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ON BOARD CONDITION MONITORING OF FEED AXESBY SIGNAL
DECOMPOSITION FOR MACHINESWITH BALL SCREW DRIVES

In order to establish a condition monitoring systendetect wear of the mechanical components af tkeves
with ball screws a measuring and data evaluatioth@aehas been established. In order to keep ths dosvn,
boundary condition is to use the machines own fanatities only (On Board Diagnosis). At presenfsmnof
wear detecting methods use vibration analysis. Harsignal analysis method is presented that may we
complement established methods of vibration amalyidie publication presents a method to exploittiooéng
data to detect wear of a ball screw drive exemigléniat is run under real conditions. The presemwthod is
partially derived from wear detection methods dferobearings and may also be adapted for othes gach as
linear guides.

1. INTRODUCTION AND MOTIVATION

Machine tools contain a multitude of componentsnes®f which are critical for the
operation. In particular this is true for feed ax@serefore there is a big application
potential for diagnostics. So far, only for exp&esmachine tools there were cost effective
applications. But, from the operators point of vigews desirable to expand the diagnostic on
other components the diagnostic of which was notygst effective. For every component
the failure probability is fed into some kind ofkianalysis. From the user’s point of view
it's best if the diagnostics and the risk analysipart of the supplied functionality of the
machine tool. Long since the pervasive spread @drimation technology has reached
machine tools. The data processing units complerttetmechanical units to form an
integrated functional system. The whole functidyatif the system will define the market
value of the machine. In the long term high surgharfor additional electronic functions
may not be accomplished. Therefore a diagnostiesyshould imbed in the machine itself.
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When the machines sensors only may be used, ttes sthall mechanical components
together influence the available signals of the mreaes controller at the same time. To
identify the worn or damaged component such asifgsarlinear guides or ball screws the
component’s particular contribution to the summorseghal has to be identified and
separated. Therefore the available signals halse ttlecomposed.

Here, the positioning signal will be investigatédter that the separated portions of
the signals have to be assigned to the accordingpopents. Preliminarily the sampled
signals must bear the according information. Thushe forehand the signals have to be
captured under specific conditions. If a cost dffecdetection of wear of the feed drive’s
components has to be achieved, it is desirabléonioiterrupt the production. During signal
acquisition, it is not always possible. When thecpinditions for the signal acquisition are
not met accordingly, the quality of the signal mayt suffice. Hereafter an approach is
presented, how the preconditions for data acqoiséind how to decompose signals may be
derived from a component’s kinematics. Exemplaglyball screw is examined. It was
chosen, because from the above mentioned compohdais the most complex kinematics.
Also, for bearings the according methods are ajremell known. For linear guides, the
presented approach may be adopted. As a proofnziepd, an experiment was conducted. It
shows that the according information may be sepdréitom the positioning signal. To
complement the approach, a possibility is shown hiogv development of wear may be
derived from acquired signals.

2. SIGNAL DECOMPOSITION BY INVESTIGATION OF THE KIEMATICS OF
BALL SCREW DRIVES

First, if a signal-decomposition and an extracémml an interpretation of the portions
have to be conducted, it's important to know witakobk for i.e. to find out which portion
of the signal bears the concerning information. Téwults of Palmgren’s investigations of
roller bearings [1] are well known agHaracteristic frequencies”Meanwhile they are
common figures that are available in the specificest of bearing catalogues. Not only for a
machine based analysis, for sensor-based analyseshe characteristic frequencies of a
ball screw have to be separated from a signaldhiaimons the concerted operation of all
mechanical components of the whole feed drive. Biri¢he sensor is placed in the very
close vicinity of the respective part that doesatadll mean that the recorded signal is not a
summoned signal. In the real world, a kinematidesysmay not really be cut free from its
environment.

