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Abstract Positioning systems for machine tools are
generally driven by ball screws due to their high stiff-
ness and low sensitivity to external perturbations. How-
ever, as modern machine tools increase their velocity
and acceleration of positioning, the resonant modes
of these systems could be excited degrading the tra-
jectory tracking accuracy. Therefore, a dynamic model
including the vibration modes is required for machine
design as well as for controller selection and tuning.
This work presents a high-frequency dynamic model of
a ball screw drive. The analytical formulation follows a
comprehensive approach, where the screw is modeled
as a continuous subsystem, using Ritz series approxi-
mation to obtain an approximate N-degree-of-freedom
model. Based on this model, the axial and angular com-
ponents of each mode function are studied for different
transmission ratios to determine the degree of coupling
between them. After that, the frequency variation of
each mode was studied for different carriage positions
and different moving masses. Finally, an analysis of
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these results applied to controller design and parameter
estimation is also presented.

Keywords Feed drive - Ball screw - Vibration modes -
Machine tools

1 Introduction

High-performance feed drives are required in modern
machine tools to achieve high-quality parts and cycle
time reduction [1]. Ball screw feed drives are widely
used for positioning due to their relative low cost and
low sensitivity to external forces and inertia varia-
tions, compared to linear motors. However, the high-
frequency dynamics of a ball screw must be considered
for high accelerations, where the system modes can be
excited degrading the position accuracy. This is the case
of high speed machining, where the feed between the
cutting tool and the workpiece increases proportionally
to the increased spindle speed [2]. This represents a
problem, particularly in machining parts that require
short and repetitive movements resulting in demand-
ing acceleration profiles. Therefore, traditional mod-
els must be augmented with higher-order dynamics to
assist the controller design.

Since low-order models are preferable for controller
design and tuning, a model with 2 degrees of freedom
can be used, which is able to capture the rigid body
mode and the first vibration mode with some degree
of accuracy [3-5]. This kind of model is useful when the
position loop is closed with the direct carriage position.
However, higher resonant frequencies become impor-
tant when closing the loop with rotary sensors at the
motor position [2, 6].
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On the other hand, modern tendencies of virtual
machine design require more accurate models to pre-
dict the system dynamics, in order to anticipate its
interaction with the machining process [7]. In this sense,
an accurate model for a positioning system must include
high-frequency vibration modes in order to capture the
interaction of design parameters and operating condi-
tions with respect to dynamic response.

A comprehensive model was presented by Varanasi
[3], where the screw was considered as a distributed
parameter system in which the axial and torsional de-
formation fields were simplified to vary linearly with
the axial coordinate of the screw. However, the model
includes only two generalized coordinates, making it
suitable for specific control purposes but not allowing
higher-frequency analysis.

Smith [2] modeled the ball screw with finite ele-
ment method (FEM) beam formulation to draw con-
clusions about the behavior of the system in each mode
and to predict the vibration frequencies. Alternatively,
Erkorkmaz and Kamalzadeh [6] measured screw tor-
sional deformations at particular locations to exper-
imentally verify the mode shapes prediction from a
FEM. The authors of both works agree that the first
mode is mainly axial whereas the second and third
are mainly torsional. However, these conclusions are
drawn for their particular systems under a fixed oper-
ating condition.

Chen et al. [8] used a mechanical model of a ball
screw to study the contouring error due to the com-
pliance effect. The model has 5 degrees of freedom,
and it predicts the rigid rotation, axial, and torsional
vibration of the ball screw and axial and rotational
vibration of the whole table. Although the model is
suitable for the particular analysis done by the authors,
the formulation uses only lumped parameters, and it
does not predict the screw deformation in each mode.
In addition, the table rotation becomes important only
when the machining area is at a high vertical distance
with respect to the table base.

Models accounting for lateral deformation, in addi-
tion to the axial and torsional, were presented by Zaeh
et al. [9] and Okwudire and Altintas [10]. The main
difference between both models is that the latter is
able to capture the coupling between axial-torsional
and lateral vibrations whereas the former only captures
the coupling between the axial and torsional. For both
models, a detailed screw-nut interface is proposed,
which implies that a significant number of parameters
must be known.

