which depends on the cutting tool geometry and nominal
depth of cut, and j represents the radial. tangential or axial
direction. Additionally. assumption {ii) can be written as

J L 2) -

Ba (L 2y = 3y —=—" =" (3
i 2 khuatB 0 =

where &l represents radial stiffness of the fixtured workpiece
at point (#, 7) due to a force applied in the j-th direction.
Combining Egs. (4} and (5}, the relationship between the depth
of cut and the workpicce flexure can be expressed as
Sne( 8. 2) = k08, zydoc (6. 7) — LR A {6
where
’ k:;l||—||c[(8| ::) . '
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and

r.\l_.‘.{f')l-:}:zr.—j_rc“‘“_—. L)
' J{(~:|r|||_".“r)‘ !

Combining Egs. (11,123, (3 and (6], the final expression
representing the control-onented meodel for cylindricity errors
in machined bores can be written as

el 2) = Lt (AL 2 B o)) = i+

CE = kB D) H et P2 21 0, 10 2 ] = Gl B 20 14

where the process gain &, is detined as

- A

= izl s
| — k(A 2

tnsight that 1s useful in the design ot the comrol svstem cian
be gained by analyzing the system represenied by Fa. 191
Previous research in the arey of dvnamic error compensation
has dealt with machining errors associated with the machine
ool such as spindle crror morion, machine ool compliance.
and cutter runout. Note that these errors represent external dis-
twrbances appiied to the system (S0 b In the case of exure-
induced errors. not only do the errors enter as disturbanees
o enen 1. DUL They are also generated by the process iself,
Note trom Eq. (93 that I all disturbances ure vero (ull 875 =
0} and if the cutting towl trajectory comaides with the desired
bore radius (r, i #. 2} = rpbovlindnoy errors sill result due
to the presence of the first term representing the cotting-force
induced errors. Funther nole that the process pain associated
with this term s position-varving { or time-varying i,

From Egs. o 71 and (180, 1t can be seen that the process 2ain
varies due to the positon dependence of k..., which represents
the radial stiffness of the mounted workpicee. Fhe position
dependence of &5, may be Jdue 1o the geometry of the wuork-
piece itsell or due 10 the manner in which the workpiece (s
mountd in the machine tool. For example, consicer the boring
ol engine cvhinders. The variation in wall thickness ot the cvlin-
ders due 1o the complex gecometry of the engine block causes
the radial stftness of the cylinders to he position dependent.
As another example, consider machining a thin walled work-
ptece with a umtorm wall thickness that has been moanted in
a 3-jaw chuck as shown i Fig. 3. Although the radial suffness
of the workpiece 15 not posinon dependent prior to being
mounted in the 3-jaw chuck. the structure of the workpiece/
lixture unit is position dependent.

An a final observation. nole that if the disturbances und pro-
cess gain depend only on A, the cvlindricity error will depend
only on 4. Cylindricity errors that depend only on & will be
referred to as periedic crrors since the 2rrors repeat every revo-
tution aleng the helical path traversed by the cutting wol. Con-

Workpreos

3-Jaw Chuck

Fig. 3 Workpiece mounted in 3-jaw chuck
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Fig. 4 Cross section of the boring bar servo

sider the previous example nywhich the workpicee was mounted
in g 3-pews chuck, The flexore-mduced ovlindnicity errors sener
ated usine conventional boring methods 1eonstant depth ol cul
siiould be essentiadly periodic due to uniformity ol the work-
plece geametry i the axal direction, Even tor situgtions in

whieh the workpiece seomelry varies in the axial direction. it

the vanations are not abrupt. the ffexore-induced evlindricity
arrors wlong the cutting tool trujectory will change onby slightiy
trom ane revolution to the next. The fact that fiexure- induced
cyhindricity errors are essentiafly perivdic or contan significant
periodic component is used to advaniage mthe servo controlier
dasign.

Ixperimental System

To dynamically compensate for evlindricity crrors, @ boring
bar serve capuble of variable depth-of-cut machining is re-
guired, The boring bur serve thar we have designed, which is
shown 1w Fieo 40 utihizes o plezocieciric aemeator toe wenerate
mectse tood monons in e radial coting dircetion. The open-
loop sutie and dvnamic stiffness of the borimg bar servo ure
P28 Ngm and 135 N/ pm. respectively, and the maximum
unconstraiped toel travel 1 1200 ym.