Hereafter a ball screw was chosen as an exam@elelit a kinematic interaction of
the rolling contact components happens. The r&atelocity of all parts may be calculated.
The derivation of the calculation is already dud¢opublished by its author elsewhere [] in
the very moment this article is being written. ®nt was not published yet, with kind
permission of its author, here it is quoted in @nstated and shortened version. Then,
afterwards a second approach is presented.
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few prerequisites are supposed:
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No sliding friction occurs
The balls do not bore

For calculating the characteristic frequencies bak screw as a first approximation a
The balls do roll ideally

Some geometric relations are approximated

The calculations are done for two-dimensional coaigs only
All equations are solved algebraically

(FIRST APPROXIMATION)

2.1. CHARACTERISTIC FREQUENCIES OF A BALL SCREW
[Begin of citation of Michael Walther [2]

Fig. 1 shows the relevant measurements of a bahsc
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Fig. 1. Measurements of a ball screw
ballsD,,, are:

The balls’ centres move on a helix. Its lenigthand the actual rolling circle of the
l pw = 4\ (T[DD pw)2 + th

D,, =D, [tosa
The lenghts of the contacts runways in the nutanthe shaft are:

1), )
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pw, Mutter

= \/((D pw+ D WEOSO’ )DT)2+ I:>h 2 Ipw, Spindel= \/((D pw_ D V\mosa )HT)Z-F P h2 (3)1 (4)

Fig. 2. shows the kinematic and geometric relatiamsde the ball screw nut.
Physically, the rolling action is described as avement around the velocity pole.
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Fig. 2. Model for the kinematic calculation of thall's velocities and the packaging of the balls

To calculate the velocity of the ball's centre theorem on intersecting lines is used:

VMitteIpunkt/VDw SpindeI: ]/2 (5)

The velocityvpw spingei0f the contact point at the shaft is:

Vou,spincer = T spincell pw spinadr | Spinﬂg\/ (D 5D [gosa )du)* P 2 (6)

The duratiortymays Of one total circulation of the ball around thefhs:

t IPW _ ZQ[ (T[DDDW)2+ th (7)

Umlauf — -

VMitteIpunkt fSpindeIm D pw_ D @050' )

It's common to refer the result to the rotatiormalfuencyfspingelOf the shaft:

f 1 _ ((D,, — D, [tosa )dt)>+ P, 2
Umlauf oy Spindel ZQ/(T[DDpW)2+ P,2

(8)
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In a plane packaging the centres of two balls caher segmeniB of a circle.
Therefore, the number of baliss:

z=21/B p=2rarcsiD,/D,,) (9); (10)

If the helix is projected in the plazdalls fit in the circle:

7 arcsir(DW/DpW) (D)

The balls are arranged on a helix. Its actual lemggy be calculated if the lead (pitch)
Py is taken into account. It's important, thatustnot in every case be a natural number of
course:

lPW \/ (T[DDPW)2+ th (12)

““b,, B D,,, 2Carcsir(D,/D,,)

A location in the nut, for example the re-feedimgtus passed times per turn. Therefore,
the re-feeding frequendyysyit IS:

((Dy, ~ D, [0S TP+ P, 2 J @D, )P, 2

Spindel 2 W Dpw 2 BirCSir( DW/ D pw)

((D,, - D, [Bosa )dt)z+ P, 2
Spindel .
’ D,,, 2Larcsin(D,/D,,)

(13)

fAustritt = fUmIauf Q = f

f =f

Austritt

A location on the shaft is passed with the inneqfiencyfinen

((Dpw + DW [cosa )lj-[)2+ I:)h ZD \/ QTED pw )2+ I:)h 2 (14)

el o[, )+ R D, (2rarcsin(D,/D, )

((D,, +D,,[Cosa )T)? P, 2
Spindel .
° D, (2(arcsir(D,,/D,,)

f f

innen —

f f

innen —

[End of citation of Michael Walther [2]
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2.2. CHARACTERISTIC FIGURES OF A BALL SCREW
(SECOND APPROXIMATION)

To conduct the second approximation some prerdggibave changed:
* The balls do not roll ideally
« Sliding friction occurs
e The balls do bore
» The calculations are done for three-dimensionatdioates
* Some geometric relations are (still) approximated
« Equations are solved numerically also

