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Impact of manufacturing errors of ball screw
system on performance characteristics
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Abstract. To convert rotary motion into translational motion in modern
metal-cutting machine tools, screw-nut rolling transmissions are widely
used. Special requirements are placed on the stability of the operational
characteristics of the screw-nut rolling transmission. The influence of the
accuracy of manufacturing screw-nut transmission on the main transmission
characteristics: axial stiffness and the moment of idling is considered. When
analyzing the quality of the manufacture of the transmission, the following
manufacturing errors were taken into account: the pitch errors of the screw
and nut threads; errors in thread diameter of screw and nut; deviation of the
thread profile of the screw and nut; the error of the diameter of the ball. Since
these errors are independent random variables, on the basis of the basic
propositions of the theory of probability, analytical dependencies were
obtained to determine the coefficients connecting the variances of the design
parameters and the variance of the probabilistic distribution of the axial force
and the idling torque. Based on the calculation results from the obtained
dependencies, it was concluded that the errors in the thread pitch of the screw
and nut have a prevailing influence on the dispersion of the probabilistic
distribution of the axial force (and, consequently, the axial stiffness) and the
idling torque. The results obtained allow us to outline further ways of
improving the transmission of the screw-nut rolling.

A feature of the design of the drives for the supply of a significant number of CNC machines
is the presence of feedback with an incompletely closed loop, when feedback only covers the
torsion part of the mechanical chain of the drive. In connection with this, the role of the
mechanism of the transformation of the rotary motion into the translational mechanism is
very important in shaping the characteristics of the drives. In modern metal-cutting machines,
the transmission of screw-nut rolling is widely used as such a mechanism.

The most important performance characteristics of the transmission of screw-nut rolling
are the axial stiffness and the moment of idling. They affect the provision of the necessary
dynamic characteristics of the feed drives, without which it is impossible to create modern
precision CNC machines [1-9].

In connection with these design issues, methods of calculation, development of ways to
improve the transmission of screw-nut rolling, a lot of attention has recently been paid [1,
10-12].
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To determine the axial stiffness of the transmission representing the ratio of the force
acting on the screw (nut) P to the force J , you can use addiction [13]

. %
P= Z[%J sin’? a, cos? A (1)
i-1 ;

where &, - the relative axial displacement of the screw and nut for the i- th ball; C, -

coefficient, depending on the parameters of the contacting bodies; z - the number of working
balls in the nut.

Angle of contact i-th ball ¢; in the transmission collected with preload can be defined
as the sum of two terms [15]: the first term is determined by the geometric parameters of the
transmission (the initial contact angle with the gap equal to zero), the second term takes into
account the change in angle ¢; due to deformation of the elements transmission under the

action of prestressing forces:

o = arccosW, + arccos(N ; / \/E ), 2)
where

F=r +r. —d, : W:rsi+rni_0’5(dni_dsi)
i Usi ni bi > i

' F,

i

B, =0,2557 cos® 1+0,56,F, sina,, cos A +0,25F";

s N, =O,5(5i sina, cosl+Fi);

r, and r, - the radii of the thread groove of the screw and nut; d_ - internal thread
diameter of the screw; d, - internal thread diameter of the nut; d, - diameter of the ball.

The moment of idling is determined mainly by the rolling friction of the balls in the
working area. The moment of friction of a single ball in a transmission operating in the rotary-
to- translational motion mode can be found by formula [13]

M, =0,5Pd, sina, sin(A+ p), 3)

where d, - the diameter of the contact of the balls with the screw; p -reduced friction angle.
Since the sign in the trigonometric function sin(4 + p) in the above formula depends on

the direction of rotation of the screw, then for the nut assembled from the two half-nuts, for
one half-nut the sign (+) is taken, and for the other (-) .
Using the dependence connecting d_, and the basic transmission parameters [13], we can

obtain an expression for determining the moment of the cold running of the screw-nut rolling
transmission in the form:

. %
M = RE(%J {@4_(“1 —rm.)(l—cosaol.)—db cosa,}sin% A, 4)

where R = O,5cos% Asin(A £ p).

As can be seen from the dependencies for determining the axial force P and the idle
speed M , these characteristics depend on many transmission parameters. The actual values
of these parameters always have some deviations from the nominal value within the given
manufacturing tolerances, which are of a random nature. In this case it is quite legitimate to
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talk about the mathematical expectation and variance of the probability distribution of each
parameter of the transmission elements. And since the constituent transmission elements
(screw, nut, balls) have parameters that obey the laws of probability theory, then transmission
performance characteristics, such as stiffness and the moment of idling, also have a random
character and have their own mathematical expectation and their variance.

The actual values of the parameters of the screw-nut transmission elements are
determined by the primary errors, which include the following manufacturing errors: the error
of the thread pitch of screw A, and nut Az, ; errors in thread diameter of screw Ad_ and nut
Ad, ; deviation of thread profile of screw Ar, and nut Ar, ; the error of the diameter of the
ball Ad, .

The primary transmission errors are independent random variables. In this case, one can
use one of the theorems [15], according to which the mathematical expectation of a random
variable z=f (zl,zz, ...,zk) for independent random variables z, (i=12,...,k)can be

determined from the dependence
E(Z)zf[E(Zl)’E(Zz)wwE(Zk)]’ (%)

and the variance on the dependence

D(z)~ Z(SLJ D(z,), (6)

i=1

where E(z,) and D(Zi) are the mathematical expectation and variance of the random
variable z, . The derivatives are taken at the point [E (zl ) E (z2 )E (zk )]

o 0 . .
Derivatives ai show the degree of influence of the error of the i-th parameter on the
Z .

i

error of the output characteristic. The larger the absolute value of |——/, the stronger this

effect, the greater the accuracy of the i-th parameter.

