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Summary

In this paper, a method for estimation of cutting force model coefficients is proposed. The method
makes use of regularized total least squares to identify the cutting forces from the measured
acceleration signals and the frequency response function (FRF) matrix. An original regularization
method is proposed which is based on the relationship between the harmonic components of the
cutting forces. Numerical tests are performed to evaluate the effectiveness of the method. The
method is compared with unregularized methods and common Tikhonov regularization combined
with GCV and L-curve methods. It was found that the proposed method provides more accurate
estimates of the cutting force coefficcients than the unregularized method and common
regularization techniques. Furthermore the influence of acceleration measurement errors, FRF matrix
errors and FRF matrix conditioning on the accuracy of the estimated coefficients is investigated. It
was concluded that FRF matrix errors influence the most the accuracy of the results.
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Estymacja wspoétczynnikow modelu sity skrawania z zastosowaniem technik regularyzacji

Streszczenie

W artykule zaproponowano metode estymacji wspoétczynnikdw modelu sity skrawania. Metoda
stosuje regularyzowana technike ortogonalnych najmniejszych kwadratow dla identyfikacji sit
skrawania na podstawie mierzonych sygnatow przyspieszen oraz macierzy czestotliwosciowych
funkgji przejscia. Zaproponowano oryginalng metode regularyzacji oparta na zaleznosci pomiedzy
sktadnikami harmonicznymi sit skrawania. Przeprowadzono symulacje numeryczng weryfikujaca
skuteczno$¢ metody. Przedstawiona metoda jest poréwnana z podejsciem bez regularyzacji oraz
regularyzowanym metoda Tikhonova stosowang wraz z metodami GCV oraz L-curve. Pozwala
uzyskaé doktadniejsze oszacowanie wartosci wspdtczynnikdw niz estymacja bez regularyzacji lub z
regularyzacjg Tikhonova. Dokonano réwniez oceny wptywu btedu pomiaru przyspieszen, bteddéw
macierzy funkgji przejscia oraz jej uwarunkowania na doktadnos¢ estymowanych wspétczynnikdéw. Na
podstawie przeprowadzonej analizy wykazano, ze najwiekszy wptyw maja btedy macierzy funkgji
przejscia.

Stowa kluczowe: identyfikacja sity, przyspieszenia, macierzy czestotliwosciowych funkcji przejscia,

regularyzacja, model sity skrawania
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1. Introduction

The measurement of cutting forces is required timnease the cutting force
model coefficients. The coefficients of the mecktoi force model are
frequently used to produce stability lobes diagrathat provide -cutting
parameters that ensure stable machining. Sucmguttiefficients are very often
determined directly from the milling tests for thpecific material-cutting tool
pair. During the cutting test the cutting forcee aneasured by a force
dynamometer and then the coefficients of the fonodel are estimated to fit the
analytically expressed forces to the experimemakd1-5]. Such an approach is
recommended in research laboratories but it idanaired in industrial practice
for numerous reasons. For instance, usage of amymater in an industrial
plant during production is troublesome. This is doehe fact that mounting
a dynamometer requires changes to a fixture asasethodification of the NC
code. This leads to not only production disruptiomm also increases costs.

This paper presents a method for estimating cuttfiogce model
coefficcients using acceleration signals that canebsily measured without
disrupting the production process. Cutting forcas be estimated by using the
experimentally measured frequency response funcliod applying inverse
identification techniques [6].

The cutting forces model is presented in Sectioan@ the FRF matrix
construction is shown in Section 3. The time donrajpresentation of cutting
forces is transformed into frequency domain andmiomic components of
cutting forces are used to derive the regularipatatrix in Section 4. Section 5
describes the numerical experiment. The objectili® numerical studies was
to compare the proposed regularization method witlegularized solutions and
common regularization techniques. Addditionallye tinfluence of various
factors on the solution i.e. acceleration measunémesror, impact force
measurement error, conditioning of the FRF matid arror of the FRF matrix
were investigated. It was found that the propogmmi@ach provides an accurate
estimation of coefficients that relate cutting ®sawith the chip cross-sectional
area.

