I lysis is used to describe ttignamicbehaviour of a
E F F ECTS O F D I F F E REmﬁol by parameters like eigenfrequencies mode shapes
modaldamping Ewins1986. The generakxperimental

EXCITATION MECHAI\&E\:&YO&Ch for obtaining modal parameters consists of the

excitation ofthe structure with a shaker or impulse hammer,

I N MAC H I N E TOO LS VN—' E measurement ofhe respmse to this excitation, estimation

of a transfer function fron these measurements, and

P E R FO R M I I\@JTP U:I' derivation of the modal parameters using a curve fitting

technique This procedure is also known as Experimental Modal

ONLY MODAL ANALY itsi‘\./ely, the Outputonly Modal Analysiscan be

JAN BERTHOLIMARTIN KOLOUEHOACHIM REGEL performed for modal testingAllen 2011, Batel 2@). Only the
AND MARTIN DB2 ~ "€sponses to an acting excitation are measured and tloelah

parameters are deterimed. For this methodan important

assumption isan excitation by white noise. It is assumed that

the structure is excéd completely and uniformly and the

) ) ) . measured responses thus contain only parts of the structure

Fraunhofer Institute for Machine Tools and Formingang are not weighted by the character of the excitation itself.

Technology IWU, 09126 Chemnitz, Germany The measurement concept originates from the investigation of
DOI:10.17973/MMSJ.2021_10_2021100 large structures like buildings, planes, ships and wind turbines,
e-mail: jan.berthold@mb.tuchemnitz.de ~ Where anartificial excitation is not suitabl¢Chauhan 2011,

Output-only Modal Analysisnakesit possible to investigate the Magalhaes 2012|Concerninghe white noiseassumption the
dynamic behaviour of machine toglespeciallyunder process €xcitation by ground vibrations, water waves or wiasl load
conditions The differences between standstill and processases on thee kinds of structurescorresponds very well to this
state, which are important tobe consideed, result from requirement.

process damping, gyroscopicoments of the rotating spindle Dueto the fact, that only theresponseto an assumed but not
and changes in preloads and clearance in bearing and jointéfown excitation is measured and analysed, many
Output-only Modal Analysisssumes a complete excitation of identification techniques have been developed and are applied
the structure by white noise characteristics. There are severdpr different use cased review of the most common methods
mechanisns in a machine tool under press conditions that IS found in [Masjedian 200]. A general subdivision could be
could cause a vibration response. Besitlge cutting process Made in identification techniques working ithe frequency
itse|f’ the movement of the N@xes as well as rotating fans of domain and on the other hand teChniqUes in the time domain.
the control system and auxiliary unjtscan be excitation A common method irthe frequency domainis the Frequency
sources. This paper investigates to what extent esev Domain Decomposition (FDD)Ths method, which is
excitation mechanism in machine tools fulfil the analysis undergoing continuouslevelopment, iharacterised as robust
assumption and in which way the identified modal parameter@nd easy to use [Gade 2005]. The CufiteFrequency Domain

depend on the boundary conditions of the excitation Decomposition (CFDDpakesit possible to identify values of
characteristics. eigenfrequencies and damping more exactly, atsthe case of

KEYWORDS Presence of deterministic parts in the excitation, by executing
. . ) ) the curve fitting directly in the frequency domain [Jacobsen
Output-only Modal Analysjsmachine tool, dynamic belviour, . . . .
excitation mechanism. white noise 2008]. Asa representative of the time domain techniques, the
' Stochastic Subspace I|dertdtion (SSI) is mentioned. This
method can be described as mathematically elegarallows
1 INTRODUCTION identification of coupled modes angrovides the ability to

The evolution in production technology from the classid€act to challenging boundary conditiomed disturbances in

machine tool to the cybephysical production system, the use the measured responsethrough different weighting options

of digital twins, and the general focus on product virtualisatior] ainieri 20_14] The technlque_ sesmathematically prqje_cnon
offer enormous @portunities for understanding, designing and of the raw time data and _es‘umaw syb_space o_Iescrlptlon of
optimising machines and processes. These methods and to&'%e investigated system _W'th stochastic mpu@aw_],there are
are even more dependent on measured values that descripgcveral subtypesiepending onthe type of weighting Worth