A ~chematic diagram of the servo feedback joop s shown in
Fig, 5. The radial 100l position ot the boring bar s measurad
using & proximily sensor attached o the boring bar senvoe. The
output of the proximity sansor ix pussed 10 o digital controller.
‘The spindle positon which is obtained using a rotary encoder
ix also input 1o the controller. The digital controtler processes
this information and generates a control signal wisich s sent o
the power amplilier driving the boring bar serv e,

550 / Vol. 120, AUGUST 1998

Closed-Loop Servo Controller

The control strategy proposed in this paper is to utilize pro-
cess feedback and learning control to determine the reference
signal tdesired curting tool trajectory) needed 1o compensate
for the cvlindricity errors and 1o use this reference signal as
inpul 10 a closed-loop servo controller for the boring bar servo.
The purpose of the closed-loop servo controller 1s o track the
reference signal. reject the cutting force disturbance, and have
sufficicnt ¢losed-loop dynamic stiffness so that cotting stability
is maintained over the desired range of cutting conditions. The
servo control sysiem designed to accomplish these objectives
is represented in Fig. 6, where r s the reference command. ¢
is the tracking error, G, i s} is the continuous-time transier fune-
tion of the power amplifier. and G.(5) is the continuous-time
transfer function of the horing bar servo, In addition. G 127")
and 7.4z 'y represent the inner-loop and repetitive portioas of
the digital controller. respectively.

The purpose of the inner-loop controller 13 to increase the
closed-loop dynamie stiffness and hence increase the cutting
stahilitn . The inner-loop controlier wilived is a 7-th order H..-
nornt hounding controller, Additionally. the repetitive controller
is used W achicve asymplotic tracking of periodic Inputs as well
as o reject periodic disturbances, As mentioned previously. the
ability 1o triuck pertadic signals is advantageons in this situation
since the cybndricity crrors caused by component fexibility
contain sirnificunt perindic companents.

The throretical values for static and dynantic stiffness of the
closcd-loop servo svstom are ifinity and 283 N/ pm, respec-
tvely, I addition, the control system was designed 1o operate
using o sampling rate of J000 Hez, For a spindle speed of 1000
rpmi, this corresponds o sampling at 240 equally spaced puoints
around the circumicrence of the workpicoe.

For o detatied discussion of the design of the boring bar
serva and Closcd-loop servo controller, the reader s referred to
i Hanson anl Tsuae, [HYG

Learning Control

The purpose of the Teaming controller s 1o determine the
relerenve cutling tool IReclory (oF progess input) pecessary 1o
compettsate Tor the flesure-nduced evlindricity errors. Based
on the process error from the previous eycles, learning control
moditees the reference signal to reduce the process crror in the
subsequen: ovele, Learning contral has recerved considerable
attention m the ficld of robotics where 1t has been otilized o
improve the trackhing performance ol robot munipulators per-
fonuing repettive tusks ( Casalbine and Gambardellu, 1986: Fu-
rutu and Yamakito. 19860 Togw and Yamuno, 19561, The form
af the diserete-time Jearmng contral algorithm presented in
these puper- 1 with the exception that a time-varving leaming
pain 1= allowed for here ) can be expressed as

ok = ok = kYo th) i11)

where o thand # oA are the process error and process input
ac me & on the f-th ovele, respectivedy, and &7 &1 is the learning
wain at time A

Tuo determing the vatues of the learning gain that will znaure
sabilits and rapid convergence for this application. the model
of the Deaure induced evlindricity errors will be uttlized. [t is
convenient to rewnie Eq. (1Ey i terms of the coordinates (8.
Ztowhich represent the cutting tool locarion corresmonding 10
the sampling instant. as

PO TR BT o - D B S A o N L 1123
where £ = 0. 1.2 . .M 1 and M 1s the total number of

samphing instanees.
For case tn analvame e stability of the Jearsoyg aleoridi =
let us define the discrete vector valued signal, v as
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Fig.'5 Schematic of the feedback systemn

TUY = | rlfa znd, r B o) oo o r (o 211 (13

and define the discrete vector valued signals (7). T, ({). 1 (71,
ClE) Buan (), Bpamaend £}, and &, , (£} In an identical fashion.
Equations (97 and [ 123 may now be rewritien as

(i) = Km0} — 1,00 + 0 i1 - w6
= KB 06 — 8, ) = fpmanl I (1)
and
rii+ 1) =iy + Kdeyr. {15
respectively, where
K, = diag(k, (8., 20, k(8 0 o k(B Z2uoi b (160
K = diaglh 8, o) k(8 2000 bl Baroyy 2 1h, 0T

and /15 the identity matrix of dimension M X M. Finally, let
us assume that the servo tracking error is negligibie which
implies
T(I) =rrml(1.)- (18)
By substtuting Egs. {14} and {18) into Eq. {15} and rear-
ranging, we obtain the goverming equation for this systern which
can be expressed as
i+ 1) = [~ K~ K)r(iy — K Kr,(6)
+ Kl = K )l — 8, (1))

