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Abstract

The ball screws are the machine component most frequently used for transforming rotational into linear motion of a
feed drive, to position the machine tool components carrying the cutting tool to the desired location. A failure of the
ball screw usually leads to a total breakdown of the axis; therefore, the attainable life of this component is an important
issue concerning the availability and productivity of modern machine tools. This article presents an approach to evaluate
the influence of control parameters on the fatigue life of ball screws based on simulation, by means of a numerical model
of a machine tool servo-axis. Ball screw life was evaluated with different conditions, varying the position loop main pro-
portional gain and the kinematic limit conditions for trajectory generation. Furthermore, the mathematical model was
used to evaluate optimal control gain and trajectory conditions for a machine tool based on the achievable life span of
the ball screw feed drive system, with regard to the desirable performances, such as position accuracy, promptness, and
cutoff frequency.
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Introduction If higher performances are required, it is important
to evaluate the operational life reduction of the ball
screws for the machine tool, since a failure of the ball
screw usually leads to a total breakdown of the axis,
causing downtimes for production.’

The preloading is an important issue concerning the
performance of a feed drive, since it has an influence
on the rigidity and the dynamical performance of a ball
screw; however, increasing the preloading also leads to
higher friction which has a negative effect on the ther-
mal behavior, thus on the efficiency and the durability
of ball screws. The preloading method and the preload
force value strongly affect the actual stress acting on

The industry demand for increasing productivity has
always been crucial for the evolution of computer
numerical control (CNC) machines, which are required
with high precision and short production times. Ball
screw feed drives are the most commonly used mechan-
isms to provide linear motion in high-speed machine
tools to position the cutting tool; hence, their position-
ing accuracy and speed determine the quality and pro-
ductivity of machine tools. For a given servo-axis, these
features are affected by the criteria used for trajectory
generation and by control algorithms.! Therefore, a
variation in machine performances is made possible by
having a tool path generation with higher limited kine-
matic parameters and by setting the axis position con-  Politecnico di Torino, Torino, Italy
trol loop with a higher proportional gain. Of course .
these parameters must be set within the electromechani- Corresponding author: ' )
ST Edward Johnston, Politecnico di Torino, Corso Duca degli Abruzzi 24,
cal limitations of the actuator and so as to ensure the  Torino 10129, Italy.
stability of the machine. Email: edward.johnston@polito.it
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ball screws and fatigue life calculation. The static pre-
load value may vary during ball screw service due to
operational conditions. Other works studied the varia-
tion in preload during ball screws’ operating life. In
Verl and Frey,? the correlation between feed velocity
and preloading was analyzed, while in Wei et al.* a
model that predicts the decrease in the preload based
on the axial wear depth of the contact areas was devel-
oped. New designs for the ball screws were proposed in
Verl et al.® allowing for a considerable reduction in the
preloading with improved overall operational charac-
teristics of ball screws.

In this work, fatigue life was calculated according to
ISO 3408-5:2006,° considering 60% of the initial pre-
load as a mean value during operational life, analyzing
the case of a preloaded ball screw with two points of
contact between each ball and the tracks on the shaft
and the nut.

The calculation of the nominal life expectancy is
based on wear due to material fatigue, and therefore
predominantly considers the effective load on the ball
screw and its rotational speed. Operating conditions
such as shock loads, lubrication, vibrations, tempera-
ture, and misalignment also have an influence on the
durability of a ball screw and may cause spontaneous
breakdowns such as failure, breakage, or contamina-
tion; however, they are usually not taken into account
when calculating the nominal life.

Other authors studied some of these effects not con-
sidered in ISO that affect operating behavior of a ball
screw, such as variable loads caused by misalignments
due to manufacturing tolerances,” failure caused by
impacts between the steel balls and the returning tube,®
and optimal lubrication.’

This work presents a theoretical analysis of the influ-
ence of the control parameters on the machine tool that
affect the dynamics of the axis and the life of the ball
screw as well, through a simulation approach with
nominal fatigue life calculation. The analysis in this
article is based on the axis numerical model developed
by Mauro et al.'” and it expands the previous studies.