Based on the analysis of the above dependencies, the dispersion of the probabilistic
distribution of the axial force acting on the transmission of the screw-nut rolling can be
determined as follows:

D(P)=K,D(t,)+ K,D(t,)+ K D(d,)+ K,D(d, )+ K,D(d,)+K,D(r,)+ K,D(r,). (7)

The coefficients Kl.(i :1,2,...,7)sh0w the degree of influence of the corresponding

parameters on the variance of the probability distribution of the axial force and are calculated
according to the rules given above:

2r 2
] o
K =K, _ M) 2C || 3sina —5G| —£ |cosacos A | ; (8)
als, )| C 2C
T 2r-0,5d, —d
Ky=pu 2—2+5c0sa - ( J . : 9)
d; 1- Q2
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25ucos’ a
K, =K = ; (10)
Y 4(2r-a, 1 (1-07)
2
K,=K,=u Lz—i-Scosa 05(d, ~d.)-d, +S|h, (11)
2r (2r—d,V1-0°
where
-2 1
2(6,) 5 mgsina | 2 Y7 my (2 G
u=—|—=\|sin"acos’ 1. T =———| ——— C=—2] == .
4(2c ’ cg’ \d, r) > ghld, r)
B%—O,SNBf%(é' cosﬂsina0+2r—db) ,
= - 1 ; N:O,Slé'p smaocosl+(2r—db)J;
ZB\/I—NB_A
G:B%sinaO—O,SNB_%[5Pcosl+sina0(2r—db)]. =2r—0,5(dn—ds).

B\/l—NB’% 2r—d,

B=0.2565, cos* 1+0565, (2r—d, )cos Asina, +0,252r—d, ) ;

z - number of balls in the nut; m; - coefficient, which is a function of the ratio of the

principal curvatures of the ball and the profile of the nut (screw) [13]; » - nominal value of
radii 7, and 7, ; &, - the preload in the transmission of the screw-nut rolling; £ - the modulus

of elasticity of the material of the contacting bodies.
Similarly, for the dispersion of the probability distribution of the no-load moment:

D(M)=K\"D(t,)+ K D(t,)+ KY' D(d,)+ K} D(d,)+ K2 D(d, )+ K D(r,)+ K;'D(r,). (12)
The coefficients K (i=1,2,...,7) are determined from the following dependences

2 2
i o
KM KM :,9{&} {3752“ ~05Gv ijcm} ; (13)

2

K3M=9—+v[ ’ SL S |—sinacosay ; (14)

KM =K = o+ 05&sina | ; (15)
2(2r—d,f{1-0
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2

e, 05(d,-d,)-d, ol as

KM =K =0{&sina(l-cosa,)-—

2

ar (2r—db)2\/1_Q2

where

9:(%]Rzz2sin3a ;s 7=dy—d,cosa; v =2.500sa0(d0 —-d, cosa)+db sin’ a;

. +1 for K and K
-1 for K and KM’

d, - the nominal diameter of the screw-nut transmission.

The coefficients K, and K", calculated from the dependences obtained, allow us to

estimate the degree of influence of the i-th parameter on the variance of the probability
distribution of the operational characteristics of the screw-nut rolling transmission and to
outline the most effective ways of their improvement.

As an example, the table shows the results of calculating the coefficients K, and K" for
the transmission of a screw-nut rolling 50x10 for different values of the preload.

Table 1. The coefficients K, and K for the transmission of a screw-nut rolling 50x10

Preload i=1 . . . .
5 mm Coefficient i=3 | i=4 | i=5]i=6|i=7
P’ i=2
K,-107 396587 | 0439 | 0.145 | 0.145 |0.102 | 0.102
0,004
(kM /R*)-107° | 838830 | 0436 | 0328 | 0330 |0226 |0.227
K,-107 622.668 | 1.523 | 0.492 | 0.492 |0.355 | 0.355
0,006
(K} /R?)-107 | 1319237 | 1457 | 1.116 | 1.123 | 0.787 | 0.790
K,-107 870.243 | 3.663 | 1.175 | 1.175 | 0.874 | 0.874
0,008

(kM /R?)-107° | 1847.065 | 3.406 | 2.672 | 2.688 | 1.944 | 1.952

Taking into account the fact that the variances of the probability distribution of all the
parameters of the transfer of the screw-nut rolling D(t,) D(z,) D(d,) D(d,) D(d,)

D(r,),D(r,) according to the technical conditions for its production are quantities of the

same order, it follows from the calculation data that on the dispersion of the probabilistic
distribution of the axial force (and, consequently, stiffness) and the no-load moment the
prevailing influence is made by the errors in the thread pitch of the screw and nut, and, as
can be seen from the table, this ratio practically does not change with the change in the
preload. This conclusion is confirmed by the results given in [16, 17].



MATEC Web of Conferences 224, 01042 (2018) https://doi.org/10.1051/matecconf/201822401042
ICMTMTE 2018

Conclusions

1. The obtained dependences allow estimating the degree of influence of the parameters
of the screw-nut rolling element on its performance characteristics.

2. One of the reserves to improve the accuracy and dynamic characteristics of the CNC
machine feeders is the reduction in pitch errors of the thread of the screw and the nut of the
screw-nut transmission.
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