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SIMULATION INVESTIGATION OF BALL SCREWSFOR HIGH SPEED
TRANSMITTING SYSTEMS

The ball screws are used in feed systems in CNCGimes working with constantly higher cutting spe&tihen
the speed of the balls reaches certain levelsrapetitive chock (impact forces) generated by thkskn the
“transient” phase of the balls’ motion and forcesiray in the return channel cause damage to thecuation
ball system. A simulation of impact forces for adulie length of transient phase in function of tbtional
speed was made. The static axial rigidity is ay\ueportant factor to be considered in definingl Isgrews
performance and exerts a major influence on pasitgp accuracy of NC machine tools. One of rigidity
components is the balls/balltrack area rigiditypeledent on Hertz's deflections. However, due to hiraeg
inaccuracies, the ball screws properties (espgciglldity) are considerably lower than the the@at ones.
A coefficient known as the geometric correctiontdaenakes it possible to predict the rigidity oéthall screw.
A computer simulation of the influence of machiniimgccuracies on contact deflections, rigidity astvo
drive resonance was carried out. It was examinéadt wotational speeds set off the harmful phenament the
agreement of the frequency of the arrangementeointipact forces with the frequency of the servealgystem
resonance. The presented method allows for thailetilon of the impact forces, total rigidity andsomance
of NC machine feed system, in the preliminary ptaf¢echnical project.

1. INTRODUCTION

Ball screws are used as elements of feed syster@Ni@ machinery and precision
machine tools. Allowable rotational speed is deteeth by examining two aspectsdn
value (whered - nominal diameter in mm - rotational speed of the screw shaft in rpm)
and critical speed. Current standakd value are defined within the range 70 000 to 80
000, but for innovative ball screws could reaclugaf 150000 and feed rate has increased
to 180 m/min[1]. Since the screw shaft is usually fixed ontw® ends, its begin to vibrate
due to resonance. This vibration could develop uibration or noise in the entire machine.
The calculation for critical speed was presenteéjn

The d-n value express the velocity of the balls movinginculation circuit. During the
operation of a ball screw the balls are subjedh&load variables .The full cycle of the
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circulation of each ball consists of the followitihgee phases: the working phase (the loaded
balls roll between coils of the screw and the nihig, transient phase ( the balls come in to
the working circulation subjected to the growingadoor they leave it and the load
diminishes to zero), and the phase of the returmement - the non-loaded balls come back
to the beginning of the working circulation. As ttieven shaft in the mechanism operates
at high rotating speed, in transient phase appeamipact forces which are considerably
larger the than forced, which come into being during quasi static entryoiad (Fig. 1). In
case when the frequency of appearing of the imfaces (definite with angl®) agrees
with the frequency of the vibration resonance @& thive the growth of vibration and the
noise of mechanism will happen and it may also ealanage to the ball return elements of
the ball screws [1]. Therefore it necessities #&xamining of what turns can set this
phenomenon.
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Fig. 1. The course of normal forces and impactdsiia the function of screw rotation angle for khdycle of one ball
circulation:N — normal force acting on the bal,; — impact forcef — screw rotation angle corresponding
to a ball rolling a distance equal to its diameter

The frequency of the balls entering in loading barcounted as follows:

_60n
= ®

where:n — rotating speed [rpmf) — screw rotation angle corresponding to a baling
a distance equal to its diameter [4].
To calculate the resonance vibration we need tteesaof the rigidity of the drive
cinematic elements.

fo

2. IMPACT FORCES SIMULATION

Entry of the ball in the loading state for highetocity can be compared to the system
of two bodies, which is the ball and nut. Fig. haws the simplified mathematical model of
the transit zone described in [4]. Angjedetermines the position of the ball and the acting



Simulation Investigation of Ball Screws for Highega Transmitting Systems 61

direction of the variable forc&l. Relationship between total contact deflectionsth

system ball/screw raceway and the ball/nut race(negrked asv) and the normal forchl
acting on the ball can be determined by Hertz'sida:

N, = f(w),
for ¢ =0, N, =N =kv'? 2)

where:w — hertzian deflection in the ball/balltrack arka, rigidity characteristic [6].
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Fig. 2. Mathematical model of transition zone:

a) Ball's entrance to circulation circuit (return elent tangential to the helix), b) defective (rqadkition of return
element: d, — ball diameterRR, — one of the main radiuses of curvature (propodido ball diameter)p, ¢, —
angles determines the position of the Hall; — length of transition zon¥ ,— velocity of contact deflection

properly for screw shaft and nuts M velocity of contact deflection, V — ball velogit

For simplification, it was assumed that the tolaktgc deflectiorw is realized only by
contact deflection of the ball treated as a spwitbout mass.