2. Force model

Mechanistic cutting force models assume that auyttiforces are
proportional to the chip cross-sectional area. Thestants that relate to such
cutting forces and the chip cross-sectional areacalled specific cutting force
coefficients. They depend on cutter geometry, issand piece materials as well
as cutting conditions. Mechanistic cutting forced®ls often incorporate the
effect of the cutting edge which is proportionathie depth of cut. The constants

of proportionality are referred to as edge constafihen the tangential;

v ci
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radial, F; and axial,F,; cutting forces acting on the ith cutting edge (Ripare
functions of instantaneous chip thickneksin(g, ) and depth of cua,;

Fa (1) = (Keay fosin( (1)) + Kee2o )1 (2 (1)) 1if @ (t) (e
Fa (t) = (Keap f.sin(@ (1)) + Keeap )1 (2(1)) th (2 (1)) :{Oilf z gt))még: ;’ZZI ;
Fa (1) = (Kaay f.sin(@ (1)) + Kaeap ) (@(1))

1)

where: f, is feed per tooth (mm) angi is instantaneous angular location of the
i cutting edget is time, the coefficient¥ _, K, and K are the specific cutting
force coefficients in tangential, radial and radifections respectively. The
coefficients K, K, and K_ are the edge constants, tig, and ¢, are
immersion angles at entry and exit state.

¥ fZSin(piH
F -

ti+1 Fc_iﬂ” 7

ai ai+1

Fig. 1. Geometry of the end milling process
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Local cutting forces from the working cutting edgegressed by formula
(1) can be easily transformed into feed, cross-feedFy and axial F, global

forces (Fig. 1). For a cutter withcutting edges it takes the following form:

| meoda(t) -sife(t) e,
F(t)=2 sin(a(t) -cofa(t) q|Fi(t) )

= 0 0 1| Fa(t)

whereF (1) =[F,(t) F,(1) F(1)]

Global cutting forces (2) can be expressed as @ifumof cutting coefficients:
F(t)=wW(t)K 3)
Where K =[K, Ke K, Ke K; Kg] and

- fi Sin(¢i )Cos(¢i) _Cos(¢i) - fsin® (¢|) _Sin(¢i) 0 0
w(t)= Z h (t)ap f,sin’(g,) sin(g,) - f,sin(¢ )codg,) -codg,) 0 0
0 0 0 0  fysin(g) 1

(4)

Cutting forcesF(t) can be transformed into a frequency domain by yéamgpl
Fourier transform to equation (3):

F(w)=W(w)K (5)

SinceW(t) is a periodic function that results from the pdigopulse functions
h (t) Its Fourier transform is represented by the spEtihes spaced along the
frequency axis at intervaley =277/7. The time periodr depends on spindle

speed N [RPM] and number of cutting edges 7=60/(Nz). Thus thek”
harmonic component of the cutting force vector is

F(ka) =W (ke )K (6)
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Frequently the Z-direction is much stiffer than ixdaYy and therefore it does not
significantly influence the stability of the millinprocess. In such cases, cutting

force model coefficientK, and K, are not required. Then the matriCAs(t)
and W(a)) are reduced to the first two rows and the firsirfoolumns, e.g.:

K.
Filfre R i )
(;)

The reducedW(t) and W(w) matrics will be referred to asV, (t) and
W, (w) respectively.

3. Frequency response function matrix

The frequency response function (FRF) is definethagatio between the
harmonic response of the system and the harmonte.fé-or the purpose of
stability analysis, the system response is expdessthe form of displacements
[7]. The FRF matrix that is used for generatind#itst lobes relates the cutting
forces to the relative tool-workpiece displacemeXty often, for convenience,
the FRF matrix used in stability analysis is obedirby performing an impact
hammer test on the cutting tool and workpiece. iRBBumented hammer exerts
a force in the directions of the cutting forces amdaccelerometer is used to
measure the response of the system at the cutibhgutd the workpiece.