From this review, it can be seen a need for a model
with capabilities for virtual machine design as well as
for controller selection and tuning. The model must
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capture the dynamics of the first resonant modes with
parameters that are generally available from compo-
nent manufacturers or easily estimated. Particularly, it
is important for modern control strategies to study the
degree of coupling between the main modes as a func-
tion of system parameters and operating conditions. In
this way, this work proposes a model based on a com-
bination of concentrated and distributed parameters.
After that, the mode shapes are obtained and analyzed
for two typical transmission ratios, and the variations of
the mode frequencies are studied for different carriage
positions and different moving masses. Finally, the re-
sults are analyzed drawing conclusions about the sys-
tem behavior, which can be helpful as a first guideline
for control process design and system identification.

2 Servomechanism model

The most common feed drive for precision positioning
consists of a ball screw, assembled to the machine base
by rotary bearings, which is driven by an electric servo-
motor through a flexible coupling, as Fig. 1 shows. The
ball nut is attached to the carriage that is constrained to
move axially on linear bearings and guideways.

The schematic model considered here is presented in
Fig. 2, in which the screw is considered as a continuous
system, whereas the remaining elements are assumed
in the lumped form. In these conditions, the screw can
be considered as a straight bar with three fundamental
types of deformations: axial deformation, by traction
or compression; angular deformation, by torsion; and
flexural deformation. Flexure is discarded, assuming
the screw is suitably mounted in the servomechanism
and then minimizing buckling due to non-concentric
forces produced by misalignments.

In this way, the continuous deformation can be rep-
resented by an axial displacement using a field function
u(x,t) and by an angular displacement using 6(x, t).
This continuous portion is characterized by mass den-
sity p, cross section A, moment of inertia J;, length L,
modulus of Young E, modulus of Poisson G, and screw
lead / (also cited as transmission ratio).

carriage
. guideways
coupling

]
[
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Fig.1 Ball screw feed system
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Fig. 2 Schematic of the axial (a) and rotational (b) decoupled
models

The elements assumed in the lumped form are the
rotor of the electric motor with moment of inertia Jp,,
the flexible coupling with moment of inertia J, and
stiffness k,, the rigid bearing with stiffness ky, the nut
with stiffness k;, and the carriage with mass m..

2.1 Selection of the basis functions

The deformation in a continuous general system can
be represented by a displacement field u(x, ¢) that is
a function of time and spatial coordinates. The Ritz
series method [11], also known as the method of as-
sumed modes, uses a series expansion to describe the
displacement field as follows:

N
u(x, 0 =Y yi(x0)q;0 (1)

j=1

where v/;(x), known as basis functions, represent the
displacement field as a function of the x coordinate
and the coefficients g;(f) represent the instantaneous
contribution of v ;(x) over the displacement field.

The basis functions must fulfill certain conditions to
obtain a valid formulation of the Ritz series. All basis
functions must be continuous, linearly independent,
and must satisfy the geometric boundary conditions
[11]. In this way, a suitable axial field equation can be
constructed using cosine basis functions as follows:

u(x,t) = Z cos ( )q]u @) 2

Ju=1

where « = (j, — 1)x. The first term in the series (with
ju = 1) is the unitary function that represents the rigid
body motion which is kinematically admissible for this
system. This is because the screw is attached to the base

by the bearing, which is modeled as a lumped spring,
as Fig. 2a shows. Although the axial rigid body motion
would not actually occur, it is advisable to introduce
a unitary function to account for stiffness differences
between the screw and the rigid bearing [11].

It is more obvious that the screw has a rigid body
motion for the angular displacement; then, the displace-
ment field to describe rotation in the screw can be
represented by

Ny
X
o(x, 1) = %cos («7) a0 (3)
where @ = (jp — 1)7. The number of terms N, and Ny
can be selected by studying the convergence of the
model solutions.

2.2 Equations of motion based on energy
and work formulation

A convenient way to find the equations of motion
of a multibody system is using the energy and work
formulation, which is more efficient and reliable than
the Newton-Euler formulation based on momentum
considerations.

Using the defined variables, the kinetic energy can
be computed as follows:

. . 2
1. 1. 1 6m () + 6(0, 1)
T = Emcuc(t)z + EJmem(z)2 + Eja <mf>

1 L 1 L
+ —pJ,/ 6(x, t)*dx + —,OA/ a(x,n?dx  (4)
2 0 2 0

where the first and second terms represent the contri-
butions from the mass of the carriage and the inertia
of the rotor, respectively. The third term is the energy
from the flexible coupling, for which an average speed
between the angular velocity of the rotor and the angu-
lar velocity of the screw in x = 0 was considered. The
fourth and fifth terms represent the kinetic energy from
the distributed rotary inertia and the distributed linear
inertia of the screw, respectively.