the systems under the right boundary conditions and can bénentio_ning Isthe SSI by Weightir)g witl(hn_onical Variate
determined continuously and reliabl This paper deals with the ~NalysiS(SSICVA that makes possible handling of unequally

determination of modal parameters for the description ofd's't”buu_BOI excitation levels [Brincker 2015]_:

machine tool structures. The focisplacedon the influence of In ma_chlne toolsOutput—onIy Modal Analysits mostl_y used _to

different excitation mechanisms on the identification resultsdescrlbe the dynam!(:_ behawour_ exby(_:at the working point

when the system behaviour is determined pritom response under piocess conditionsand to identify modal parameters

measurements wittOutput-only Modal Analysis that precisely represent these boundary conditions [Gupta
2020, Ahmadi 2014, Berthold 2019]

When performing Output-only Modal Analysison machine
2 STATE OF THE ART tools, some aspects like thegositiondependent behaviouin
The dynamic behaviour of machine tools is crucial for théh® working space of the machine as well as adequate
resulting workpiece quality, the limits in manufacturing €Xcitation have to be considered [Berthold 201&§pecially the
because of chatter, the commissioning of the drives, as agell €Xcitation regarding the white noise assumption has be
wear of tool and machinéool components For these reasan ~ duestioned and investigated in machine toolSeveral
this topic receives increased attention [Altintas 2012]. mechanisns canleadto an excitation of the structure

1Professorship Production Systems and Procesassiute for
Machine Tools and Produch Processes, Chemnitz University
of Technobgy, 09126 Chemnitz, Germany
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The main sources of excitation of machine todising cutting parameters are identified b@utput-only Modal Analysifrom
can be seen as the process with the recurring cuts itself, ththe measured responsesThe e&action will be generated in
traversing movement to ensure the necessary relativalifferent cases by:

movements between cutting and feed movente and 1 Relative antbr absolute  excitation by
excitations by rotating components such as the main spindle electromagnetic shakers at Tool Centesint (TCP)
but also fans and pumps of auxiliary units. and/or machine bed

Due to their harmonic character, these mechanisms are in  § Movement of NGAxis with randorty changingfeed
strong contrast to the assumption of excitation with the rate and machine psitions

character of white noise. 1 Movement of NGAXis with additionally PRBS exaction
Nevetheless, ways ofstimulating the machine in line with of motor current

assumptionsare generated for example, in modifying the f Modified cutting process with randoly changing
cutting process, but also in influencing the axis movements spindle speed

generate a excitation with stochastic characterissic The Thereby, the excitation bya shakeris used to get reference
cutting process can e modified by using spechalprepared  values with a welknown method from Experimental Modal
workpieces Mao 2016, Cai 20]5specfic cutters with unequal  Analysis. The results are discussed by comparing the
tooth pitch angle or modifying technology parameters like differences of eigenfrequencies amdodal dampingas well as
spindle speed during cutting [Berthold 2016]. The aimligys the mode shaps by Modal Assurance Criterion (MAC)
to modify the chip thickass tocreate a stochasticharacter [Allemang 2003]

The excitation of the machine tool by axis movements results

from mainly two effects. On the one hand, from the inertia

forces of the moving components during acceleration and 4 REALIZATION OF DIRERT EXCATIONS

deceleration andon the other hand, in the casof ball screw 4.1 Investigated machine  and measurement
drives,from the collision of the balls in the ball screw [Li 2019]. procedure

Again, the aim is to modify the process motion of the species t§he investigations are carried out on a thrads machining

influence the time course in order to generate a broadbandtenter, controlled by a SINUMERIK with SINAMICS drive
excitation as far as possible [Li 2013].

Another way to excite the machine with white noise
characteristic arises from the control system of the-&& of
the machine toolThese systesusuallyprovide the possibility

to switch on PseudeRandom Binary Sequence (PRBS)o
current or moment timelinedo obtain transfer functions for
system identification [Isermann 2011This opportunityis used

as suitable excitation inpun the state of commissioning the
controller of the NC drivego identify transfer functions in
order to tune the parameters of the control system
w{ OKlI 6SNI SAY wunune

The presented possibilities for the excitation of machine tools
are based on different operating principles and can be applied
in different operational conditions(cutting, traverse motion
commissioning). Since diffemt boundary conditions apply to
some of these differenbperational conditionsthe determined
modal parametersnaydependon these boundary conditions.