The leading (pitch) angle,, is:

v, = arctar{ HEFI); ] (15)

pw

The trajectory of the runway of the ball’s contpotnt at the nut has the lendHy. nut:

low Nut:\/(DPW+DWE:OSG)2+(DWEBim'DSirq(/pW)2 (16)

For the shaft the length,, spis:

lpw, sp= \/(Dpw—leitosa)z+(DWDsim'Dsinpr)2 (17)

The velocity pole is considered to coincide with tontact poinA at the nut (Fig. 3).

e —

Fig. 3. Velocities of the ball's contact points atslcentre

The theorem on intersecting lines applied on Fidel®sers the ratio of the norm of the
velocities:
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V| _ 1
== (18)
Ve 2
The velocities of the ball's centrg and at the contact poing, are:
D,, 07 D,, 07
Vv, =kl B |v,=2kll P (19), (20)
0 0
wherek is a factor that represents the geometry andritieoh.
On the other hand the velocity of the rotating shathe contact point is (see
Fig.s):
D, 07
Vsp = Tl Py (21)
0

wherefs,is the rotary frequency of the shaft.
Each of the concerning contact points has got feréifit anglea since the diameter
and therefore the lengths of the respective hefisalvays are different. Especialty and

Vs, do not coincide. That means the ball does notideklly. An additional componemt,
has to be introduced:

\78 :_.B —_\73 (22)

It is clear, that the sliding velocity,, depends on the friction.

Like at a car’'s front axle that drives through and curve, the inner rolling circle of
the ball should be inclined further than the ousarce the inner runway’s circle is narrower
than the outerHig. 4, left). Normally, a ball screw’s geometry is setto give a symmetric
contact angleRig. 4, centre). That means, the intersecting lines efctintact points meet in
the ball’'s centre. Therefore, the ball's two radlinircles are forced to act like a beam axle
without a differential i.e. they are tightened tthgg, have the same rotational speed and are
parallel. The inner runway is shorter than the ouiderefore the ball makes a compen-
sating yaw-movemenrd,. It may well be assumed, that the yawing is aéigng. Thus, here
the averaged influence af, on the ball’s velocities may be neglected.

Insert: Fig. 4, centre shows the common static setup bfsbeew design. For rolling
kinematics it's not optimized. As an improvemehg inner profile’s halves of the nut and
of the shaft respectively could be narrower andpitdile could be inclined (Fig. 4, right).
Thus, the ball's inner rolling circle becomes smllThat compensates the different
velocities. ldeally, the set-point of the 3D-arrangent should be the shaft’s centre.FAg
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4, right illustrates it’s difficult to realize. It ay be, if the balls are considerably smaller than
the shaft’'s diameter. (The load forces wouldn'ersect in the ball’'s centre any more. The
ball would be stressed differently. The advantagayg be reduced friction).

M [] setangle: 20.‘:"’:".:'::h

,_I U Setpoint

Fig. 4. Rolling kinematics of plane curves. Incting), yawing (m.) and tilting (r.) rolling angles

On the other hand, the ball rolls due to differgiith anglesw,. The shaft’s diameter
iIs smaller than the nut's. The pitd?, is the same. Therefore, at the inside the ball
encounters a steeper lead (pitch) anffg than on the outside4 (like at a spiral
staircase). Also the ball’s centre has its own eugj|,.

wNut <wpw<l//Sp (23)

Therefore the ball is tilted also while it rolls.hdt resultsawy, The tilting is
approximately orthogonal to its actual rollingsitiot alternating and its direction is always
from inside to outside. The above consideratioad ke the conclusion that a ball may never
roll ideally inside a real ball screw nut. It alvgaywobbles. The three-dimensional problem
of a real ball screw is even more complex. The isafirone to rolling, slidingnd boring
friction at different planes and axes at the saromeant.

..................