The detailed description of the transient phaséhefdynamic phenomena is given in
[4]. This analysis is based on the elastic imp&d¢he spherical bodies (Hertz theory) given
ini.e., in [1]. According to this theory the coataleflections can be described as:

2 25
_| _SVomm,

w 3)

4k(m, +m,)
where V, — velocity of ball deflectionns ,— mass of screw and nut respectively.

In the discussed case the speed of the elastic dedlection V, is a vector
perpendicular to the surface of the ball and astdmae time perpendicular to the component
of the vector of center ball speed V (moving tarigerhelix).

From the condition of the time identity for the pess in the transient phase we can
calculate the time of impact:

| w wiV
t =—=—, . -
EVARV) and: V, | 4)

where: | =R, [sing — for small values of the angle.
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In the central moment of the impact, which is aiximaum approach (fo =0) you
will find the maximum force of impact and accorditog(2):

2/3 3/5 . 6/5
N = 5k °m, [m, ni[D, th LW Sina
* ol Am+m,) 120R, [sing

where:a — contact anglel); — diameter determined the balls contact pointh tiie screw
raceway.

As a result of deviations of position and the mowqtand machining errors of the
return element, the transient phase undergoesesinoy (Fig. 2b). Because < ¢4, (as
well asl; < 1) , then the time of impact according to (4) dimhreés and impact forces
according to (5) grow.
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Fig. 3. The relationship between the impact fotdgsand the rotational speedrpm]: ¢, ¢; — angles determines the
ball position in the transition zond— screw shaft diametd?,— lead,d, — ball diameterl, — number of loaded turns,
n — rotational speed [rpm]

A simulation of impact forces for variable lengthtansient phase in function of the
rotational speed was made. The results of the ationl are shown in Fig. 3 for ball screw
with shaft diameted=40 mm, leadP=10 mm and ball diametek=6 mm. For calculation
we took the contact deflectiomequals 0.45 Ca (dynamic axial load ratings), nodssrew
that was 1000 mm long and mass of a nut of a leegtial to for turns of the thread € 4).
The results of simulation show, that the valuengpact forces for higher rotational speeds
and shortening of the transient zone, are condatiehagher than the normal forcés

The research proves that impact forces increaseoniyt with rotational velocity
increase, but also with the increase of the balnditers (Fig. 4).
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Fig. 4. The relationship between the impact fotdgsand the rotational speedrpm] for variable ball screw
diameterd,; N — the normal forcesy;,, - upper limit of rotational speed

The dashed lin@;, in Fig. 4 shows the upper limit of rotational sdes obtained
using the equation:

150000
MNim ~ T4

3. STATIC AXIAL RIGIDITY SIMULATION

The static axial rigidity of the ball screws exeatamajor influence on positioning
accuracy of NC machine tools. The Fig 5 preserdgshpful model for calculation of the
rigidity elements entering in composition of chaincinematic feed system. The rigidig/
constitutes the resistance to deformation and @srtbe force\F which is requires to effect
a component deflectiofl in the axial direction on load application:

R=— (6)

where:AF — force increase [NJAl — deflection fim].
The total axial rigidity of the driving systemabtained using the equation [7]:
1_1,1,1 -
R R R, R,

where:R, — rigidity of the support bearing,, — rigidity of the nut bracket (table montage),
Rys— overall rigidity of the ball screw.
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Fig. 5. Calculating model of ball screw axial rigyd(a) end substitute model (b) [2};, —rigidity of the support bearing,
R, — rigidity of the nut bracket (table montag®) —rigidity of the screw shafR,s— rigidity of nut body and screw
shaft

The axial static overall rigidity of the ball scragvarrived at by adding the pertinent
rigidity values of the components [6]:

1 1 1
—+

R)s Rs Rnu,sf
where:Rs — rigidity of the screw shafR,, st — rigidity of the ball nut unit takes into account
the machining inaccuracies.