The potential energy stored in the elastic parts of the
system can be computed according to

1 1 1
V= Skou(0, 0+ Ka 6m(®) + 6.0, N>+ Eknaﬁ

T JtG/ <d9(x ”) dx
T EA/ (d“(" ”) dx 5)

where the first and second terms correspond to the po-
tential energy in the rigid bearing and flexible coupling,
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respectively. Similarly, the third term corresponds to
the potential energy stored in the ball nut, where §, is
the axial deformation in the nut. Although the elastic
deformation in the screw—nut interface produced by the
normal contact force has axial and radial components
[12], only the axial component influences the axial
displacement field.

Therefore, the interface axial deformation can be
expressed as

8n = uc(t) — (ulxc, 1) + 0(xc, D) (6)

that denotes the difference between the absolute po-
sition of the carriage, u.(f), and the absolute position
of the screw at the interface-point coordinate x.. It is
important to notice that Eq. 6 involves both axial and
torsional displacements, showing a coupling between
them, a fact that forbids each field to be treated sep-
arately. Finally, the fourth and fifth terms of Eq. 5
represent the potential energy stored in the continuous
portion of the system, the screw, by torsional and axial
displacements.
The net power input to the system results in

Pin = Tmbm (1) — 10 (xXc, ) — fulte(t) (7)

where the first term is the power input from the motor,
the second term is the Coulomb friction dissipation
in the ball nut due to the friction torque t;, and the
third term represents the power required to move the
carriage at the velocity it against a disturbance force f.
Note that f is a general variable to account for external
forces acting on the carriage, which can include machin-
ing forces and Coulomb friction forces in guideways.

Finally, the power dissipation in the system due to
viscous friction can be expressed as follows:

L du(x, )\?
Pdis = / )/EA ( uéx’ )) dx
0 X

L do(x. 0\ )
+/ yGJ,( C(lx )) dx + b (1)2
0 X

+p0(0, 1) + cub (xn, D* + Celic(t)? (8)

The first two terms represent the power dissipation due
to the viscoelastic behavior of the continuous portion,
where y is the structural damping loss factor. The
other four terms represent the power dissipation in
rotor bearings, screw supporting bearings, ball nut, and
guideways, respectively. Therefore, the coefficients ¢y,
Ch, Cn, and ¢, are the viscous friction coefficients of these
elements, as Fig. 2 shows.
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Now the expressions of 7, V, Py, and Pg;s are com-
bined with the Ritz series to formulate the Lagrange
procedure in order to find the equations of motion.
Alternatively, the power balance methodology can be
used in this particular case, giving the same results as
those obtained by Lagrange formulation but with an
easier derivation [11]. In any case, the equations of
motion can be expressed as

[M1[g] + [ClIg] + [K]lg] = [Q] )

where M, C, and K are the inertia, damping, and
stiffness matrices, respectively. The vector Q includes
the generalized forces and g are the generalized
coordinates.

As Fig. 2 shows, in addition to the generalized co-
ordinates from the continuous portion, there are two
additional generalized coordinates, one to describe the
carriage position u.(f) and another to describe the
rotor angular position 6, (¢). Therefore, the total sys-
tem order is N = Ny + Ng, with Ny = N, +1 and
No = Ny + 1.

3 Modal formulation

The solution of the eigenvalue problem [[K]—w jz[M]]
{¢;}=I0] related to Eq. 9 gives N eigensolutions,
each one featuring a natural frequency w; and a nor-
mal mode {¢;}. Applying the modal transformation
{g} = [¢]{n}, the displacement field presented in Eq. 1
can be expressed as

u(x, ) = [yllgln = [Vn (10)

where [] is a row composed of the basis functions
[¥]=[¥y....yn] and [¥] is a row composed of the
functions [W] = [ ]{¢;}, known as mode functions. As
the elements of the mode vector {¢;} give the propor-
tions between the various generalized coordinates, the
mode function W; gives the deformation proportions as
a function of the x coordinate, in the jth mode.

On the other hand, the 5; represents the mode con-
tribution to the displacement field. However, this is not
included in the following analysis because it is intended
to draw conclusions from the general system regardless
of excitation type and initial conditions.