Owing to the fact that it is impossible to moung thccelerometer on the
tool during cutting, the FRF matrix used for thepgmse of force reconstruction
must be measured at different locations. Moreos@nfrary to the FRF matrix
being used for stability analysis, it can be used fbrce identification and
can have any form including accelerance relatingsueed accelerations signals

(Fig. 2) a(w)=|a(w) a(w) .. aL(a)ﬂT to the applied force

F(w)=[F(w) F, (@) F.(w)] as:
a(w) = G(w) F(w) 8)

When L accelerometers are used for force reconstructienFiRF matrix
has a form:
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(9)

Fig. 2. Sample location of the sensors used iringuforce reconstruction

4. Cutting force reconstruction

4.1. Identification of the cutting force

The forces generated in the cutting process adghermachine structure
causing vibrations. The accelerations measurell &gcelerometers are related
to the cutting forces in the frequency domain tigtothe FRF matrix (9). Due to
the fact that the frequency representation of thtng forces during a stable cut
is dominated by the tooth passing frequengy= z277N / 60 and its harmonics
the response of the structure will be also domihdig these components.

Fourier coefficients of the measured acceleratianshe k" harmonic of the
tooth passing frequency are:

a(ka) =G(ka) F(ka) (10)

Identification of the cutting force is limited thed 2 first harmonics. Considering
the first two harmonics(= 1, 2) the following matrix equation can be writte



www.czasopisma.pan.pl P N www.journals.pan.pl
P
‘\.,4
POLSKA AKADEMIA NAUK

Estimation of cutting force model coefficients ... 11
e
a(2w)| | 0 G(2m)||F(a)

a2 Gi-2 Fi-2

Thus, Fourier coefficients of the cutting forces da estimated by means of
least squares (LS). LS approach consists in maiigi

minHGHFH—a}2 “2 (12)

gl-2

LS assumes that only the acceleration signal isgeldawith errors. In order to
solve more general problems, where the FRF malsix suffers from errors, the
total least square (TLS) can be applied. Its appba is theoretically justified
because the frequency response function is usudatgrmined by means of
impact tests and therefore, the errors in the far@bacceleration measurements
influence its estimate. TLS minimizes a sum of vagegl squared residuals:

2

1-2E+2_ Ak
JorEreay ”

min
pl-2

[P, 1

LS and TLS might not provide a good solution wh&FFmatrix G*2 is nearly

rank-deficient or it is highly affected by noisedditionally errors present in the
acceleration signal may lead to meaningless foraembnics estimates.
Regularization may be applied in order to stabilire solution. Frequently

Tikhonov regularization is applied. It consistgiimimizing HGHH:

mnfer e a4

gl-2

i (14)

Regularization parametet is found in the present research using generalized
cross-validation [8] and L-curve methods [9].

The proposed regularization consists in imposingoastraint on the
solution vector. When equality constrains are agplthe formulations of
regularized least squares and regularized totat Bzgpuares are as follows:

min

Fl—2

G R -a?]  subjectto [LF*? =47

(15)
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2

HG ropt2 _ al—zu
i 2 subjectto HLF”H = 52 (16)

F1—2

P2, 2

4.2. Regularization matrix

Regularization matrix L is chosen to obtain a dolutwith desirable
properties. In the present paper, derivation ofrélgilarization matrix L consists
in finding the relationship between the first aed@d harmonic components of

the cutting forces. It can be concluded from thérixaVN (4) that onlyF, and
F, components are related via coefficieis K, K; and K.

Usually the stability analysis is performed in Xp¥ane because of the high
stifnness in the axial direction In such a case/ df| and K, coefficients are

required to model cutting forces. In order to eatienthese coefficients feed and
cross-feed cutting forces must be measured. Applyfigonometric formulas to
(7) cutting forces can be expressed as:

1 V4
F, = - Kia,f, > h
i=1

+%Ktapf22co{ 2((p+|;1 27 jh ~Kedp Y. sirE(0+l;l erh
i=1 z z

—% Kcapfzisin(z(qﬁ—l ZTJ]h Kceapi co{ %l Zjh (17)
i=1

i=1
_1 :
Fy =3 Keay szh
1 z = 1
_E Kcap szCo{ {¢+— 2‘[ Jh + Kceapz SIVE§0+T z’jh
i=1 i=1
1 Z, | 1 z 1
- Ktapszsm[Z((p+— ZHDh K, pz CO€(0+— jh (18)
i=1

=1

where g= (277N/60)t is the angular location of the leading cuttingedg 1).