0

vA,S vA,a

Fig. 5. Interrelation of the velocities at the balssumed positions of the pole do coincide witmpa (left) or
with pointB (right)
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Now the view is at the side of the shaft, not ie thiddle (Fig. 5). The view coincides
with the ball’s tilting axiswy,. To analyze the problem two cases are comparsddsumed,
the ball is instable. First, it's considered thd balls ideally at the nut i.e. the velocity pole
coincides with the respective contact point. Secat'sl considered it coincides with the
shaft.

wy causes a portion of (sliding) velocity, . The norm ofv;, is:

=‘\73p‘ Sin(lﬂs,;_l// pw) = fSH[( D Spi)z + chl:‘sin(lﬂ /4 Qv (24)

The velocity of the ball's centre is:

:%Dfqu/( D7) + P2 o o ) (25)

In the second case (see Fig. 5. right) as befbeecéntre of the ball runs along its helical
path. Now the velocity of the contact point is:

%,

%

a

DNut DT
\7Nut = fNu'[ I:)h (26)
0

where f, is the rotating frequency of the nut. If the fegxked of the drive is the same as
before the rotational speeds are the sde- fs,. Therefore the norm of the sliding portion
of the velocityv,, is:

9, | = o, /Dy 72 + P2 BiN(0 0 ) (27)

,r

Now, the velocity of the ball’s centre is:

=t [0) + i ~2(0 ) P oy )| 8)

2

,0

In fact, the velocity pole is neither in poiAtnor in pointB. The system is instable.
Thus the actual speed of the ball’'s centre may balijmited to a specific range:

Vol <[%| <[V o (29)

To get closer to the actual speed of the balls,fiicdonal forces at the respective
contact points are taken into account. Now it'sias=d thatv, ., andv, , are proportional to
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friction and to each other. Since the ball movewaly also be assumed, that the proportion
IS not constant above time:

Fun = Ha_ ‘vﬁ (30)

Ffr B p‘B ‘VA,r

That means the velocities are balanced dynamicdllye ball's state is a dynamic
equilibrium. In simple words: low friction meanshagh sliding velocity. High friction
means low sliding velocities. The momentary state the actual momentary velocity may
not be captured. Therefore the ranges of the wesare specified:

| o (D)’ + P sin(y - W=V}
and (31)

| 1o, QD) + P2 Gin(w o~ NEaE

If there are no frictional forces at the respectip@nt the velocity is zero. But, the
velocities are bound to the kinematics. Therefbieytmay not exceed their range. Further
it's assumed that the energy inside the movingesysis dynamically balanced and the
velocities are proportional to the frictional foscé may be formulated:

V
‘ B, lmax

O] _ ol L[ lnas (32)

That means if the frictional force at poitis higher the respective sliding velocity is
lower and the energy is transformed to pd@nivhen the velocity of which rises (and vice
versa). In other words: The closer the sliding oo of contact pointA gets to its
maximum the smaller gets the remaining sliding e#yoat its opposed contact poidt(and
vice versa). In order to determine the frictionalckes, the normal forces have to be
determined before. When the drive moves an axiagefes imposed on the ball screw. The
normal force on a ball is a portion of it:

FN — _ axial (33)
cosa

Thus the frictional force at Point A is:

D\/( Dt BT)Z +P’

— :UNut DI axial —
F Nt aXial — gy |:|F
Nt BT

= _ 34
fr,A COSO’Nut axial D y ( )

ut
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At point B the frictional force is determined acdimgly:

2
_ D, 1) + P/
Ffr,B = 'I'léi(l))?;axlal _:USp |:Il:avqal[! ( S[p) )DT " (35)
Sp Sp
To handle the equatiok,was introduced. If (34) and (35) are applied @) (Bresults
(Dg, @) + P

SpD DT |}"Inl:qli[ISp w v)

k= ( 7 Sp (36)
D, br) +P? _ (D W)+
SpDSpBT QISpE*'nEQ‘// S/ pw) NE)NW Nl S "EQ‘// o ¥ u)