The forces on the ball screw actually originating
from motion or machining processes depend on the
response of the machine to an input command. They
can be identified by means of simulation methods, as
well as the rotational speed of the screw. The identifica-
tion of load acting on the ball screw and its speed does
not only require a model of the axis but also a reference
motion profile matching the desired movement of the
machine while positioning or machining. Several refer-
ence trajectories for the axis were generated with a
time-optimal algorithm upon combining different limit
conditions on maximum jerk, acceleration, velocity,
and stroke.'""'* By combining reference motion profiles
with a virtual NC, the motions carried out while run-
ning an NC program can be simulated, and the

corresponding forces acting on the ball screw can be
computed. This information allows for an analysis of
the expected service life for different values of the main
proportional gain of the position loop K, and the kine-
matic limit conditions on trajectory generation.
Furthermore, a methodological criterion to optimize
the main proportional gain of the position loop and
trajectory conditions considering precision, prompt-
ness, cutoff frequency, and ball screw fatigue life is pre-
sented for the axis.

Description of the machine

The axis studied is part of a commercial horizontal
machining center with a Cartesian structure. The main
objective of the axis is to position the cutting tool used
to contour the raw material of the workpiece, by means
of a feed drive.

A general architecture of a ball screw feed drive sys-
tem is shown in Figure 1. The feed drive is powered by
a brushless motor (1) coupled with a screw shaft
(2) through an elastic joint (3) to avoid issues of misa-
lignments. The screw shaft is mounted on a roller pack
(4) fixed to a metal support (5). The ball screw assem-
bly, composed of a screw (6) and a nut (7), transforms
rotational into linear motion. The nut is fixed to the
slide (8), so that the turning of the screw generates a
lincar movement of the slide, which is mounted on
recirculating rolling guides (9) to constrain all degrees
of freedom but the desired travel direction. The slide is
equipped with the cutting tool for machining opera-
tions and it is positioned by the feed drive, following a
reference trajectory by means of a control system.

The axis considered in the following analyses has a
maximum stroke equal to 500 mm, a translating mass
estimated approximately equal to 675kg, whereas the
ball screw has a nominal diameter of 50 mm and a lead
of 30 mm.

Mathematical modeling

The mathematical model of the machine tool longitudi-
nal axis is similar to the one developed by Mauro et al.,
which is here summarized. For a detailed description of
the axis model, refer to Mauro et al.'” A lumped para-
meter model was assembled starting from a representa-
tion of the axis, identifying all the rigid bodies with
inertia and connecting them by means of elastic and
damping elements, which represent the stiffness and
damping coefficient of the bodies mechanically con-
nected in series.

Two subsystems are identified, as shown in Figure 2,
connected together by the ball screw coupling. The
rotary subsystem (A) comprises the motor shaft (1), the
ball screw end (2), and the screw rotational inertia (3),
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Figure I. Schematic configuration of a ball screw feed drive.
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Figure 2. Schematic view of the axis for mathematical modeling. (A) Rotary subsystem. (B) Axial subsystem.

which are connected by the torsion spring and damper
k1, comprising the stiffness and damping of the motor
shaft and the elastic joint, and k3, comprising the ball
screw end and the screw. The axial subsystem (B) is
composed of the screw axial inertia (4), the ball screw
coupling (5), the ball nut (6), and the slide (7). Linear
springs and dampers axially connect these elements in
series: kos comprises the axial support, the bearing
pack, and the screw; ksq represents the system formed
by the ball tracks on the screw and nut and the balls,
whereas kg, represents the flange that connects the ball
nut to the slide.

The ball screw coupling converts the rotation motion
of the screw into the ideal translation motion of the
nut. The actual motion of the ball nut is also deter-
mined by the stiffness and damping ks¢ of the coupling.

Once the scheme of the model was created, two sets
of differential equations, the axial and rotational

equilibrium equations of each rigid body with inertia,
were formulated to describe the dynamics of the axis.
In order to reduce the complexity of the model, all fric-
tion effects were assumed to be concentrated on the
ball screw—nut coupling because of the preload of the
ball nut.

Moreover, the actuator of the system was modeled
as a direct current (DC) motor driven by a position,
velocity, and current control loop hardware. As shown
in Figure 3, the deviation between position command
and feedback is amplified by means of the proportional
gain of the position loop, named K, to produce the ref-
erence signal for the speed control loop. The velocity
loop has a proportional-integrative—derivative (PID)
controller. The error between the velocity reference and
its actual value is divided into three branches: one of
them is multiplied by the gain k,, the other multiplied
by k; and then integrated, while the other one is
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Figure 3. Axis control loop scheme.

multiplied by the gain k; and then derived. The
branches are added producing the current reference sig-
nal, which has to be limited to the maximum current of
the electric motor. Finally, the current control closed
loop produces the armature voltage reference for the
motor. The PID parameters of inner loops are fixed, as
it usually happens in industrial feed drives.