The axial rigidity of the screw shaft varies depegdn the method for mounting the
shaft. The rigidity of the ball nut unit is obtath&om the following equation [6]:

1 1,1
R\u Sf Rn/s Pb/tsf

where:Rys — axial rigidity of nut body and screw shal,. st — axial rigidity of the ball/ball
track area calculated with the corresponding gepgnueirrection factor.
The calculation of balls/balltrack area rigiditytiee main problem because in a result
of machining inaccuracies this rigidity is consalaly smaller from theoretical. In work [4]
the geometry correction factor was introduced imleorto estimate the influence of
machining inaccuracies and dimensions of ball saewwering the level of rigidity:

Rostst = Rose 1Sy (10)

where:s - geometry correction factor:

(8)

(9)

AIb/t

S =
Al b/t sf

(11)

where: Al ,, — the axial deflection due to Hertz stredd,,, ; — deflection due to

machining inaccuracies.
The computer simulations, described in [4], made 1 standard tolerance grade
(according to ISO [6]) and for confidence level QB8 show that geometry correction
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factor depend non only on accuracy grade but atsgemmetrical parameters of the ball
screw thread (Fig. 6). The investigation was mamteball screwd=40 mm, 1,=4, length of
screw 1;=1000 mm (ball screw shaft mounting at both enda)jable leadP and balls
diametergly.

0.81

0.75

0.7 -

0.65 -

o 0.6

0.551

0.5
dy [3.175 3.5| 3.5 [3.969/5.556 6 6 |635

P| 5| 5 |6 6 8 8 | 10 |10

Fig. 6. The relationship betwegeometry correction factar and geometrical parameters of ball screwdfe40
(simulation for i' standard tolerance grade for confidence level ©8)d, — ball diameterP — lead

The table 1 and Fig. 7 shows the results of rigidomponents calculation for ball
screwd=40, leadP=10, and ball diamete},=6. (Fig. 7 does not show the valueRaf — it is
too high for this figure). The axial rigidity of ¢hsupport bearing (depending on the screw
shaft diameter) and the nut bracket are taken tr@nball screw catalog [7].

Table 1. Results of rigidity components [I¥i] calculation for screw shaft diamet&r40 mm,
leadP =10 mm and balls diametelg=6 mm:s - geometry correction factoR,— axial rigidity of the ball/ball track
area (theoreticalRy st — axial rigidity of the ball/ball track area (sitated),R,s— axial rigidity of nut body and screw
shaft,R,, — rigidity of the ball nut unit (theoreticalR,, sr— rigidity of the ball nut unit (simulatedR,s— overall rigidity
of the ball screw, total axial rigidity of the dig system, R - total rigidity

dxP | dk S Ro Rort,sf Rus Roy Riusf Ros R

40x10 | 6 | 0.72 785 565 15540 747 544 323 200

After calculation of total rigidityR it becomes possible to calculate the resonance
frequency of team the table of machine tool - tak dxrew [2]:

Y2
1( ROO0°

where: f, — resonance of the table-ball screw ensemble [RZ], total rigidity [N/jum],
m — payload mass (of the work and table) [kqg].
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Fig. 7. The rigidity components calculation foalllscrewd=40, leadP=10, and ball diametek=6

The table 2 shows the results of total rigidRyand resonancg calculation (payload
mass m=1000 kg) for variable le®dand balls diameterd. The criterion of the resonance
Is one of the most important criteria of projectihg ball screw drives. It is dependent on
the motor driving type [2].

Table 2. Results of total rigidit® and resonandgcalculation for screw shaft diamet&r40 mm,
variable lead® and balls diameted

de 3.175 3.5 3.5 3.968] 5.554 6 6 6.39

P 5 5 6 6 8 8 10 10

R [N/um] 167 174 189 190 200 200| 200 204
f, [Hz] 92,3 94 98 98 101 101 101 102

The maximum angular speed of the screw should hsiderably smaller from critical
speed, near which transverse resonance vibrasiorhappen. Moreover one should check
if there is no phenomenon of agreement of the easom vibrations with the frequency of
the balls entering the load, that is:

f, =1,
where: fy- frequency acc. to (1).
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The Fig. 8 shows the results of frequency calooihati For investigation made in this
paper the value of drive system resonance (~101 isizzonsiderably less then the
frequency of balls entering the load for uppertliof rotational speed (fat-n =150 000).

4. CONCUSIONS

For certain levels of high rotational speed theetiéipe shocks caused by the balls
entering into load (impact forces) make growth diration and noise. The frequency
of impact forces can not be equal to the reson&mecgiency of driving system because it
could cause a incorrect work of the system and deanta the ball screw mechanism. The
investigations show, that for definite diametertbé screw and the definite turns the
frequency of impact forces can change by selediahameter of balls.

During preliminary phase of design it is hardesestimate the balls/balltrack area
rigidity because it is dependent not only on thdéugaof axial forces ( the hertzian
deflection) but also on the machining inaccuraeaied on the dimensions of ball thread. The
proposed geometric correction factor appointed inyukation investigations enables the
calculation of the hertzian deflection and themtilgidity of the drive system in preliminary
phase of the technical project.
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