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Abstract. A servo performance limit of the numerical axesnirthe numerically controlled machine tool struetis
the first natural frequency of their mechanicausture, because this limits the maximum amplifmaton the system
control loops. For this reason, it is very impottéme appraisal for the critical speed of the lsaifews from the
numerical axes structure made by a more exacttutzlon procedure.

Generally, the ball screw manufacturers offer i@ itiistruction manuals, charts for the ball screiticed speed
appraisal dependent on dimensions and type of pil@rvs. This method for the appraisal of theicéat speed value is
not a very accurate one, so that, while the fedokcitees achieved by the numerical axes of the nicalty controlled
machine tools are increased, a more exactly cadloanlanethod is necessary for the optimization & #mplification

parameters for the control loops.

This paper aims to elaborate a calculation metloodHe critical speed of the ball screws from thenerical
axes structure, as critical bending speed, whichesponds to one of the natural resonant frequentiie first natural
resonant frequency of the assembly consisted dbalescrew and its pillows being considered asifitant frequency

in this case.
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1. Introduction

The ball screw of the numerical axes
structure can be easy modelled from standpoint of
the dynamic behaviour, as a rotor [3]. According to
[1], the critical speed of a rotor is the typicpeed
that sparks off the resonance of an excited system.
Also, it is defined in [1], the critical speed —eth
speed when the bending of a rotor is maximum, so
that the relative deflection is more important than
the displacement of the support journals and the
rigid-rotor-mode critical speed — the speed when
the displacement of the support journals is
maximum, so that this displacement is more
important than the bending of the rotor.

For the achievement of the main objective
proposed by this paper, respectively for the deelo
ment of a calculation method for the critical spgeed
of the ball screws, the ball screw — support bgarin
system will be dynamically modelled in the variant
of the flexible rotor fixed on stiff supports, besa
the ball screw deformation is obviously much more

The determinations of the all inherit
frequencies and the relative vibration modes are
necessary as the free vibrations of a system to be
solved. For many times in practice, it is necessary
only some inherit frequencies to be known,
sometimes only one [2]. This case is analyzed in
this paper, where the first natural frequency @f th
mechanical structure limits the amplification oe th
control loops of a numerical axis servo-system. It
will be considered that this first natural frequgnc
corresponds to the critical speed of the ball screw

2. Mathematical model

The classic method for the solution of a
vibration problem consists of the writing of one or
more motion equations, by applying of the Newton
second law [4]. This method will be utilized, using
the modeling of the ball screw- support bearing
system like that shown in the figure 1, a.

In order that the motion equation to be found,
it will be started from the known relation [2]:

than the journal displacement and this deformation d2y
causes dramatic effects upon the dynamic behaviour E 5" M 1)
of the numerical axis in assembly. dx
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where: E — modulus of longitudinal elasticity; or:
| — minimum moment of inertia of threaded shaft; vV yAazy
M — bending moment from current section. = 3

This equation gives the curvature of a beam
(that models the ball screw) dependent on the If the moments are calculated related to the
bending moment in a certain section of the beam, by point O of the element from figure 1, then:
assumption that the material is a homogeneous, Vdx= oM dx si V = oM 4
isotropic one and it is submited to the Hooke la a o MY T )
by considering that the beam is a straight one and The other terms contain higher-order
with & constant cross section on the whole length. gerivatives and can be neglected. By replacing this
The equation is valid only for small deformationsia  equation (3), it is obtained:
for beams having their length of big dimensions M Av a2
related to their cross dimensions (this being tsec - S ) (5)
of the ball screw from the numerical axes strugture x> g ot
when the effects of the displacement due to the where: A is sectional area of threaded shaft,-

shearing are negligible. The effects of the section specific gravity, andg - acceleration of gravity.

ox g at2

sliding and rotation are negligible. By substituting in the equation (1) results:
2 2 2
| m Y=y ©
0X 0X g ot

If El is constant, The solution of this
equation has the form:

y =X (x)[codwnt + ) )
whereX is ax function only. By writing:

k4 — co%yA (8)
Elg
and dividing (7) by[codwyt +8)] , it is obtained:
d?x 4
Figure 1. Dynamic model of the ball screw d? =k™X (9)

whereX is a function having the fourth derivative

equal with a constant multiplied by function itself
The equation solution is given by a sum of

functions (linearly independent ones) that checks

For the case of the ball screw cross vibration,
the motion equation is deduced by consideration of
the forces that act on the small infinite elemeoitrf
its length (figure 1, b), limited by two plans A-A the equation:
and B-B, that are normally on the longitudinal quation.
threaded shaft axis. In each section, the totdicedr X = Agsinkx+ Ag coskx+ Agshkx+ Aschkx — (10)
shearing force is consisted of two parts: the force _The solution can be also expressed by terms
generated by the static load including the threaded consisted of exponential functions, but the
shaft weight and the force generated by vibration trigonometric and hyperbolic functions are usually
[5, 6]. Part of the shearing force generated by the more easy to be used.
static load balances exactly this load and theeefor For the ball screws having different bearing
when the motion equation is deduced, these forcesconditions, the constankg, Ay, Ag and A, are
can be neglected, if the all displacements will be settled from the limit conditions. For the solution
taken from the balance position of the ball screw finding, it is suitable as the equation to be \erittn
under the load. Sum of the rest vertical force$ tha the below form, where two from constants are null,
act on the considered element must be equal with for each of the usual limit conditions:
the product of the element mass by the acceleration X = A(coskx+ chkx)+ B(coskx—chkx)+

