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Abstract - Many modern technological processes are implemented at high speeds of the machine
tool operating bodies relative to the workpieces. With significant dimensions of the processed
parts, rack-and-gear drives are used. The design features of the rack-and-gear drive require
coordination of the servo drive with the machine operating bodies movement speeds using a
gearbox. This paper considers the possibility of creating a gear-belt gearbox for drives of high-
speed equipment. The applied gearbox should not cause additional errors in the movement process.
The work carried out experimental investigations of a servomotor dynamic characteristics and the
qualitative characteristics of measuring encoders, the gearbox influence on the displacement error,
machine tool axis movement. The dynamic characteristics of a servomotor without load, assembled
with a gearbox and as part of a controlled axis of a portal-type machine have been investigated. It is
determined that the delay time of the movement start is no more than 0.002 s for a servomotor
without load and as part of a gearbox, and the delay time of the movement start of the gearbox
output shaft does not exceed 0.003s. It has been determined that the maximum possible
acceleration of the controlled bodies of the machine during using the considered drive is 8 m/s2.
The dynamic error of the axis movement along a straight trajectory does not exceed 0.023 mm, and
along a circular trajectory - 0.035 mm. The error of position determining for the operating body is
no more than +1 discrete. This indicates that the gearbox error is less than the error of the position
measurement system used in the investigated machine.

Keywords: High-speed Equipment, Gear-belt Gearbox, Servomotor, Dynamic Characteristics,

Portal-type Machine Tool.

1. Introduction

A lot of modern technological processes, such as
high-speed machining [1, 2], laser cutting [3, 4], laser
welding and cladding [5, 6] are implemented at high
speeds of movement of the operating body relative
to the workpiece. The implementation of high-speed
processing requires the provision of high dynamic
characteristics of the controlled bodies of the
machine tool [7]. The dynamic capabilities of the
controlled axes of machine tool movement of
operating bodies have a significant impact on the
accuracy and quality of technological processing [8,
9]. Investigations of the S-shaped laws of
acceleration/deceleration and the influence of
motion differential characteristics on the accuracy of
trajectory movements confirm the need to increase
the dynamic characteristics of the actuators of
technological equipment [10].

For the processing of dimensional parts, portal-
type schemes of machine tools with a rack-and-gear
drive are often used. The design features of such a
drive require matching the rotation speed of the
drive gear with the required speed characteristics of

the moving operating bodies of the machine tool. A
significant discrepancy between the required gear
rotation speed and the maximum rotation speed of
the servomotor arises when using a direct drive of
the drive gear [11]. For most rack-and-gear drive
sizes, this discrepancy is approximately 1 order of
magnitude and increases as the pinion diameter
increases. In this regard, it is necessary to use a
reduction gear with a gear ratio R =10...15 [12]. The
requirement for a minimum value of backlash or its
complete absence is important when selecting a
gearbox for the drive of the controlled bodies of the
machine tool.

Various types of gearboxes are used in the
designs of machine tools: harmonic drive, planetary
gear, gear-belt [13, 14]. Harmonic drive gearboxes
provide a backlash-free transmission of rotation
with a minimum gear ratio R =75...80. Planetary
gearboxes provide the required gear ratio range.
There are models of planetary gearboxes with
minimum backlash values of the order of several arc
seconds, but as the gear wears out, this value
increases and cannot be adjusted. In gear-belt
gearboxes, the elimination of backlash is provided by
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the belt tension mechanism and can be eliminated
during operation. However, it is almost impossible to
obtain the required gear ratio R = 10...15 in a single-
stage gear-belt gearbox. And when creating two-
stage gearboxes, the number of transmission links
increases, and their total error in the transmission of
motion may be unacceptable. In this regard, the
investigation of the error reflected by a two-stage
gear-belt gearbox in the movement of the high-speed
technological equipment operating bodies and the
resulting dynamic characteristics is an urgent task.

2. Problem Formulation

The investigation of the possibility of using a gear-
belt gearbox in a rack-and-gear drive was carried out
on the example of a portal-type laser cutting
machine with a processing field of 3.5x1.5 m. The
maximum feed that must be provided is F =
30 m/min. The longitudinal movement drive uses a
90ST-M04025 servomotor manufactured by Beijing
KND CNC Technique Co. LTD, whose main
characteristics are shown in Table 1.

Table 1. Characteristics of the servomotor
drive 90ST-M04025

Characteristic Measurement units | Value
Rated power w 700
Rated torque N-'m 4.0
rsr?ao)fi;:s;lmtorque N'm 100
Rated RPM rpm 2500
Full speed RPM rpm 3000

In Fig. 1, a shown the torque characteristic of the
servomotor. Curve Mgynom shows the torque

variation in nominal mode. In this mode, the
servomotor can operate for an almost unlimited
time. Curve Mgy max Shows the value of the

maximum allowable torque. Operation in this mode
can be carried out for a short time, which
corresponds to the acceleration/deceleration
sections.