To compute the axial and angular components of the
mode functions, it is necessary to distinguish, in each
mode vector {¢;}, the elements corresponding to each
generalized coordinate. In this sense, if the generalized
coordinates vector g has the following arrangement:

T
@) = {qu,--Quy, 96,---G6y, Uec Om) (11)
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each mode vector {¢;} can be written as

(D7) = [Bus P, Por P, ue Pon} (12)

Therefore, the first N, elements of {¢;} are associ-
ated with the axial displacements and the following
Ny elements of {¢;} are associated with the angular
displacements, whereas the last two elements of {¢;},
¢u., and ¢y are the elements describing the carriage
displacement and the angular displacement of the mo-
tor rotor, respectively. In this way, the axial component
of the jth mode function can be constructed from the
basis functions used to describe the axial field and the
first N, elements of {¢;} as follows:

Wy () = [, (0o Vry, 0O Bur i, | (13)

Similarly, the angular component of the jth mode func-
tion results in

W, () = Yo, ()W, (O] { b,y } (14)

In an effort to validate the model, the calculated nat-
ural frequencies w; were compared to the measured
ones from other authors. For example, Varanasi [13]
measured only the first vibration mode at 349 Hz. The
model proposed here tuned with the system parameters
presented by Varanasi [13] predicts the first mode at
338 Hz, which results in a very good agreement with the
measured one. Similarly, the first three mode frequen-
cies for another system were measured by Smith [2] at
65, 512, and 1,045 Hz. The model tuned with the sys-
tem parameters presented by Smith [2] predicts these
modes at 65, 760, and 949 Hz, respectively, which are in
a reasonable agreement as well.

4 Analysis of the mode functions for different
transmission ratios

The mode functions were obtained according to Egs. 13
and 14 in which the mode vectors correspond to the
system solution with the physical parameters in Table 1,
the particular carriage position x, = 0.5 L, and a total
moving mass of m. = 30 kg. The number of terms in
the Ritz series were N, = Ny = 4 obtaining a suitable
compromise between model complexity and estimation
error [14]. From Eq. 6, it can be seen that the trans-
mission ratio has a direct influence on the degree of
coupling between the axial and torsional deformation
fields. Therefore, two particular values of transmission
ratio (screw lead) are selected for the following study.
Figure 3 shows the axial and angular components
of the mode functions for the first four modes for a

Table 1 Parameter values used in the model

P 7,850 (kg/m?)
E 2.06 x 10! (N/m?)
G 8.1 x 1010 (N/m?)
A 422 x 10~ m
4 2
Ji 2.8 x 10~ m
8 4
L 7 m
0.743
Ja 3.8 x 1074 (kg m?)
Jm 2.6 x 1074 (kg m?)
n 4.3 x 10 m
k 8 N/
b 4.5 x 10 m
k 8 N/
a B m/ra
k 5,200 Nm/rad

transmission ratio of 10 mm/rev. Also, in Fig. 3a, the
displacement of the carriage was described in each
mode as a point value ¢, ; plotted at x = x.. Similarly,
in Fig. 3b, the displacement of the motor rotor was
described by ¢, plotted at x;, = —0.2 L. Note that
the zero coordinate is located at the rigid bearing;
therefore, the middle of the motor is located at negative
coordinate values.

The rigid body mode is represented by W,,o and Wy,
where the screw is not showing any kind of deforma-
tion. In this case, the carriage motion ¢, is exactly /
times the angular motion Wyo. Similar results can be
observed in Fig. 4 for a transmission ratio of 32 mm/rev.

The next analysis attempts to visualize the character
of each mode, basically the degree of axial or torsional
predominance. This analysis is based not only on the
mode shapes but also on the agreement between the
natural frequencies from the coupled system respect to
the pure axial and torsional natural frequencies. The
latter are obtained from the uncoupled axial and tor-
sional models derived from the general model assuming
components with infinite torsional and axial stiffness,
respectively [15], according to Fig. 2 and the derived
equations in Section 2.2.

Table 2 compares the natural frequencies for the
coupled and decoupled solutions for a transmission ra-
tio of 10 mm/rev. The classification, either as torsional
or axial, of the modes from the coupled model is done
based on the best agreement between the frequencies
of both models. The last column shows the error in
the natural frequency values from decoupled system
solutions; in this sense, a greater error means greater
axial-torsional coupling. Similarly, Table 3 shows the
results for a screw lead of 32 mm/rev.