Other control techniques for ball screw
drives

Though PID controllers are the industry standard for
ball screw feed drives, other control techniques can be
implemented. PID controllers are found to be most
widely used for ball screw feed drives because of their
high adaptability, simplicity, and ease of understand-
ing, designing, and tuning. Despite the popularity of
these classical controllers, their performance is limited
due to the uncertainties and nonlinearities in systems.

In order to minimize the tracking errors at all times
during machining processes, feedback servo controllers
must be designed carefully for any conceivable condi-
tion. To achieve small tracking errors in various condi-
tions, the servo controllers should compensate for the
dynamic variations in the systems. Such variations
occur because of nonlinearities and uncertainties inher-
ent to real plants.'?

The most common sources of nonlinearities in ball
screw drive systems are friction, structural flexibility,
and runout of the ball screw shaft. Furthermore, the
high accelerations occurring in the high-speed ball
screws are likely to excite the axial-torsional vibration
modes of the machine structure. These resonance fre-
quencies of the structure are not constant but depend
on the position of the tool in its workspace. The axial—
torsional modes limit the bandwidth of the drives; thus,
they adversely affect the positioning and tracking accu-
racy. High-performance motion controllers should take
into account these varying resonances.'* To effectively
address these issues in the controller design, various
approaches have been proposed.

In Sepasi et al.,'* H,, controllers for a ball screw
drive system are designed such that their parameters are
adjusted in real time by the measurable workpiece posi-
tion to improve the tracking performance and so that
their performance is maintained robustly over uncertain
mass variation. The improved performance for this con-
trol design with respect to classic PID controllers is
demonstrated through a ball screw drive experimental
setup.

Symens et al.'* discuss the gain-scheduling control
approach for an experimental setup containing a flex-
ible beam of which the stiffness depends on its length.
H. controllers are designed for several constant beam
lengths and are linearly scheduled. Next to this ad hoc
linear scheduling, analytically scheduled controllers are
synthesized. It is shown that the latter solution allows
for improved performance in terms of accuracy and
vibration reduction.

In Mohammad et al..,'> a sliding-mode controller
with nonlinear sliding surface (NLSS) is proposed to
improve the machining accuracy and to reduce energy
consumption for ball screw drive systems. Unlike the
conventional sliding-mode control design, the proposed
NLSS varies according to the output (controlled vari-
able) so that the damping ratio of the system changes
from its initial low value to its final high value as the
output changes from its initial value to the reference
point. The effectiveness of the proposed NLSS, with
respect to conventional sliding-mode controllers, is ver-
ified experimentally.

In Dong and Tang,'® the problem of modeling and
tracking control for a high-speed ball screw drive is pro-
posed. An adaptive backstepping sliding-mode control-
ler with minimum tracking error prefilter is proposed to
actively suppress for the vibrations and achieve high
positioning performance. Compared with P/PI control-
ler with the velocity and acceleration feed-forward, the
proposed controller has been validated to achieve
higher tracking accuracy, bandwidth, and stability.

In Yan et al,'” a fuzzy logic controller combined
with neural network-based feed-forward control is pro-
posed to improve the contouring accuracy of this
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milling machine through friction compensation. The
experimental results show that this control scheme
improved not only the contouring accuracy signifi-
cantly but also the disturbance rejection and robust-
ness, comparing to the conventional control scheme.

However, despite all the advantages shown by
advanced control techniques, they do not find, gener-
ally, a wide use in industrial applications. This is due to
their higher complexity with reference to PID control-
lers, which involves a larger need of competence for the
final user to be efficiently tuned. All the analyses car-
ried out in the following consider servo-axis with PID
controllers.

Ball screw life calculation method

Fatigue life calculation according to I1SO 3408

According to 1SO 3408-5:2006.,° the nominal life expec-
tancy of a preloaded ball screw based on material fati-
gue can be estimated through the basic dynamic load
rating of the component C, and the equivalent actual
axial load F,,,. The former quantity is always provided
by ball screw manufacturers and can be deduced from
design calculation, whereas the latter has to be evalu-
ated through the estimation of external load spectrum
and the preload force applied on the screw.