In Fig.1,b shown a diagram of the gearbox
reduction ratio coordination with the maximum
technological feed (in the example, the feed F =
30 m/min is considered). Curve Ngyjim Shows the

required speed of the servomotor at the inlet to the
gearbox, at which the given technological feed will
be realized. According to this diagram, to obtain a
feed of 30 m/min at the nominal speed npy, of the
servomotor, a gearbox with a gear ratio Ry, =9.5,
and to obtain the same feed of 30 m/min at the
maximum speed Ny, of the servomotor, a gearbox

with a gear ratio R,;4 = 11.5 must be used.
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Figure 1: Servomotor characteristics (a) and
reduction ratio selection (b)

Accordingly, the used gearbox must have a gear
ratio greater than Ry, , but not exceeding Ry . In

this case, the required maximum feed is provided at
the servomotor speed not exceeding the maximum.
Based on the indicated limitations, the design of a
two-stage gearbox with a gear ratio R=R-Ry, =
(72/22) - (72/22) = 10.71 was chosen for the
investigation. In Fig.2 shown the output

characteristic of the gearbox torque and the actual
acceleration as a function of the reduction ratio.
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Figure 2: Characteristics of the gearbox torque (a)
and the available acceleration (b) depending

on the reduction ratio

o
o o
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The 3D model and appearance of the gearbox
under investigation are shown in Fig. 3. A feature of
the gearbox is that its design provides for the
possibility of installing an encoder on the axis of the
output shaft, which makes it possible to control the
angular movement of the drive gear of the rack-and-
gear of the controlled axis.

Figure 3: Design layout (a), D model (b), and
appearance (c) of the proposed gearbox

To determine the effect of the gearbox on the
nature of the movement, it is necessary to determine
the obtained dynamic characteristics of the
controlled bodies of technological equipment and
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evaluate the errors reflected by the gearbox. In this
paper, the following was carried out:

e investigation of a servomotor dynamic
characteristics and the qualitative characteristics of
measuring encoders;

o investigation of the gearbox influence on the
displacement error;

« investigation of machine tool axis movement.

3. Investigation of a Servomotor

Dynamic Characteristics and the
Qualitative Characteristics of
Measuring Encoders

The determination of the dynamic characteristics
and qualitative characteristics of the measuring
encoders was carried out on an experimental stand,
the scheme and appearance of which are shown in
Fig. 4. The stand provides the ability to determine
the dynamics of the servomotor rotor movement
using duplicated measurement of the rotor position.
For this purpose, the internal encoder E1 of the
servomotor and an additional encoder E2 mounted
on the shaft of the motor are used. The resolution of
the internal encoder of the servomotor is Z; =2500
discrete/rev and the external encoder is Z,=3000
discrete/rev. Servomotor control, registration, and
processing of experimental data is carried out using
a software and hardware complex (SHC) [15, 16].

The control cycle frequency is 1 kHz.

E2

El

Servo
Motor

Servo
Drive

*

SHC

A?

(a) (b) (¢)
Figure 4: Scheme (a) and appearance of the stand for
the investigation of the servomotor (b)
and encoder (c)

The transient process of servomotor acceleration
was investigated with a step variation in the control
set Vgt from 0 to 10% and 100% of the maximum

no-load value V. The actual rotation speed was

recorded according to the readings of the external
encoder Vg,.o. The resulting graphs are shown in

Fig. 5. In both cases, the delay time for the start of

the rotor movement is 0.002 s. The value of speed
overshoot when setting the maximum control
voltage does not exceed 5.5%.
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Figure 5: The transient process with a step variation
in the control set to the level of 10% (a), and 100% (b)

The difference in the measurements of the
motion process by the internal and external encoder
was evaluated at a steady mode. In Fig. 6 shown the
differences in the rotor speed obtained from the
measurements by the internal and external encoder
and reduced to the discreteness of the internal
encoder:

AVene =Venct —Venc2 (21/22) .
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Figure 6: The error in speed determining at 10% (a),
and 100% (b) of the maximum moving speed

Differences in the registered speed (Fig. 6,a)
when moving with a control set at 10% is about
+0.05 discrete/cycle. The period of this value
variation coincides with the period of passing the
zero-pulse mark of the sensor. The difference
between the recorded speed readings when moving
in the mode of maximum control set (Fig. 6, b) is
about +0.3 discrete/cycle, which corresponds to a
value of +2.2' of the angular position per control
cycle. The period of the value variation is calculated
from the period of the passage of the zero-pulse
mark of the sensor. This indicates that there is a
difference between the internal and external
encoder in the arrangement of the measuring
divisions on the sensor mirror, or there is a
displacement of the sensor rotation axis relative to
the geometric axis of the applied measuring
divisions of the sensor.

In Fig.7 shown the results of comparing the
angular position of the servomotor rotor recorded
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by two encoders at different speeds. The discrepancy
in the recorded angular position readings is #1.1
discrete. The nature of the error variation depends
on the angular position of the rotor, as evidenced by
the position of the graph of the variation in the
mismatch of the readings relative to the zero-pulse
mark of the sensor. The difference in the readings of
the registered angular position does not depend on
the rotational speed of the servomotor rotor and is
about 7.9’

A, discrete i.-Zero

enc?