The ball strives for the middle between the twoesad hat means it reaches out for
equally balanced angle¥sy ¥ ww=~¥ pv=% no . Thus (36) may be sireplifi

(Dgy )" + P
- o, @
(DSDBT)Z-'-PFI2 (DNut |jT) +P2 DJ
DSple Sp DNutDT Nut
The velocity of the ball's centre is:
%)= 2w, | o 2 - 9 )

To determine the characteristic frequencies oflasoeew, it's essential to know how
many balls are on the runway i.e. how close thdipvioeach other. First it has to be
examined how long the runway is. Mathematicallyebxiis described like this:

|

Fig. 6 shows the unwinding of the ball's runway @sdrojection onto the x-y-plane.

Do [¢tos
> 4

D 39
J: —Z"W $iny (39)

R
ZITD/

N < X




On Board Condition Monitoring of Feed Axes by Sighacomposition for Machines with Ball Screw Drives 53

Helix Projection

X

Yy
| R

Fig. 6. Unwinding of the helical trajectory (lefthd its projection on the x-y-plane (right)

In Fig. 6Ay is half of the segment covered by the distancevofball’'s centres. The
coordinates of the first ball's centre are:

D D
% [Gos(-Ay) % Ccody
AL D 40
Ve |=| —2sin(-ay) |=| -—2*Csindy (40)
% P P
—h -A ——h A
2r y) 2 4

The coordinates of the second ball are symmetiactile x-axis:

DZ"WE:osAy
X X5
Ye |5 Yo | DZPWBinAV (41)
Z % P,
2
The three-dimensional distance of two adjacentresnsD
JOe =% (% - %) +(z- 2)° = D, (42)
Thus,Ay may be determined if (40) and (41) are applied4®):
2 P z
\/(DpwsinAy) +(—7;myJ =D, (43)

According Fig. 6 the number of baliss:



54 Detlef MAIER, Zheng SUN

g2 T (44)
2[Ay Ay

Approximately, the segment of the ellipse betwewn ¢entres is straight (see Fig. 6).
Its lengthl_, is:

leo =D, [0Sy, (45)
The result fo\y is:

w

D, [¢o
Ay = arcsir{w—%”) = arcsi D, DZT (46)
D, (D, ) +P?

pw

The timet;. the ball takes to run one turn around the shaft is

t. =P = (47)

When a damage of at least one component occuss averrun periodically. This
implies forces which excite vibrations that maydssigned to dedicated components. Also
the characteristic frequencies of different unitshe whole drive feed such as bearings,
linear guides and ball screws differ from each otBg the measurement of the ball screw
drive the velocity of the balls by which they owerrdamages on the nut, the shaft or they
pass through the return units may be determinddcétion on the runway in the nut will be

overrunz times.
g = = UL (48)

Nt = Leire B qu/(DpW BT)Z + th

A location on the shaft is overrun accordingly:

1\ 7
finside = ( fsp_ f circ) [(z= ( fsp_ t_J GA_y (49)

For condition monitoring,f,, is the frequency by which the balls excite theteays
when they overrun a damage on the niijt,. is the frequency by which damages on the

shaft are overrun. To meet the requirements oéd tkive it is also interesting to know how
much distance is fed during the periodic time. @lstancedxy, for the nut is:

B fsp P,
Nut —
fNut

AX (50)
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For the shaft the distaneixg,is:

(51)

inside

Equation (38) and equation (39) show that the dista are independent from the
rotary speeddxy,: and 4xs, depend only on the measurements of the ball sciéis
approach may be used to identify the respectiveadach part of the feed drive. It's
noticeable that opposed to bearings during an exation the rotary speed doesn’t need be
constant(4xs, and Axy don’t depend on frequency or time respectivelyyr Eloser
examination of sampled signals it's also importemknow the characteristic numbers of
events per distance. For the shaft and for thehaytare:

ut — 1 — finside
Zg, = —— = (52), (53)
P AX,  fg P,

In comparison to bearings, the main differencehiat ta damage on the shaft excites
vibrations only while the nut covers the concernamga. So the duration of the according
signal will be considerably shorter. Thus a frequyelbbased analysis is not the best method.