. - 11

on cross directiory = 3%y/a t2 + C(sinkx+ shkx) + D(sinkx — shkx) (1)
oV oV Av 92 In the application of the limit conditions the
Vv +&dx—v :&dx:—gyﬁdx 2 following relations are used, where are firstly

shown the successive derivative relates: to
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- deflection is proportional t&X and is null
on a stiff support;

- rotation is proportional toX' and is null
at a built-in end;

- bending moment is proportional txX"
and is null at a free or jointed end;

- shearing force is proportional t§" and is
null at a free end.

For the wusual limit conditions, two of
constants are null, so being two equations with two
constants. These can be combined and it is
obtained an equation where only the frequency is
unknown. By using the frequency, one of constants
can be expressed dependent on the other one.

3. Determination of the critical speed
dependent on the features of the ball screw
bearings

In the numerical axes configuration, the
combinations of the bearing types where the ball
screw is supported are shown in figure 2.

By using the mathematical model developed
in the previous section, the inherit frequencies of
the ball screw will be firstly determined for the
configuration a) from figure 2 of the numerical
axis.

The limit conditions are:

-atx=0, X=0and X'=0 (12)
-atx=lp, X"=0and X" =0 (13)
From these conditions successively results:
A=0; C=0;
0 = B(- coskly, —chkl, )+ D(-sinkl, —shklp) (14)
0= B(sinkl,, —shkl, )+ D(- coskl,, —chkly,)

By solving the two equations (143) related

toD/Band by equalling the results, the following

equation is obtained:
D _ _coskly +chkly _ sinkly —shkly,
sinkl, +shkl,  coskl, + chkly

B
The equation (15) is reduced at the form:
coskl, Cehkly =-1 (16)

where: k has the significance of the expression from
the equation (8), anly) the mounting length, (fig. 2).

Only the first solution of the equation (16) is
interesting for this paper objective, this being
typical to the first vibration mode of the system.
For this solution finding, proper mathematical
software can be used, for example Matlab, the
following solution being obtained [7, 8]

(15)

typical one for each from those 4 situations
described in fig.2. This means that the relatior) (1
so can be written:

kllp =A, ork=A
b
whereA represents the value of the prodidt, .

(18)
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Figure 2. Combinations of the bearing types forlihk
screws used in the numerical axes

By using the limit conditions suitable to the
bearing mode of the ball screw for the situations
b), c) and d) from figure 2, the values »df from
table 1, are obtained — by a procedure like that
presented for the case a).

Table 1. Values of the coefficiekt for the situations
from figure 2.
Case (figure 2)
a): Fixed — Free
b): Supported — Supported
¢): Fixed — Supported
d) Fixed — Fixed

A
1.87510406871196
3.14159265358979
3.92660231204791
4.7300407448627D

By replacing the k expression from the
relation (18) in equation (8), it is obtained:

kll, =1.8751040871196 (7) _ » [Eig (19)
The value of expressiork[lywill be a |§ YA
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which represents the general expression of theatrit
velocity corresponding to the first vibration maafe
the ball screw from a numerical axis structure. In
practice, the value of the critical speed is maeful:

_300° [Elg
VAl

n[l]g
4. Calculations and smulations
This is interesting for the analysis of the
dependence between the critical speed value of the
ball screws and their mounting length, respectively
the bearing mode, the chart of dependence
Ny = f(lb)-

4000

(20)

Ny
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Figure 3. Critical speed dependencelgrand A
(threaded shaft diameter: 30.1 mm)

In the figures 3 and 4, are presented these
dependences for the ball screws having the root
diameter of 30.1 mm (figure 3), respectively
441 mm (figure 4) with mounting distances
between 500 and 4000 mm.

5. Conclusions

This paper aimed to develop a more precise
calculation methodology for the critical speed of
the ball screws from the numerical axes structure,
as necessary parameter in the optimization of its
servo-system. For this, starting from the known
dynamic model that of a flexible rotor fixed on
stiff supports, a calculation relation for the icat
speed was deduced and by means of this, the
dependences between the critical speed value and
the mounting length, respectively the bearing type
which supports the ball screw in the numerical axis
structure, were plotted.

4000 —

! = === Fixed-fixed

| Fixed-supported
Supported-supported
= === Fixed-free

3500

3000

2500

2000

Mounting distance [mm]

1500

1000

500
0 1000 1500 2000 2500 3000
Critical speed [revolutions/minute]

Figure 4. Critical speed dependencelgrand A
(threaded shaft diameter: 44.1 mm)

3500 4000

The calculation relation is useful in the
preliminary design stage for the dimensioning of
the numerical axis mechanical structure. Surely, a
more exact value for the critical speed of the ball
screw, which depends on the real behaviour of the

numerical axis whole mechanical structure
assembly, can be obtained by experimental
measurements on the physical model of the

numerically controlled machine tool.
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