The preloading method influences the calculation of
the actual axial load exchanged between the screw balls
and ball tracks. In this analysis, a commercial double-
start ball screw with single preloaded nut with shifted
pitch was considered, which achieves two-point contact
between the balls and the ball tracks on shaft and nut.

Due to the application of an external axial load, one
start of the screw will be additionally loaded and the
other one relieved. If the external axial load is higher
than the limit force Fy;,, the balls of one start of the
screw lose completely the preload force on them while
the balls of the other screw start bear the whole exter-
nal axial load. Therefore, there are two stress histories
to be considered, one for each start of the screw. The
value of the limit force can be calculated from the pre-
load force F),,

Fiim = 2°°F,, (1)

The external axial force acting on the ball screw dur-
ing the jth time interval is indicated as Fy; or Fy,
depending on the verse of application of the force. The
preload force also stresses the ball screw, so an effective
force has to be computed taking into account both the
forces. If the external axial load is lower than the limit
force value, the actual forces acting on the two screw
starts F,1); and F,); are calculated for each time inter-
val with the compact formulations below

5
Fiy \
Fa(l),(2)j _foprr<l + 23/2](]17) (2)
Up p?"
Fa@),ay = Faq), — F1,2/ (3)

Due to the fact that the preload decreases over the
operational life of ball screws, the average operational
preload is set to 60% of the original preload, so a value
of the operational preload factor f,, =0.6 is
considered.

In case of two-point ball contact, the external axial
load on the ball screw produces two load spectra for
the starts of the screw, so a value of equivalent actual
axial load for each one has to be computed, F,,1) and
Fa), which are generally different from each other.
The equivalent actual axial load F,,, for each start of
the screw is determined by the variable actual force F;
and rotational speed of the ball screw »; in each time
span Ay

Fina(1),2) =

jIDI
3 n; At;
3 ) 4
jzzl a1, @y Ty Tior @

With the equivalent rotational speed n,, being calcu-
lated as a mean value from the screw rotational speed
spectrum during the total time ¢, of the cycle
performed

_ jtat At]

Ny = Z—nj (5)

j: 1 tmt

Therefore, for a two-point-ball-contact preloaded
ball screw, two values of fatigue life are obtained, L
and L(y), one for each screw start

L>3106 (6)

L =
@ (F ma(1), (2)

The resulting life L, of the preloaded ball screw
assembly is calculated in revolutions as

~10/9

109\~
o tL /7)o (7)

L= @

Ball screw service life may also be expressed in hours
or in cycles performed, respectively

L,
L., = 8
" Son (8)
3600
Lr,c = Lrﬁh (9)
Yot

Formulations (8) and (9) are valid if n,, is expressed
in revolutions per minute and #,, in seconds.
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Figure 4. Computation process.

Computation process of fatigue life

The computation process for ball screw life is shown in
Figure 4. To evaluate the fatigue life of a ball screw, it
is necessary to know its external axial load and rota-
tional speed spectra. The force and the rotational speed
actually originating depend on the response of the
machine tool axis and can be identified by means of
simulation with the servo-axis numerical model
described in section “Mathematical modeling.” To
compute the system response, it is necessary to define
an input command for the mathematical model. The
trajectory generated with the desired kinematic limit
conditions is used as reference for the virtual NC of the
model. It computes the simulated response of the sys-
tem and in particular the axial external force acting on
the ball screw Fj,; and the screw rotational speed n dur-
ing cycle time. From the spectra of these two quanti-
ties, it is possible to calculate nominal fatigue life as
shown in section “Fatigue life calculation according to
ISO 3408.” With the convention assumed, if Fj is posi-
tive in the jth time interval, then it coincides with F;,
while F; is equal to 0; vice versa in case Fy, is negative.
The external force varies the stress on the two starts of
the ball screw in each jth condition, so the actual axial
forces F,) and F,p) have to be calculated with equa-
tions (2) and (3). From these two quantities, the two
values of equivalent actual axial force Fyq1y and Fq2)
are calculated with equation (4). Each one allows to
compute a value of fatigue life for each start of the
screw through equation (6) and then they are combined
together with equation (7) to obtain the resulting life of
the ball screw.