It fits much better to a feed drive’s intended ts@nalyze its behaviour according to
position rather than to frequency. Since the charsstic figures (5252), (53) depend on the
geometry and the frictional coefficients only. Thiym the basis for a state detection
depending on the position only:

Zyw Zep# T(@) (54)

The following measurement’'s setup was specificallgsigned according these
principles. The acquired signals are no vibratiohserefore all disturbing effects like
interferences do not occur. If anything alteringlod feed speed only affects the amplitudes
of the measured signals. It never affects the jposdf the characteristic peaks.

3. METROLOGICAL CAPTURE OF WEAR OF FEED DRIVES WITBALL SCREWS

3.1. MEASUREMENT SETUP

Exemplarily a ball screw which is typical for maechitools was examined. In fact the
contact angle depends on the load. The contaceargl the friction coefficient influence
the numbers of events per distance. Fig. 7 shogstiaracteristic number of eventg; and
Zspin dependency of the friction coefficients,, Uspand the contact angte
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Fig. 7. Spatial resolution of events at the Zyjtand at the shaft,

The measurements are:

Contact angle a

Shaft diameteD,,,
Pitch (LeadP;,
Ball's diameteD,,
Contact angler
Friction coefficientu

32 mm
10 mm
6.35 mm
60°
Mnut=Hsp

Calculated characteristic event, @
Calculated characteristic event, stmft 877 ni"

Input:
rotary encoder

)b

723 mt

Output:
position of table

[| Laser
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L L
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Fig. 8. Measurement setup for spatial decomposéafgositioning data
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The measurement setup to detect wear of the ma@iam@mponents of a feed drive is
shown in Fig. 8. The intention is to acquire datatveo interfaces of the system. The
mechanical components form the transmission paltieiween.

The input interface of the measurement setup isdtay encoder of the servo motor.
The controller is guided by the rotary encoder.ré&f@e any inaccuracies of the mechanics
may not be compensated by the controller. The attierface is the actual position of the
machine table. It may be acquired by a laser iaterheter or by a linear encoder. Both units
are triggered simultaneously at equally space@udcgts. A pulse divider is used to adjust the
sampling distance. For a ball screw the highestrasting number of events &,
(According the mathematical derivatidixs, will always be lower tham\xy,.) In order to
extract the concerning information from the sigrthls sampling resolution has to be high
enough. Therefore the highest spatial samplingadest may bé\xs/2. For the given ball
screw numerically at least 1754 (= 2x877) sampéswyeter have to be made.

3.2. EXEMPLARY RESULTS

When the positioning error i.e. the difference kedw the appointed position and the
actual position is spatially decomposed, peak$atcharacteristic numbers of events are
visible. Fig.9 shows the decomposed signal of a brand new haWwsd he measured peaks
coincide exactly with the calculated figurag: andzs, The distance of the peaks (2) is
proportional to the contact angde the absolute middle of the two peaks (1) is propoal
to the diameters’ rati®,,/D,. Also clearly visible is the considerably highrsafyto-noise
ratio (SNR). (To numerically calculate the SNR rbayleft out here please.)

30 T T T |
fum] - 723 @ 877 |

..................... e
Lt

Mo lhd ot ot A s

850 [1/m] 1.050

F 3
A 4

Resolution

@ 1/2 ‘ZNut _ZSp‘ D a (55)
® 1/ 20y, + 2|0 [[))pw (56)

Fig. 9. Dependencies of the characteristic peaksfeéd drive with a new ball screw (lifetime <r} h
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Fig. 10 shows the charts for two directions. Intcany to frequency based measure-
ments this clearly shows differences for the retpeairections. Especially aty, the
amplitudes are different. This can be assigned hi® fe-feeding units that are not
ambidextrous (see Fig. 10, left). On the other hidwedcharacteristic peaks for the shaft do
not differ from each other (see Fig. 10, right)c@sionally, a peak in the middle occurs, that
could not be assigned to anything yet (any suggesitnybody?).