4.1 Mode analysis for a low transmission ratio
Figure 3 shows the first vibrating mode, where the axial

component amplitude W, has the greatest values com-
pared to their homologs, whereas the angular Wy, has
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Fig. 3 Axial and angular
components of the mode
functions for / = 10 mm/rev

Fig. 4 Axial and angular
components of the mode
functions for / = 32 mm/rev
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Table 2 Frequencies comparison for /=10 mm/rev and for

N,=Ng=3
Mode Coupled Axial Torsional Error
(rad/s) decoupled decoupled (%)
(rad/s) (rad/s)

o 0 - 0 0.00
] 2,045 2,000 - 2.20
155 5,924 - 5,054 14.69
3 12,679 - 12,647 0.25

the smallest one. In addition, the displacement of the
carriage ¢, ; has the largest value, which is consistent
with [2], in which the first vibration mode was described
as an axial mode with a large carriage displacement.
This can also be seen by the very good match of w
between the coupled system and the axial decoupled
subsystem as is shown in Table 2.

In the second mode, the amplitude of the angu-
lar component increases considerably as Fig. 3 shows,
whereas the axial decreases and the axial displacement
of the carriage is substantially lower. Nevertheless,
the axial mode function amplitude keeps a significant
value. It means that the axial and angular deforma-
tions could both be important. However, the frequency
analysis in Table 2 shows that there is a reasonable
match between the frequency of the coupled system
and the frequency from the torsional subsystem at wj.
Therefore, this is a predominantly torsional mode with
some degree of axial coupling.

Finally, the angular component in the third mode
shows the largest amplitude, whereas the axial and the
carriage displacements are very small. Therefore, this
mode seems to be predominantly torsional, and this is
confirmed by the good match that w3 shows in Table 2.

4.2 Mode analysis for a high transmission ratio

Figure 4 shows the mode shapes for a transmission ratio
of [ =32 mm/rev. It can be observed that the axial
component of the first mode slightly decreases, whereas
the torsional component slightly increases, both respect
to a transmission ratio of / = 10 mm/rev. On the other

Table 3 Frequencies comparison for / =32 mm/rev and for

N,=Nyp=3
Mode Coupled Axial Torsional Error
(rad/s) decoupled decoupled (%)
(rad/s) (rad/s)

o 0 - 0 0.00
o) 2,236 2,000 - 10.55
%)) 6,595 - 3,363 49.01
3 12,657 - 12,548 0.86

hand, Table 3 shows an error of about 10% when
w1 is compared with the axial uncoupled frequency.
Therefore, it is concluded that this mode remains with
an axial predominance with a slight degree of torsional
coupling. The axial component of the second vibration
mode shows the largest amplitude among the other
axial components. Furthermore, the frequency match
with respect to an uncoupled torsional mode shows
about 50% of error at w,; therefore, this mode shows
a high degree of coupling with no clear predominant
type of deformation.

Finally, the third mode remains with a torsional
predominance as can be seen from the mode shape
components and the frequency match at ws.

5 Mode frequency variation for different
operating conditions

The mode shapes and their frequencies are sensitive not
only to design parameters, as was shown for different
transmission ratios, but also to operation conditions,
like carriage position and total moving mass. The
results presented in the previous sections are for a
carriage position of x, =0.5 L and a total mass of
m. = 30 kg. Following, the natural frequencies were
studied for different carriage positions, different mov-
ing masses, and the combination of them, all for the two
proposed transmission ratios. In each case, the natural
frequency deviation for each mode was computed ac-
cording to

. — Wmi
Aw = "2 T1100 (15)
Wmin
where wna.x and wp, are, respectively, the maximum
and minimum values of each natural frequency, for the
three variable conditions studied, defined as follows:

Variable position: carriage positions between 0.1 and
0.9 L and a fixed load mass m. = 30 kg.

Variable mass: load mass variations between 30 and
150 kg with a fixed carriage position x. = 0.5 L.
Variable position and mass: variations for a load mass
between 30 and 150 kg evaluated at each carriage
position of 0.1 and 0.9 L.

Table 4 First natural frequency variation for different operating
conditions

Operation conditions [ = 10 mm/rev [ = 32 mm/rev

(%) (%)
Variable position 60 70
Variable mass 98 28
Variable position and mass 216 119

@ Springer
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Table 5 Second natural frequency variation for different operat-
ing conditions

Operation conditions [ =10 mm/rev [ =32 mm/rev

(%) (%)
Variable position 0.8 5.6
Variable mass 0.1 0.4
Variable position and mass 1.0 6.5

In this way, the rows of Table 4 show the relative
deviation of the first natural frequency for the three
operation conditions, evaluated at the two transmission
ratios. Similarly, Tables 5 and 6 show the results for the
second and third vibration modes, respectively.