Machining reference cycles

Ball screw life is strongly dependent on its operating
cycle. In order to analyze a relevant number of cases,
several typical cycles were generated taking into
account only the positioning of the cutting tool, with-
out machining. This assumption was made considering
that during machining, the tool moves slowly against
the workpiece, so the rotational speed of the screw
shaft is very low; hence, even if the force exchanged has
a high value, the fatigue stresses that cause life reduc-
tion on the ball screw life are negligible according to
ISO. Therefore, forces are not exchanged between the
tool and the workpiece during the simulated process.

Instead, during the rapid displacement of the slide,
which carries the cutting tool for positioning or tool
change, the ball screw is subject to fatigue stresses caused
by variable external axial loads, mainly due to the iner-
tial force of the slide when it is accelerated or decelerated,
and by the preload force. Also, elastic and damping
forces were considered in the model, although they play
a small role in the overall stress on the ball screw.

Machining typical reference cycle

Controllers for machining tools are commonly driven
by means of trajectory generators whose output signals
must typically satisfy several requirements. The motion
profiles of the axis slide depend on the processes the
machine tool must perform, although typical reference
cycles may be considered as displacements of the slide
along the axis stroke with different amplitudes.
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Table I. Available kinematic limit conditions.
Values
Maximum jerk (m/s®) ji=600 j,=800 j3=1000
Maximum acceleration (m/sz) a = a,=7 a3=9
Maximum velocity (m/s) vi=09 w=1.1 v3=1.3
06 ‘
—20% stroke
——40% stroke
——60% stroke
05 ——80% stroke ||
100% stroke
04 | 1
E 03f 1
= /
S
=
[}
£ 02 |
01+ -
ol ]
o1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 05 1 15 2 25 3 35 4 45 5
Time [s]

Figure 5. Standard reference cycles with variable axis stroke
(kinematic limits: j,, a, v;).

To get continuous acceleration profiles, trajectories
are generated from a rectangular-shaped jerk profile,
so that the acceleration profile is continuous and the
vibrations are reduced. The motion evolves at limit
conditions, so maximum jerk j,.., acceleration a,,,.,
and velocity v,,,. are reached, and the time evolution of
position is described by a third-order polynomial.
Under extreme conditions, that is, tiny displacements,
the third-order planner might fail due to numerical
problems,'! consisting in the fact that there is not
enough time to reach the maximum value of the velo-
city imposed. In this case, in order to overcome numeri-
cal problems for minimum time trajectory generation,
the cruising speed phase has to be omitted and the
value of maximum velocity may be lower than the limit
imposed.

The reference trajectories were generated considering
different values for maximum jerk, acceleration, velo-
city, and axis stroke. Table 1 summarizes the kinematic
limit conditions, while strokes were considered varying
from 20% to 100% of the maximum axis stroke.
Figure 5 shows a set of sample trajectories with differ-
ent stroke, whereas Figure 6 shows the variation in the
reference trajectories due to a change in kinematic limit
conditions.

0.6 T T T T T
= Maximum kinematic limit conditions (j3 (85, Vy )
Medium kinematic limit conditions (j2 A )
05) Minimum kinematic limit conditions (j, , a, ,v,) |
04 b
E 03f 1
c
o
‘@
& 02 1
0.1 N
oF il
0.1 I I I I I I I I I
0 0.5 1 1.5 2 25 3 3.5 4 45 S
Time [s]

Figure 6. Trajectory generation with different kinematic limit
conditions (kinematic limit: 100% stroke).

Ball screw life analysis in relation to
parameters

To evaluate the effect of the different reference trajec-
tories generated on ball screw life, nominal conditions
were considered at first when computing fatigue life of
the component. This means that in this case, the posi-
tion feedback of the system was assumed coincident
with the position reference. All friction and damping
effects were neglected and the bodies were considered
perfectly stiff. Thus, the external load acting on the ball
screw in nominal conditions is only due to the inertial
properties of the slide and ball nut, while the rotational
speed of the screw is proportional to the linear speed of
the slide.

Ball screw fatigue life was calculated for different
percentages of the maximum axis stroke performed in a
displacement cycle. Figure 7 shows the distribution of
service life results obtained for each stroke value con-
sidered and different combinations of kinematic limits
in trajectory generation; the points correspond to one
of the 27 combinations of the parameters of Table 1
assumed for maximum jerk, acceleration, and velocity.
For greater axis strokes performed, the life of ball screw
diminishes, since preload acts on the screw for a greater
number of revolutions. At the same time, the distribu-
tion of ball screw life values is less spread, which means
that kinematic limit conditions have less influence. The
figure puts in evidence that the selection of parameters
of Table 1 strongly affects the fatigue life of the ball
screw; in fact, it can almost double with a correct para-
meter selection.