30 T T
fum]|- 723 877 i

15— —

75~ -

850 650 7 8 1/m] 1.050
Resolution
30 30

[um] forward 723 @ 1 [pm]f  rearward 877 @
A I
forward
15 rearward @ 1 15
7.5 1 7.5
8 750 350

Resolution Resolution

Fig. 10. Significant signals for reverse moveménftuences of the re-feeding (3, 4) and the sHaft (

Fig. 10 shows that for an unprepared shaft onlypiseks of the re-feeding units are
different for both directions. In order to test th&luences of rough environmental
conditions, another shaft was prepared with a welot that was reground. Fig. 11 shows
the charts before and after damage. On top théiqasig errors over the table’s position is
shown. Below is the decomposition. Now the fullgarof resolution is shown. Dominant
peaks are at 100, 200 and 300.mhey can be assigned to the ball screw’s leadtwisi 10
MM (Zeag = 100 M' respectively). Since the servo controller is cdesbly powerful, the
position of the table (i.e. the rotary angle of thetor, to be more precisely) is controlled
well (The author’s first measurements evidence tti@tmotor’s torque rises accordingly at a
much higher rate). The signal to noise ratio setmse considerably bad. The according
positioning error is considerably small (top). Blae decomposition shows that SNR is still
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very good. The concerning peaks of the damaged @#la€, bottom) still coincide perfectly
with the new ones (red, bottom).
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Fig. 11. Positioning error of a feed drive withalllscrew (top). The spatial decomposition (bott@m)ws
characteristic patterns

In Fig. 11 peaks at the calculated figuzgs(877 ni") andzy, (723 ni') are visible. As
expected, the peak of the damaged shaft risesdarabily. Therefore the positioning error
between 300 and 400 mm can be assigned to the 3hafiength of the signal (blue, top)
matches exactly the nut’'s length (100 mm). Thdi&s position range while the nut covers
the damage. It's remarkable, that the damaged shafivs high peaks at 200 'mand
300 ni* whereas the undamaged shaft has a dominant p&ak at' only.
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Fig. 12. Prepared damage on the shaft
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The damaged signal’s form above ~900 im caused by the damage’s geometry (see
Fig. 12). It's obvious, that the peaks at low raesioh are easy to assign to the lead (pitch).

3.3. PERFORMANCE OF THE METHOD

To get an impression of the method’s performartepall screw drive’s measurement
was compared to the signals. First calculationsvsldothat the nominal figures of the ball
screw drive do not match the signale\ they match: see Fig). Especially, the given
figure of the nominal diameter was not correct.oler to measure it, cylinders with
different diameters sized to match the inside eflihll screw nut were produced. Thus the
actual diameter is determined. It's also not comifyet?) for ball screws to give the contact
angle in a manufacturer’s catalogue (for bearibhgslong since). Also it was assumed, that
the ball's diameter is 6.35 mm. That also had tadreected. Actual figures of the measured
ball screw are:

Shaft diameteD,,, 32.3 mm

Pitch (Lead)pP;, 10 mm

Ball's diameteD,, 6.34 mm

Contact angler ~60° (still difficult to measure)
Friction coefficientu Mnu=H sp

Calculated characteristic event, nutzy,;, 723 m*
Calculated characteristic event, shaff, 877 m"
To prove the statements numerically, the givenréguwere slightly altered and fed
into the model. The resulting characteristic pesiesshown in Fig. 13.
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Fig. 13. Varying results for different ball screwreasurements are compared with the signal

The following ball screw measurements were fed theomodel:

1.  Dpw=32.3 D,=6.34 a=60° Zs=877mM"  zy,=723m" (act. values)
2. Dpw~=30.0 D,=6.34 a=60° z57918m"  z,=680ni" (nom. values)
3. Dpw~=32.3 D,=6.34 a=40° z7819m"  z,=664ni" (assumed)
4.  D,~37.0 D,=6.35 a=60° z5=1014m"  z,=814ni* (assumed)
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Fig. 13 shows that the model responds very acdyrieany alteration of the geometrical
measurements i.e. its peaks are clearly separatder (to Fig.9). Mathematically the
susceptibilities of the model may be calculated:

susc= 025y 02y (57)
9a,0(D,,/D,)

Alas MatLab got stuck in this very moment. So nagdam may be shown here. It's of
course also difficult, to conduct the according esxpents, since the geometry may not be
altered deliberately. Different ball screws onlyegga few samples (that's waste of time).