T+ K.‘(rd(i..} - Spr)s.r-mach(f.)l ‘-IQJ

Repeutive
Controllar

inner-Loop

Sumpler i Controller

From this equation, it can be seen that if the system is stable
and the inputs are stationary, then r{i + 1) = ri{) us ¢ — =
which implies efr/} — 0 as § = = from Eq. (15). The system
¢an be made stable if K, is chosen such that the cigenvalues of
[/ - K,/ — K,)]are inside the unit disk. The inputs are station-
ary 1t all the inpur terms in Eg. (19) Jdo not change with the
index i. imptying that these terms are repeatabie From one work-
pigce to another. The above discussion can be summarized as
follows: [f the process variation is zero and the learning gain
is chosen such that the cigenvilues of [/ — Kiif — K. are
inside the unit disk. then the cylindrictiy errors due to workpieee
Hexibility will asymplotically approach zero,

From Eg. { 19), it is clear that the optimal convergence rage
will occur when K, inverts £ — K. This is the suggested choice
for K, when the cuttng stiffness is of the same order of magni-
wde as the radial siffness of the workpiece. However, F it 15
known that | <8 1. which is the case for the enginc cvlinders
considered in { Subramani et ab., 1993) where [|K,|| <2 0.05. the
complexity of determining K, can be avoided. In this simation,
by simply setting K. equal to the identity matrix. rapid conver-
gence of the learning control scheme will oceur singe this choice
of K, is close o optimal. Note from Eqgs. (7] and (10) that this
situation arses when the magnitude of the cutting stiffaess (s
much less than the radial stiffness of the workpiece, The above
conclusions can be restated in terms of the ortginal leaming
gain kit #, ) as follows: To achieve a siable process feedback
system with the optimal convergence tate, the learning gain
should be set equal to &4/, o) = /01 — k(0 z0): and if
it is known that k(8. ) <€ | for all &, then it is sufficient to
set & (B,, ) =1

Zarg Fast
Oirder Power | fo Tool
Hold Amplifier : Sarve

N — . Hioa
e D e I H el Sl e IS

Fig. & Block diagram of the servo feedback control system
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Fig. 7 Cylindricity error profiles abtained in machining experiment

In the above analysis. it is assumed that the process variation
ts zere and that all non-repeating errors. such as those due 1o
spindle error motion. are zero. Obviously, this wdeal case will
not be the situation in practice. and the process variation and
nonrepeating errors will enter into the above process. Althoogh
the cvlindricity errors can no longer be expected 10 decay to
zero. i the magnitude of these errors is relatively small in
comparison to the maynitude of the error associaied with work-
piece Aexibility. a large reduction in the cylindricity errors can
still be expected.

Experimental Results

The objective of the experiment described below is to demon-
strate the effectivencss of the proposed approach in compensat-
ing for flexure-induced cylindricity errors. For this experiment,
thin-walled workpieces that were mounted in a 3-jaw chuck as
shown in Fig. 3 were machined. The workpieces consisted of
12.5 mm lengths of 102 mm diameter schedule %0 alummnum
pipe. For the combined workpiece/3-jaw chuck structure. the
tadial stiffness of the structure is at its maximum at the 3 toca-
tions where the jaws come in contact with the workplece and
at ity minimum at the 2 midpoinls between the maxima, 1f a
workpiece was machined using a conventional boring bar and
the resuliing cylindricity eror profile was measured while the
workpiece was still mounted in the 3-jaw chuck. a 3 lobed
surtuce resulted as shown in Fig. 7(a). The goal of this experi-
ment wax o produce a cylindrical bore in the workpiece/ 3-jaw

552 / vol. 120, AUGUST 1998

chuck structure: i.e., to drive the cutting force induced machin-
ing errors to zero.

A series of 8 workpieces was machined in this experiment.
After each workpiece was machined. the ¢ylindricity errors were
measured and used n the leaming control algorithm to modify
the reference signal for the subsequent cycle. The cylindricity
errors generated in this experiment were treated as 1 -dimensional
errors {depending only on #) due to the constant workpiece/
fixture geometry in the axial direction, and the cylindricity crrors
were measured al the mid-section of the workpiece only.