However, the kinematic parameters also influence
the axis performance and especially the time requested
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Table 2. Comparison of estimated ball screw life between nominal and realistic case (kinematic limit conditions considered: j,, a,,

v2, and 100% stroke).

Nominal K, (10%/min)
| 2 3 4 5
Equivalent actual axial load (N) 5347 4965 5219 5328 5403 5468
Ball screw life (10 cycles) 40.56 50.74 43.75 41.34 39.86 38.67
25 x10? T T T T T T T T T T %
é 131
251 Index for available conditions:
25 | 351 = jerk.acceleration.velocity B
x (values reported in Tab. 1)
2r 4 142 R
é 2’20 L 3.1.2z i il
- 2 343
% é ‘*122.1
a1sr & 1 - 231
) 8 Eist 132 1
5 [ 232
= 0 3 %!
o s %2
3 1k i a 123
K] 8 S10r 231 > ]
o ° 3&1
2.
6 g 1&2 Kal
L o | L 232 B
05 s g S 332
133
8 *2§3
333
0 \ | . ) .
0 L L L L L L L L L L 0 5 10 15 20 25 30
0 10 20 30 40 50 60 70 80 90 100 Ball Screw Life Ranking
Axis Stroke [%]

Figure 7. Ball screw life distribution varying kinematic limit
conditions for different values of the axis stroke.

to perform a cycle. In order to consider this aspect, the
reference cycles generated with different limit condi-
tions were computed. For each of them, the effect of
limited values of maximum jerk, acceleration, and velo-
city on ball screw life and response time was analyzed.
The response time T was computed as the time the axis
needs to travel from the middle stroke to 99% of the
maximum stroke commanded, to evaluate the dynamic
response of the axis.

Focusing on a certain value of the stroke performed
by the slide (100% of full stroke), a ranking of different
kinematic limit conditions for trajectory generation was
created, which is graphically represented in Figure 8.
The first rank in terms of durability is meant for the
conditions generating a displacement cycle with great
durability of ball screws. In terms of response time, the
first rank refers to the cycle that requires the shortest
amount of time to perform the displacement. As
expected, the ranking shows that by increasing the limit
conditions for trajectories, the fatigue life decreases, as
well as the response time of the axis.

Subsequently, evaluations were made with the realis-
tic response of the system computed by means of simu-
lation based on the numerical model developed, varying

Figure 8. Ranking of available kinematic limit conditions for
trajectory generation in nominal case (kinematic limit: 100%
stroke).

0.6 T T T T T T T T T
—K=1
_Kl=z
05 —K=
K=4
_N=5
0.4 ——Reference| |

e
w

Position [m]

e
[

0.1

"o a1 02 03 04

01 L L L L L L L L L
0 0.5 1 15 2 25 3 35 4 4.5

Time [s]

Figure 9. Simulated position feedback with variable K,
(kinematic limits: j,, @y, v, and 100% stroke).

the position loop main proportional gain K, and con-
sidering each preset of trajectory conditions.

Figure 9 shows the trajectories obtained with differ-
ent values of K, coefficient, for a given condition of the
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position reference: j,, a,, v, and 100% of maximum
stroke. Figure 10 shows actual axial force on ball screw
and screw rotational speed spectra for different values
of K,, considering the same position reference.

Table 2 shows the equivalent actual axial load and
the expected ball screw life, computed combining the
previous data. As said in section “Fatigue life calcula-
tion according to ISO 3408,” there are two computed
values of the equivalent actual axial load, one for each
start of the screw, but only one was reported since the
motion profile selected produces the same equivalent
forces on both the starts. In Table 2, it can be seen that,
because of the effect of the dynamic response of the
mechanical system, the computed fatigue life is

15000

Timé [s]

2500

2000

1500

n [rpm]

1000

500

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time [s]

Figure 10. Actual axial force and rotational speed of ball screw
depending on variable K, (kinematic limits: j,, @, v, and 100%
stroke).

different from the nominal value and it can be shorter
or longer depending on the value of K,

It is relevant to point out that a variation in K, can
lead to a variation in the expected life within a span of
29% of its nominal value, whereas a variation in the
parameters for trajectory generation can cause a varia-
tion in the expected life even larger than 100%, as pre-
viously highlighted for Figure 7.