According to results in Table 4, the first mode shows
to be very sensitive to the carriage position for both
transmission ratios. Also it is very sensitive with re-
spect to mass changes for low screw lead but much
less sensitive when the screw lead increases. This last
behavior can be explained using conclusions from the
degree of coupling analyzed in the previous section.
For low axial-torsional coupling, as is the case for
low transmission ratios, this mode is strongly axial and
behaves like a spring mass system; therefore, it is very
sensitive to mass changes. However, as the screw lead
increases, the axial component is more coupled with the
torsional component, where the latter is less sensitive
to mass changes due to the reduction imposed by the
transmission. As can be expected, this mode presents
high sensitivity to the combined effects of load mass
and carriage position variations.

On the other hand, the second mode in general
presents low variations with respect to mass and po-
sition changes, as Table 5 shows, due to its torsional
predominance. Particularly, the frequency variation in-
creases up to 5.6% for high transmission ratio when the
carriage position changes, which could be due to the
coupling between the components of this mode.

Finally, the third mode presents very low variation
respect to mass changes for both transmission ratios,
as Table 6 shows, due to its highly torsional predomi-
nance. However, it presents considerable variation for
different carriage positions.

Table 6 Third natural frequency variation for different operating
conditions

Operation conditions [ = 10 mm/rev [ = 32 mm/rev

(%) (%)
Variable position 18.0 22.0
Variable mass 0.02 0.0
Variable position and mass 19.0 23.0

@ Springer

6 Analysis of results

The first vibration mode is predominantly axial for
both transmission ratios, with a strong displacement on
the carriage position, as is noticed by the large value
of ¢, in Figs. 3a and 4a. Consequently, it presents
a strong frequency shift for different operating con-
ditions involving load mass variations, large carriage
displacements, or combination of both, specially for
low transmission ratios. This mode will have a strong
influence on the achievable bandwidth if the control
loop is closed with the direct carriage position [13].
In this case, adaptive control strategies must be used
to achieve a high bandwidth closed loop [4, 10]. For
this kind of control, a high transmission ratio may be
preferred because the natural frequency value will be
less sensitive to load mass variations.

The second mode presents low sensitivity to load
mass variation for both transmission ratios and just a
slight frequency shift for high transmission ratios when
the carriage position changes. Therefore, a low screw
lead may be preferred if the loop is closed with a rotary
encoder on the motor side. In this case, just a conven-
tional notch filter can be used to mitigate its negative
effect. In addition, with a low screw lead, the first mode
will be slightly reflected on the encoder signal, as is
indicated by the lower value of its angular components
¢o,1 1in Fig. 3 with respect to the corresponding one
in Fig. 4.

The third mode presents a considerable frequency
shift for different carriage positions but low sensitivity
to mass changes. Therefore, if the application involves
short carriage displacement, a notch filter can also be
used when the loop is closed with a rotary encoder. Fur-
thermore, as this mode has a relatively high frequency,
it is expected to be slightly excited by typical position
commands or external perturbations.

On the other hand, the knowledge of the system
behavior in each mode can be very useful for iden-
tification purposes, especially at high frequencies. A
convenient point to perform measurements to identify
the first mode is the direct carriage position, where
the largest deformation of this mode takes place, as
can be seen in Fig. 3. Similarly, the angular position
at the end of the screw 6,_; can be a suitable point of
measurement to identify the second and third modes.

7 Conclusions
A finite dimensional model of a ball screw feed-drive

system is presented, where Ritz series are used to
approximate the continuous field displacements of the
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ball screw subsystem. This model is used to predict
the behavior of the first three vibration mode shapes
and their frequencies. The predominance of deforma-
tion, torsional or axial, of each mode was studied for
different transmission ratios. Furthermore, the mode
frequency shift for different carriage positions and load
mass was studied for these modes.

Based on this analysis, the first mode is mainly
axial, with a strong displacement of carriage position,
whereas the second and third modes are mainly tor-
sional. However, as the screw lead increases, the axial-
torsional coupling increases accordingly and it is not
suitable to consider each mode as pure axial or tor-
sional. As the axial-torsional coupling varies, the fre-
quency sensitivity of each mode to operating conditions
varies. A strong axial-torsional coupling makes the
frequency value of the first mode to be less sensitive
to load mass variations. However, a low axial-torsional
coupling may be preferred to minimize frequency varia-
tions of the second mode for variable carriage positions.

The transmission ratio is a key design parameter
with direct influence on the degree of axial-torsional
coupling, which dominates the modes frequency shift.
Therefore, it has a significant effect on the robustness
of the control strategies used for position control.
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