The cylindricity errors were measured using a surface gauge
which was mounted stationary inside the bore of the machined
workpiece. The probe mounted on the surface gauge had a hall
tip having a diameter of 3 mm. Using such a probe, the rapid
changes in the surface finish are not detected. and the measure-
ment obtained is representative of form error rather than surface
roughness. The change in the bore radius was digitallv recorded
at 240 equaliy spaced points around the bore circumference as
the workpiece was slowly rotaled about the spindle axis. Using
this measurement system, it was only possible to measure rela-
tive changes in the bore radius, and as a result, static radius
crrors were not addressed in this experiment. The cylindricity
errors shown in the subsequent plots represent the dynamic
component of the true cylindricity errors computed as v(6) —
Ymean Where v{ ] is the measurement obtained from the surface
gange and yo.., is the average measurement over one spindle
ratation. The cylindricity errors obtained in this manner differ
from the true cylindricity errors by a constant offset.
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Fig. 8 Convergence of the learning control systam

Each workpiece in this experiment was machined in the iden-
tical fashion with the exception of the reference signal used.
First, an imtial dress cut was made using a constant radial tool
position 10 reduce the wall thickness of the workpiece o 6.35
mm. A second pass was then made in which the radizl tool
position was varied as specified by the reference signal. In this
pass, the nominal depth of cut. feedrage. spindle speed and
surface speed were .76 mm. 0.05 mm/rev. 1000 rpm and 638
m/min, respectively.

Durmng the first machining cvele (designated cyele #1) a
constant reference signal (constant radial ool posilion ] was
used, and the results obtained are therefore representative of
conventional horing. The eylindricity errors that resuited in Uy-
cle #1 are shown in Fig. 7i{a} in polar coordinates. In addition,
the cylindricity errors measured for cycles 2, 3 and 4 are shown
in Figs. 7(h), T(oy and 7(d), respectively. In these ligures. the
jaws of the 3-jaw chuck contacted the workpieces at the 90,
210 and 330 degree locations, From this sequence of figures, the
improvement in cylindricity that is obtained utilizing learning
control is upparent. A plot showing both the r.m.s. ( root-mean-
square ) error and peak-to-valley error ¢ maximum radius minus
minimum radius ) for each machimng cycle is shown in Fig, 8.
As can be seen, the peak-to-valley error, which was 42.0 N
in the Arst machining cycle, decayed to no more than 8,1 Lm
after the fifth cycle.

The learning gain used in this experiment was &{f,, 2.} = |
for all & since it was determined that ka(G;. 2o) = 0.054 for the
workpiece/3-jaw chuck structure. The bound on the process
gain was determined using results from cycle #1 of this experi-
ment which represents conventional boring. To compute this
bound, it was assumed the disturbances involved in Eg. (91
were negligible (&'s = 0) and thar the cutting radius of the
boring bar was equal to the desired bore radius {(r, = r
Making these assumptions, Eq. {9} can he rewritten a3

T )

. (8, 0}
k8, 7) = T " , (20
! rlnnl(9~ :) - r(..(H~ Z) }

Note that 7.y — 7, represents the nominal depth of cut associated
with conventional boring. Therefore, by knowing the nominai
depth of cut and the maximum eylindricity error generated, a
bound can be computed for k, using Eq. {20). For the initial
Wworkpiece machined, the peak-to-valley cylindricity error was
42.0 microns. Since the nominal depth of cut used was (.76
mm, a bound on &, was computed as 0.054,
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The tuct that the cylindricity errors did nor CONVETrge 10 Zerg
tn this experiment can be attributed to noise present in the
teedback sensor signal. error motions of the machine ool strue-
ture and spindle. and process varations.

Discussion

In the experiment above, the errors generated were |-dimen-
sional errors produced by the cutting forces. The proposed ap-
proach could also be used to compensatc for post-machining
deformation if the process fecedback measurement was made
after all sources of flexure-induced crrors were applied. Addi-
tionally, compensation for 2-dimensional errors could be
achieved if the process feedback measurement system used was
capable of measuring 2-dirnensional error protiles. The mea-
surement and compensation of post-machiping and 2-dimen-
sionat crror profiles is the subject of future research.

Conclusions

A model for bore cyfindricity error has been developed for
the purpose of process feedback control systemn design. This
model relates the output variable (the cylindricity errory to the
control input (the cutting el displacement s, The model indi-
cates that the process gain varics with the variable warkpiece
fixture radial stiffness. Based on the model. a cyele-to-cvele
process feedback learning control is designed. and its stabality
and convergence criterta. which relates 1o the (bound of) ratin
of the cutting stiffness to the workpiece/fixture suffness, is
derived. A method to select learning gains for rapid stable error
convergence is given. The resulting compensating ol motion
is periodically varying with respect to the spindle rotaton, and
this tool motion is penerated preeisely by a piezoelectric driven
fast ool servo using an A, /repetitive contral devetoped in Han-
son and Tsuo (19961, An experimental demonstration shows
that the cvlindricity error was reduced by more than 3 times
compared to the conventional uncompensated machining vpera-
tion,
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