components
3 MOTIVATION, RESEARQUESTIONS AND PRODEE Figure 1 shows a CAD modelof the machine. Important

In machine tools, therare different excitation sourcesnatare  stryctural units could & seen in the machine bed, machine
partially controllable and therebyave characteristics of white taple, a base frame under the-skide, the Xslide itself, the Y
noise and are suitable to excite the machine for propefkjide and the Zlide including the main spindle. The possible
analysis. The research question is, to what exteant the  positions inside the working space are marked with a blue
identified modal parameters dependent on these excitationcyhoid. This cuboidllustrates disances in Xo Yac and Zic

methods? What is the influence of excitation properties  direction, being approximatehl800 mm, 400 mm and 400 mm
(source, time course, location)? long

Therefore, a machine tool igxcited by several excitation
sources and mechanisrat various locationsand the modal
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Figurel CAD modebf the three-axis machining cest

Figure 2 Wireframe model aghe discretization of the madhe tool,
(reference sensors are marked with arrows)

For the Output-only Modal Analysjsthe structure has to be
idealized andrepresented by a wireframe model which is
shown inFigure2.

Acceleration sensors, mated at node points depicted in the
wireframe model, measure the responsesvariousgenerated
excitations. The measurement procedure is dividedtan
sequences the necessary reference sensaase depicted in
Figure2 by arrows. Thereare five reference sensors, which

Figure 3 Electromagnetic shaker mounted for relative excitation
between machine table and spindle

The second setuplsouses an electromagnetic shakéut it is
coupled tothe machine bed and mountedn the hall floor,
resulting in absolutexcitation(seeFigue 4).

The third measurement setup results in the combinatafrthe

first and second setup, which means a simultaneous excitation
at two points.

Figue 4 Electromagneti shaker mountedbn the hall floor and coupled
to machine bed for absolute excitation

The excitation signal hathe characteristicof white noise
provided by a signajenerator, whichfulfills the excitation
assunption for Output-only Modal Analysisvery well. The
measurementtime was 100 scondswith 50 averages, which
results in a time sample of 2sonds

remain at the same positions at all sequences, located at the

most important points of the substructures of the machine

tool.

4.2 Excitation by an electromagnetic shaker

The machine tool is excited by elemmagnetic shakers relative
and/or absolute in three measurement setupk the first

setup, a shaker is mounted betweetlie machine table and
dummy tool in the spindle for relative excitatioseeFigure3.

The arrangement is chosen because this type of excitation
corresponds to the boundary conditions of the subsequent

investigations in the cutting process and the motias well as
to the excitation by the control systemThe excitation by
impulse hammewould be accordingly unsuitable
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Figure5 Measured Forces during excitation by electrometic shakers.

amplitudes in the timeline have randowcharacter. The force
level of both shakers is in the same range. In the spectrum, the
excitation is constant in a wide range up to 300 Hz, above this
range the shaker betweerthe machinebed and TCP shows
relevant frequencies, whichesult from the mounting and the
dynamic behaviour of the shaker itself.

In Figure 6, the responses presented as Singular Value
Decomposition (SVD plots are shown.ln the first setup,
excitation between TCP anthe machine table leads to
responses, which are suitable for analygi® harmonic parts in
the first singular value curve and clearly distinct peaks that
probably show eigenfrequencies. It is interesting tisatup 2,
with excitation onlyon the machine bed, points to frequencies

in the range from 15 to 25 Hz as well as in the range from 340
to 350 Hz, which are not to that extent characteristic in setup 1.
On the other hand, relevant frequencies from 70 td023z are

not visiblein setup 2asin setup 1 In addition there are more
harmonics in setup 2. The combination of setup 1 and setup 2
leads to setup 3 with excitation between TCP and machine
table as well as machine bed. In this cabe curve of setupl
isusuallyfound again.

4.3 Excitation by movement
positions)

Another way to excite the machine arises from the movement
of components by the N@xes. To give these movements a

(random feed and

Setup 1:Shaker between TCP and machine bed active. Setup 2: Sha'é‘fbchastlc character, the feedte, as well as the NC positido

on the machine bed active. Setup 3: Botkhakers are active
simultaneously

TCP and machine table
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Figure 6 SVD plots of measured responses by shaker excitation
several locationfirst to fourth singular value line in descending orjler
Setup 1: Shaker between TCP and machine bed active. Setup 2: Sh:
on the machine bed active. Setup 3: Botshakers are active
simultareously.