Fourier transforms of these terms due to the pm@bdature have non-zero
values only at harmonics of the tooth passing feagy. When applying the
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basic properties of the Fourier transform the Isi @ndharmonics of the
particular terms are:

F, (ag)z(—Kcapfzs—l\?—:g—?TKceap iloj J(Kta f, so ;GKte a, N?
)=kt v e ekt e n )|
F (2aw) :—éKwap%% j%Kteap%O
Fy (2“4) :%Kteap%)"' j% oeapﬁo
Performing simple operations, we have:
IF, () + F, (@) = 12 F (202) - 2F, (222) = 0 (20

Thus the regularization matrix L for the searchedector

[FX(‘“T) Fy(@) F (@) Fo(2@) Fy(2a) FZ(%})]T is:

. .5 5
L= 10 -j=— —= 0 21
{J I3 73 } (21)
Matrix L imposes the equality constraint:
LF¥2=0 (22)

4.3. Estimation of cutting force model coefficients

Matrix L is used to determine cutting force vectel? from (16). The
obtained cutting force vector harmonic componerggiaen used to calculate the

cutting force model coefficientfK., K, K;, K. ) utilizing formula (6) for the

reduced matrix W, (kew). The following equation is obtained when one

separates real and imaginary parts and takes meideration the first and
second harmonic of tooth passsing frequency:
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Re(F.(«)) |
Re(':y(“* ))
m(Fe)) | [ Re(w, (@) |
(R (@) | _| im(w, (@) | .
RelF.(2a))| | 1m(w, (2a)) | ¥ )
RelF, ()| LRe(W. (20)) |-
m(F, (24 ))
_Im(Fy(Zcq ))_

This equation is used to determine values of aytforce model coefficients
using LS method.

5. Numerical experiment

The aim of the numerical experiment was to compleeaccuracy of the
estimated cutting coefficients obtained based a@n dihtting forces identified
with the method of least squares, the orthogondhaodakof least squares, the
regularized method of orthoganal least squares Ehkldonov regularization
combined with GCV and L-curve methods. The factoflsiencing the errors of
the estimated cutting coefficients might includ@enmental inaccuracies of the
determined FRF matrix as well as inaccuracies @& #tceleration signal
measurement performed during machine cutting. Errof the frequency
response functions determined in an impulse testltrérom the measurement
errors of the exciting force and the response tegd in the form of an

acceleration signal. The conditioning of the transhatrix Gl‘z(a)) may well

be an additional factor possibly influencing theoeof the estimates. Owing to
the fact that the conditioning of the FRF matrixpeleds on frequency, the
cutting forces were generated for various spindiational speeds. The FRF
matrix used in the numerical experiment was modeNéh the use of 3 modes
of vibrations with natural frequencies of 60, 82 &®03 Hz and corresponding
modal damping of 0.1, 0.15 and 0.07. It was assuim&d6 acceleration signals
as shown in Fig. 1 would be used for the identifica Thus, the FRF matrix

G*?(w) has the size of 12x6.
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The FRF matrix was determined for the assumed mydbased on
a simulated impulse test, where both the force itmpdhe system and the
registered acceleration were burdened with the Skamserror. The frequency
response functions were estimated by means of Hilmagsr based on
9 averages. The FRF matrix with errors was usedfdore reconstruction.
Figure 3 presents comparison of the precise FRIfr tvé function determined in
the simulated impulse test. In this test standaediations in force and
acceleration measurement were set to 5 N and @4 espectively.

0.14 T T T T T T T =
-==Measured FRF
—True FRF

0.12

0.1

0.06-

|Gux(w)], m/s?N

0.04

0.02

| 1 1 1
40 60 80 100 120 140 160 180 200 220
Frequency w/(2n), Hz

Fig. 3. Amplitude of the “true” and “measured” freancy response function G1x(w)

The machine tool structure was excited by cuttimgds corrseponding to
a full immersion cutting with a 2-blade cutter. Thoaitting forces were
determined using formula (2) with the assumptiontloé following values

of the specific cutting force coefficients ofK,, =1000 N/mnf¥,

K,. =700N/mn? and K, =250 N/mnt as well as the edge constants of
Kie =50 N/mm, K,=30N/mm and K, =15N/mm at depth of cut

a, =2mm, feed per toothf, =0.15 mm These parameters were kept constant

throughout the tests and the spindle speed waedvawi obtain different tooth
passing frequencies.