Selection of optimal kinematic limit
conditions and K,

Kinematic limit conditions and control gain K, strongly
influence the performance of the axis, not only in terms
of fatigue life but also in terms of position accuracy,
frequency response, and promptness. In order to select
an optimal set of values, a cost function that considers
axis response time 7, static position error err, cutoff fre-
quency f., and ball screw fatigue life L was defined.

If displacement time and position error are seen as a
cost, high service life of ball screw will decrease it, as
well as a high value of cutoff frequency of the system.
The maximum values of these quantities were evaluated
among all the results obtained and they were used to
express these quantities in a dimensionless form. The
cost function mentioned may be written as follows

Fc:T—i-err—L—fC (10)

Tmax errmax Lmax f;, max

with 2 as upper limit and —2 as the lower one. The com-
bination of K, j,.ux @nax, and v, that produces the
lowest value of F. is the optimal set of values under the
point of view of this particular cost function.

Table 3 shows the values of the terms appearing in
the cost function and its value for three different

Table 3. Values for calculation of cost function with variable K, and kinematic limit conditions.

Kinematic limit conditions K, (10%/min)
I 2 3 4 5

Time response (s) Case | 0.602 0.482 0.459 0.450 0.445
Case 2 0.548 0418 0.391 0.382 0.377
Case 3 0513 0.379 0.347 0.337 0.332

Static error (um) Case | 277 103 61 44 38
Case 2 249 90 56 44 40
Case 3 267 118 88 78 75

Ball screw life (10 cycles) Case | 59.06 55.09 54.03 53.55 53.25
Case 2 50.74 43.75 41.34 39.86 38.67
Case 3 43.30 33.07 27.00 22.30 17.72

Cutoff frequency (Hz) Case | 0.45 4.10 7.72 12.41 17.02
Case 2 0.45 4.10 7.72 12.41 17.02
Case 3 0.45 4.10 7.72 12.41 17.02

Cost function (-) Case | 0.974 0.000 —0.387 —0.728 —1.025
Case 2 0.923 0.037 —0.302 —0.611 —0.886
Case 3 1.058 0.253 —0.015 —0.263 —0.476

Kinematic limit conditions considered are as follows: Case | (j;, ay, v|), Case 2 (j,, ay, v3), Case 3 (j3, a3, v3), and 100% stroke.
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Figure 1. Cost function with variable K, and kinematic limit
conditions.

combinations of kinematic limit conditions (1, 2, 3
referring to Table 3) with maximum axis stroke and for
different values of K,. The frequency response was
computed considering an amplitude value that does not
involve the overcoming of maximum jerk, acceleration,
and velocity.

Figure 11 shows a graphical representation of the
results in Table 3. For different trajectory generation
limit conditions, the cost function diminishes with the
increase in K,. Furthermore, with the same value of
proportional gain, the cost function decreases when
considering lower limit conditions for trajectory genera-
tion. The condition with K, = 5 X 10°/min' and Case
1, shown in Figure 11, is the most effective one.

Conclusion

The results obtained in this work show at first how
kinematic parameters used for the generation of the ref-
erence trajectories can have a strong influence on the
expected life of the ball screw of a feed drive.
Furthermore, for a defined criterion to generate trajec-
tories, the proportional gain of the position control of
the driver influences the expected life of the ball screw
too. However, this last effect is less relevant than that
of the trajectory generation parameters, as it was found
that the latter can cause a large variation in ball screw
life, whereas the controller gain can cause a less effec-
tive variation. These results were obtained simulating
the machine operation by means of a dynamic model
of the servo-axis and processing its output data accord-
ing to ISO 3408.

All these parameters affect not only ball screw life
but also the performance of the servo-axis, particularly

in terms of response time, precision, and frequency
response. A cost function was created to select the opti-
mal kinematic parameters for trajectory generation as
well as the optimal controller gain.

The proposed method was applied to reference tra-
jectories which are not associated with the production
of a particular part. In an actual application, the refer-
ence cycle should be the cycle performed by the axis
during production, so that simulation could compute
forces and torques applied during the expected produc-
tion cycle. In this way, it would be possible to compute
the optimal controller set for a particular process. This
could provide the user of the machine with a general
instrument to set the controller in order to optimize the
balance between productivity, which is strictly con-
nected to axis performance, and ball screw life.
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