In all setupsthe acting forcesthat excite the structure are
measuredwith force sensors. The timelines are shown &or
overview over a range of 10esondsas well asa detailed
section and the resulting spectrum of the measurement time o
one sequence are presentaéa Figureb. It canbe seenthat the

be achievedare varied with random numbers regarding the
technological limits. Starting from the reference point
(correspondngto TCP position during the shaker teshle axes

are moved sequentially in the ordereX Yacand Zc The feed
rate varies in the range from 1000 to 5000 mm/miand the
possible motion distanceariesin the range-4 mm to +4 mm
from the referene point. The variation of feed ratand
movement distance is independenbf each otherand the
values vary randomlyin this way,100 different positionsvere
moved to one after the other. A small section of theost
important parameters of th&lGdatais shown inTablel.

An illustration of the successive points in the working space of
the machine tool resulting from this random data is possible
through

Figure7.

The resulting responses to this excitation are shown as SVD plot
in Figure8. On the one hand, theesults are very noisy, but on
the other hand, the level of the singular values in the range up
to approx. 115 Hzevealsan adequate excitation. Possible
eigenfrequencies can beecognisedin the lower frequency
range, but amccurateidentification couldbe probablydifficult

due to the noise componentS&imilarly the range above 115 Hz
is not characterised by cleawnell-excited peaks, but from the
knowledge of the shaker excitation, relevagigerfrequencies
should alsmccurin this range.

Table1 NGdata for excitationwith feed motion with vaying positions

andrate

- X 0.689 3671
- Y -1.903 4378
- z -3.644 2378
- X 2.039 4122
- Y -2.058 3702
- z -0.461 1026
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- X 0.689 3671 The curveof the whole part with PRBS switched on is
transferred into frequency range and shown in the bottom
Sequence of variable NC-positons diagram. Tiere are no harmonic parts leflince he excitation
itself has a constant level.

The measured responses regarding the excitation by PRBS are
shown in Figure 11. Compared with shaker excitation, the
courses of the curves are constant regarding the response level.
From 50 Haip to higher frequency ranges, peaks are clearly
identifiable, no harmonics (regardindirst singular value)
remainand no disturbance is recognizable, the curve is smooth.
On the other hand, there is a strong excitation influertetO

Hz In addition, the simultaneous traverseovementleads toa
53‘5‘5"“"““ of feed-rate accnrding to NC-positons higher response in thiosw-frequency rangeaip to 20 Hz.
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4.4 Excitation by movement with PRBS

The PRBS excitationsiwitched ontothe current setpoint of the
motor using the function generator of the control system
during a travel movement. The axes move one aéteotherin

Frequency [Hz]

Figure10 Motor current of NGaxis with PRBS switched on

Xvo Ync and Zc at a feed rate of 1000 mm/min for @ravel ‘ ' ' ‘ ‘ ‘ '
distance of 10 mm each. & 400 W\“
Amplitude: 1 %—— — % (\\/*h/
E —‘ \ E
g =
2 o
Offset: 0 % % |
r N\ 108
time 0 50 100 150 200 250 300 350 400
_ Frequency [Hz]

Figurell SVD plot of measured responses by PRBS excifditisnto
fourth singular value line in descending orfer

4.5 Excitation by a cutting process

To adequately excite the machine through the cutting process,
The parameters of the generated PRBS are shioviigure9,  the technological parameters in the process must be changed
the defined bandwidttfor frequencies of interest is set to 500 in order to achieve broadband excitation and avoid harmonics.
Hz. The results regarding the actual motor curraréshown in  This is ensured by controlling the spindle speedhia process
Figure 10. The first part of the timeline lows the actual with random speed values the range from 600 to 1400 min
current for the programmed movement of theadividualNG  The spindle spee changed every millimeteof the traverse
axes, the second part shows the curremhen the PRBS is path along the workpiece, during a constant feed rate of 300
additionally switched on. The diagram in the middle of the mm/min. The workpiece itself has a length of 300 mm.
figure depicts the detailed curve of the motor curreBince the detailed explanation of the procedure ifound in [Berthold
motor torque is momenfforming, the course of the excitation 2018].To be able to analyse the acting forces, the forces on the
can beregardedas equivalent to the inertial force acting on the workpiece are measured with a forcmeasuring platform

respective axis. This allowdrawing conclusions from the Kistler9255Q0n the modified proceséseeFigurel2).
course of the motor current to the excitation of the machine.