The acceleration signals were determined basedhersitnulated (exact
— Fig. 4) cutting forces and the precise valuéhefERF matrix. The acceleration
signals determined in this way were burdened wittore in the same way
as was the case in the impulse test simulationexXample of the acceleration
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signal with the assumed random error with standdationc = 0.4 m/$ is
presented in Fig. 5.

> 400
= 200
(0]
© o
(o]
i

| L
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Force Fy, N

100 -

50, N

Force F,, N

| | |
() 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time, s

Fig. 4. Cutting forces exciting the investigatedisture

r T r
I ' ——True acceleration
A i ---Measured acceleration

a1, m/s?

D ! i
7 \ ¥ 2 : \
i k ! 4 §
I 1 1 1 | 1 1 1 1 | 1
0.22 0.24 0.26 0.28 03 032 034 0.36 0.38 0.4 0.42
Time, s

Fig. 5. Sample acceleration signal without and wdthdom error
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The numerical tests were conducted for variouslsevkerrors in force and
acceleration measurement as well as for varioushtpassing frequencies
(various spindle rotational speeds). Six levelsst#ndard deviations of the
force measurement error were assumeg,. =0,5,10,15,20,2! N as well

as 9 levels of standard deviations of the accetgrameasurement error
O, =0,0.2,0.4,0.6,0.8,1.0,1.2,1.4,] m/§ and the following 12 values of

tooth passing frequenciek =53,58,63,68,73,78,83,88,93,98,103,Hz. Thus,
648 variants were considered. Each variant wasopedd 10 times which
allowed determination of the root mean square éRMSE).

In many cases, the coefficients obtained with tee of the TLS method
assume negative values, which is of no physicalninga Therefore, the results
obtained with this method were only presented @ 6i

150 : . 10 .
—LS o —LS
°c —RTLS £ gl —RTLS
IS —GCV £ —GCV
= 100+ TR =S —
= L-curve Z 6 L-curve
-5 “Q
I 5 !
< 50 g ] s
M =
2] 0 2
= =
S ~ oo
0 0.5 1 15 2 0 0.5 1 15 2
Oaccs m/SZ Oace,s n']/S2
150 : 10 §
—LS —LS
e —RTLS e sl —RTLS
< —GCV S —GCV
> 100 ——L-curve > 6 —L-curve
-3 a
| £ -~ 4
< 50 . s
= =
2} n 2
= =
~o ; . ; . ; ; j
0 0.5 1 15 2 0 05 1 15 2
> 2
Gace, M/S° Gace, M/S

Fig. 6. Influence of acceleration measurements @mche estimation accuracy

Figure 6 presents values of the root mean squaoe ef the determined
coefficients obtained for various levels of ernoraicceleration measurement and
for the ideal force measuremerd (.. = O[N]. It might be concluded that the
use of the proposed regularization facilitates mprovement in the estimation
accuracy. The root mean square error in the esimaff coefficientsk, and

K; obtained with the proposed RTLS method does no¢exx 10% of the added
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values of these coefficients within the range uprtg =1.0 [m/€ ]. Tikhonov

regularization combined with L-curve method wereurfd to be the least

accurate, giving less accurate results than GCVs @buld be expected due to
the low dimension of the FRF matrix [10]. Slighthgtter results are obtained
using Tikhonov regularization and GCV method butill performs worse than

LS method without regularization. It should be wotkat in the considered
problem we deal with low condition numbers whe tihregularized solution is
preferable [11]. Similar observations can be madmfthe Fig. 7 - Fig. 9 where
the estimators accuracy is expressed as the functitorce measurement error,
condition number and transfer matrix error respetyi