The ruggedness of the method is evaluated by diifefeed speed profiles used to
sample the data. Then the correlation of the aoegrdifferent signals is calculated. That
shows the limits of altering speed’s ranges. Thmilte may be mapped on a machined
product’s geometry. Fig. 14 illustrates the apphoag8ymbolically a feed speed profile is
shown (top) during that a vibration based data &dtpn is possible while producing. It's
obvious that a wear detection is difficult, whenthbhaxis (of the same design and
measurements, to make the setup even worse) madlie aame time. The signals are very
difficult to separate if vibration sensors are uskdiagnosis of real machines should not be
based on fixed additional sensors at all (considese path analysis!). Move the sensors.
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Fig. 14. Feed speed profile for vibration basedyema(top) and contour for position-based anal{isettom)

On the other hand, an arbitrary contour may beaigul (bottom). If the TCP moves
at 1, 2 and 3 the speed is constant. At 4 it isiseid and ellipsoid. That's already
problematic for vibration based approaches. At Bnamena like hysteresis (loosening,
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stiffness...) may be detectemhd quantified (see Fig. 10, reversing feed). Thaeéary

impossible by vibration. Also many errors may ohby detected if the machine is excited
accordingly. For vibration the excitation (feed spemotor noise, chirp) is always bound to
the mathematics. Nonlinearities (Fig. 14, 5) rertdese fourier-transformed signals useless.

4. CONCLUSIONS AND PROSPECTS

So, what to conclude? What's left to be said? Tamhmand too few! The numerical
performance is far superior to any vibration baapgroach. The SNR is also superior.
Vibration based methods are not appropriate toctlegenilar symptoms when the feed
speed is reversed. In neither direction even thié dmaews lead (pitch) is depicted!
Nonlinearities bear important information that st exploited by vibration. This position
based approach uses both, lineariéied nonlinearities.

The advantages of the presented approach arertlyabrme physical unit is needed, no
error prone complex model is used and the feeddspesy alter. For the operator of the
machine the positioning accurateness is a critdhahhe can use directly. Everybody in the
business is familiar with it. It's easy for him &et limits that are appropriate to his
requirements. The characteristic figures must motdlibrated but they depict the current
state (of wear) directly. Self-imposed prerequssiteere to use the machine’s inherent
functionalities only (On board diagnosis). Theserpquisites are met. Since it's widely not
necessary to use a constant feed speed for thadagigsition, data may be sampled during
the normal operation of the machine. At least & thachine moves in idle. As mentioned
above, the characteristic numbers of events ampendent from the feed speed. Currently,
experiments are conducted by the author to find hmw much an altering feed speed
influences the amplitudes of the characteristicrigg when the machine is moved in idle.
Next step will be to examine the influence of tharing process’ forces. Thus a sensor-less
(On board) automated condition monitoring basedhenpresented approach may be totally
online. A way for On-board-Online-diagnosis may be opeiigsialso questionable whether
the stiffness of the ball screw is principally apmiate to evaluate its state of wear (or its
lifetime). The main purpose is to position. So wdwaluate it by stiffness rather than by
positional accurateness? The positional accurageisemuch more susceptible and alters
from the very beginning of the lifetime if it's m&aed accordingly [3]. Only when it's too
late for a repair the stiffness alters. A comparisbtwo methods may be read in [4].

Next steps will be capturing and decomposing ofhier signals (torque, current) by
the presented method. Thus only one positioningaen sufficient.
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