Figure9 Parameterof PRB&xcitationin Simotion(simplified)
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The measured forces are shovim Figurel3. In each diagram
there are three force curves, the indices correspond to the
machine coordinate system&€ompared to the excitations by
the electromagneticshaker, the force levels are very similar. It
should be noted that the cutting force excitation on the tool
acts simultaneously in all three directiorEhe curves depict an
excerpt of ten seconds for an overview and a detailed view of
0.2 seconds. The rdom character resulting from the randomly
changed spindle speed is not immediately visible in the
timelines it is rather possibldo recognise the occurrencef
tooth engagements.

Figure12 Workpiece mounted oto force measuremet platform, for
analysing of process excitation with modified cutting parameters

In the resulting responses, depicted
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25 Hz a very noisy anahcear response is measad. Above Figure14 SVD plot of measured sponses by modified cutting process
this rangethe SVD lines are very clear and show distinct peak§xcitation (first to fourth singular value line in descending order).

5

their

IDENTIFICATION OF MAL PARAMETERS

Theseveralexcitation forns all result in responses suitable for
analysis and identification of modal parametefBo discuss

influence on the identification processthey are

compared In Figure 15 the SVD plots of all presented and
discussed excitatiomprinciples are showrsuperimposed For
better understanding, only th first singular value is depétd.
Although the structure is the same and is investigated in the
identical position with the equal analysismethodology, the
measured responses vary greatly depending on the different
excitation method with the respective valid boundary
conditions.

Interestindy, setup 2 (only one shaker on the machine bed)
shows a different curve, especiallincethe lower frequencies
show a better response and a higher dynamic range. Also at
300 Hz, frequencies emerge that are not Misitvith the other
excitation setups. In the combination of both excitations by the
two shakers, however, this improved dynamic range is no
longer visible.lt is possible thathe same excitation level of
both shakers in combination with each other is talwith
regard to the excitation at the machine bed to have a
significant influence.

The travers movementwith a random character of feed rate
and NGpositon results in a low response level, is distorted and
contains harmonic parts. If the shaker excitats are
considered, there are hardly any differencésund between
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setup 1 (one shaker relative on TCP) and setup 3 (one shak&malysis that a comprehense excitation of the structure for
relative on TCP and another on the machine bed). the identification of plausible modal parametersparposeful

The excitation by PRBS shows an adequate response levelTime excitation by 2 shakers is accordingly taken as a basis for
comparison to the ther excitations formsOn the otherhand, the comparisons with the traverse motion, PRBS and the
it is important to recognize, that the dynamic range is lamd  modified cutting process.

peaks aralsodifferent compared to shaker excitation. When compaing the traverse movement with the 2-shaker
Regarding the excitation by cutting process with modifiecexcitation, there are only a few similaritieswith the
technology parameterst can beseen, thatthe dynamic range eigerfrequencies in the range of 135 and 270 Hz siagdut.

is higherthan in PRBS excitation, also the peaks compamed The same applies to the PRBS excitation. In the case of
the shaker and also PRBS excitation ocalightly shifted to  excitation by the modified cutting poess, these frequency
smaller frequency values. ranges are also characterised by high MAC values; furthermore,
The modal parameters are identified witthe time-domain in comparison to the traversenovementand PRBS, there are
method by SSCVA. Each type of excitation enables the many smaller similaritiealong all eigenfrequenciesvith MAC
identification of important modal parameters. There are values in the range of 360 %. These do not irgdite the same
common characteristics between the different types ofbut similarcharacteristics, which is unique for cutting process
excitation in the form that certain eigenfrequencies appearexcitation.