80 T 5 T T T -
-_LS —_LS
~ —RTLS “‘ —RTLS
1S 60 i E— € 4t —
g — GCV g _GCV
> L-curve 23 L-curve
¥ £
|;§/ 'M 2
-
& 20 @
b= =
[ad d —— " 0
0 5 10 15 20 25 0 5 10 15 20 25
Oforces N Oforces N
80 5
—LS —_—]S
R —RTLS N —RTLS
£ 60 E 4
—GCV —GCV
g —L-curve g —L-curve
2 Z3
~40 T
|§/ lg )
= =
= i i B et i L i
00 5 10 15 20 25 00 5 10 15 20 25
Oforces N Oforces N

Fig. 7. Influence of force measurements error enestimation accuracy

Figure 7 shows the influence of the error in foneeasurement during the
impulse test on the mean square error with thenasguideal acceleration

measurementd,,. =0[m/$?]The force measurement error on the estimation

accuracy was observed to be of negligible influenwéhin the range of the
tested values of the standard deviations in theefaneasurement error, the
values of the root mean square error are one dodear than for the analysed
standard deviations in the acceleration signal nreasent error.

Figure 8 presents the influence of the mat@x? itomuing on the
accuracy of the obtained estimates. The courséefctrves specifying this
dependence is similar in terms of quality for ailetcompared methods.
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Nevertheless, there is no significant influencehef matrix G~ conditioning
on the estimation accuracy: the estimation erroes ot proportional to the
conditional numbers. The conclusion, however, isafi@eneral character, but is
only related to the conditioning range of the FRRction matrices which were
present in the conducted numerical experiment. Mw@hess, it might be
suggested that in similar tasks of inverse idesaifon, the conditioning of the
FRF matrix is not a factor which decides the ediibmaaccuracy. Therefore, the
use of methods which improve the conditioning oé tRRF matrix (e.g.

Truncated Singular Value Decomposition) are noteetgd to bring the
expected results.

40 .
o —LS
IS —RTLS
£ 38 —GCV
£
=z —L-curve
g3
|
=
5 34
=
&
% 100 200 300 400 500 2% 100 200 300 400 500
Condition number Condition number
5
g 4,
2
53
S
=2
Mm
wn
S
0 & 0
0 100 200 300 400 500 0 100 200 300 400 500
Condition number Condition number

Fig. 8. Influence of the FRF matrix conditioning thie estimation accuracy

Figure 9 illustrates the influence of the errorgthie determination of the
FRF matrixG ' on the estimation accuracy. The error was detethirs:

1-2 1- 2|
£ = HG _Gexp
© e

(24)

where G and Gi;f) stand respectively for the theoretical (precisa) ¢he
experimental (error burdened) FRF matrix.
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0 5 10 15 20
&, %

0 5 10 15 20
gs, % £, %

Fig. 9. Influence of the FRF matrix error on thamation accuracy

The coefficient estimation of the machine cuttimggess model with the
use of the RTLS method is much more resistantéd~RF matrix error than the
LS method and Tikhonov regularization. The root meguare errors of the
estimators of the coefficient&, and K, are characterised by a similar error
functions. However, for the RTLS method, within ttaage up to the value of
£;=15%, the root mean square error was found to moeesl 10% of the

precise value of coefficient§, and K.

6. Conclusions

The article presents a method for identifying theeficients of the
mechanistic cutting forces model without the neitgder direct measurement
of the cutting force. These forces are identifiaddal on the acceleration signals
measured during machine cutting coupled with tleeaighe frequency response
function matrix. An original regularization methaehs proposed based on the
relationship between the identified harmonic congras of the cutting forces.
The dependence was obtained based on the mecbanistiel of the cutting
force. As a result of the conducted numerical taste/as concluded that the
estimation of the coefficients of the mechanistiocdel with the use of the TLS
method extended with the proposed regularizatichrigue is more accurate
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than the TLS and LS methods. Additionally the Tikbe regularization

technique combined with L-curve and GCV were testedvas found that the
application of Tikhonov regularization gives lesscarate results than the
unregularized (LS) solution. This is attributedhe low condition number of the
applied FRF matrix. In addition, the analysis show®at the FRF matrix errors
have more of a significant influence on the estiomtaccuracy than matrix
conditioning.
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