with each type of excitation, but there are alsery great Whenthe excitation by PRBS is compared with the excitation
differences in the sense that certain eigenfrequencies can onlyy the modified cutting process (the traversmvementis not

be assigned to certain types of excitation. compared here due to the more disadvantageo SVD
Table2 provides an overview of the identifieeigerfrequencies diagram), the fewest similarities of all comparisons so far are
and the corresponding modal damnmgj. For better clarity, the found. This is very interesting because these two types of
considered equafrequencies are placed on the same line ofexcitation correspond most closely to excitation duritige

the tablefor each excitation. operation of the machine, and both types of excitation would
Excitation with two shakers leads to the most eigenfrequenciesalsobe conceivable as a description of the machine in the form
but it is interesting to note that the combination of both types of a "modal fingerprint" for the continuous determination of
of excittion does not result in all eigenfrequencies of the twothe modal parameters. The excitation by the shakers is more
individual types of excitatis when considered separately like a pseudemodal analysis in tens of the way it is carried
Regardinghe damping values, these seem to be overestimatedut. As this setup actually originates from the Experimental
for the first modes; no such large valu@sver 10 percentare  Modal Analysiscontext and is associated with a higher
expected. Thizonclusion is derived from the damping valuesmeasurement effort and therefore the benefit in terms of time
determined in an experimental modal analysis with the sameaved from measurement under operating conditions with the
setup (shaker excitation between TCP ahd machine table) Outputonly Modal Analysi€annd be used in a meaningful
see [Berthold 2019]The traverse movement yields to 12  way. In addition, the effect of mapping operating conditions
modes, the first at 5.8 Hz suggieg an operation deflection would still be lost.

shaperather than a structure modeThe same applies to the As a conclusion for the PRBS and Cutting Process suggestions,
excitation with PRB&gainresulting at 40 Hz, which however is which can be used under operating conditions, it can be said
more likely to originate from a procesending excitation. that the resultsregardirg the modes do not lead to the same
Compared to the shaker excitation, thegoess excitation has results. The differences are due to the different mechanisms
the second largest number (16) of identified modatso, there that are at work during excitation. What is the same is that the
arisemany frequency pas with the shaker excitation. NC axes are in motion with both types of excitation. The
As mentioned before, the order in the table is based on theexcitation is caused by the inertiaforces of moving
value of similar eigenfrequenciedowever, this ordedoes not components, just as the rolling motion of roHbearing
allow any conclusions to be drawn about the correspondencenounted guideways and ball screwause the excitationThere

of the modes. For this reason, the modes are compared big also an influence from rotating components of auxiliary units
MAC. and fans as well as the control system.

The results of this comparison by MAC are shawhigurel6. In the case ofexcitation by the cutting process, the rotating
Because the largest numar of modes is found with two shaker main spindle, the process damping by the cutting procasd
excitation, this is taken as aference. also the tooth engagement and s#éingagement impacts are
The excitation at the machine bed compared to the excitatioradded.In addition, the time invariance in the workspace should
by two shakers shows onlg few similarities. Especially the be taken into account. Aibugh the investigations of the
modes at about 54, 135 and 284 Hz stand outhie good different types of excitation are carried out in almadentical
agreement. The comparison between shaker excitation at thenachine positios, it should be noted thatexcept for the
TCP compared with excitation by two shakers is different. Therexcitation by the shakers, there is always a travel path, the
are many similarities here. Differences occur mainly in thédentified modal parameters are thethe result of an averaging
lower frequency range. The reason for this could be thelongwith the travel positions.

additional exdation of the machine bed (in the case of 2 Various kinds of excitation yield to different modal parameters.
shakers), which is omitted with the exclusive excitation at thelhe results, identified by Outpuinly Modal Analysiscannot
TCP. Apparently, this has a great influenceoourringmodes.  be transferred into each other

Reflecting on the assumptions of th®utput-only Modal
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Table2 Modal Parameters of several excitation forms

- [ | [ |
-——-——-——-——-——-_
el 1972 38 [l 19,7 68 [EON 2031 21 Bl 1972 11 BBl 1992 44

__-__-__ __-__

236,4

-——-——-——-——-——-——
B 3011 20 [ Bl 3054 24 [EN 2998 [ ] 3014 2,2
- 3149 o8 [EON 8117 25 @8N 8127 o6 @B S 8151 24

Biel 3755 20 P28l 3760 0,9 B 3737 23
AN [ NN (735500 [ N [ e N N o e .

MM SCIENCE JOURMN20211 OCTOBER
4937



a. TCP versus TCP in combination with Machine Bed b. Machine bedversus TCP in combinatiowith

Machine Bed
c. Traverse Motion versus TCP in combination with Mach
Bed d. PRBS versus TCP in combination with Machine
e. Cutting Process versus TCP in combination with Mach f.  PRBSersws Cutting Process

Bed

Figurel6 Comparison of modal parameters resulting from different excitations forms by MAC Diagrams
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