Ay discrete

o : P (b).
Figure 7: Position determination error at 10% set (a),
and at 100% set (b)

A detailed analysis of the experimental data made
it possible to determine that the scale of the external
encoder gives an error in the unevenness of the
arrangement of measuring divisions of the order of 1
discrete. The problem of sensor manufacturing
errors and the influence of these errors on the
measured motion parameters is widely studied by
specialists in various fields of technology [17, 18]. A
large number of investigations are devoted to the
development of methods and algorithms for
processing encoder measuring signals and error
compensation for the most accurate measurement of
the technical systems elements movement
parameters [17, 19-21]. The presence of distortion
of the encoder scale necessitates the use of
algorithms for correcting the measured position, but
this problem is not considered in this paper. It
should be noted that the observed errors in the
servomotor rotor movement can also be caused by
the processes taking place in electrical machines,
manufactured with some deviations from the
nominal parameters. To determine the effect of such
deviations in the design, it is necessary to carry out
mathematical modeling of electrical machines, as
shown in [22, 23].

Thus, it has been determined that the dynamic
characteristics of the servomotor ensure the delay
time of the start of the rotor movement no more than
0.002 s. The value of speed overshoot when setting
the maximum control voltage does not exceed 5.5%.
In the investigation of the qualitative characteristics
of the measuring encoders, it was determined that
the inconsistency of measurements between the
used encoders provides information about the
rotation speed with an accuracy of 2.2" per cycle and
measurement of the position with an accuracy of
+7.9'.

4. Investigation of the Gearbox Influence
on the Displacement Error

The investigation of the influence of the gearbox on
the displacement error was carried out according to
the scheme shown in Fig. 8. The error of the final link
movement, which is the sum of errors introduced by
the servomotor and the gearbox, was estimated.
Servomotor error is determined by both design
errors and control errors reflected by the servo drive
and E1 encoder. Gearbox error is due to errors in
gears, belts, bearings and shafts. In addition, the
measurement of the motion of the gearbox original
link is carried out with an error determined by the
errors of the encoder E2 and the recording system of

the SHC [15, 16].
Gearbox
2]

SHC
Servo
Drive
Servo
Motor
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Figure 8: Gearbox investigation scheme

In Fig. 9 shown a diagram of the acceleration of
the input and output shafts of the gearbox with a
step setting of the control signal to the level
corresponding to the maximum rotation speed. The
graphs of variations in the control signal Vg, the

rotational speed of the servomotor rotor Vg, the

rotational speed of the gearbox output shaft Vg, .
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Figure 9: Acceleration diagram for step control action

In Fig. 10 shown the nature of the variation of
servomotor rotor acceleration and the output shaft
in the acceleration section with a stepwise setting of
the control signal. The presence of oscillations of the
output shaft in the absence of such oscillations in the
movement of the servomotor indicates the elastic
deformation of the drive belts.

The dynamic characteristics of the gearbox are
shown in Table 2. In Fig. 11 shown the graphs of
variation in the error of the servomotor rotation
speed and the gearbox output shaft. The speed of the
servomotor is maintained by the electric drive with
an accuracy of +0.25 discrete/cycle. The error in the
speed of rotation of the gearbox output shaft also
does not exceed £0.25 discrete/cycle.

298 International Journal of Mechatronics and Applied Mechanics, 2022, Issue 11



Investigation of the Portal-Type Machine Tool Gear-Belt Gearbox

a, discrete/cycle?

2 1 V\LI f \ A
aencl "vn\'\‘
o G W
EH Ao VN
i |k . W P ol SEC,
001 002 003 004 005 006

Figure 10: The nature of the speed and acceleration
variation in the acceleration section

Table 2. Dynamic characteristics of the gearbox

Value Value
Measure- | forthe | for the
Parameter ment servo- | gearbox
units motor output
rotor shaft
Steady-state discrete/ 1191 13.34
movement cycle
speed, V rpm 2857.8 | 266.8
Maximum S}‘f;gfte/ 15135 | 2.68
1 ion, a
acceleration rev/s? 6054 | 8933
Time of the
movement start | s 0.002 0.003
delay, t
The transient
time constant, T S 0.014 0.015
Overshooting,
% 5.04 6.93
Smax
Time Tr of
reaching a stable
speed, not s 0.040 | 0.041
exceeding the
tolerance o =1
discrete/cycle
AV, discrete/cycle _ Zero pulse events
0.2 H H H H H H H H H : H H H H H H

0.1 :
012 Aty (a) B e s o noe
AV:L,,,LQ, discrete/cycle ://_cm pulse event
024
0.1 1 1 : 4
0 AU “U il 1”“ ‘MHIJ“ k! .l‘ I“ [, , U AP ol ALK MHH'\[‘L t S
W A g2 WGy
( E : y
-0.1 -5+ !
08 44 (b)
Figure 11: Servomotor (a) and gearbox output
shaft (b) speed error

In Fig. 11 shown the graphs of variation in the
error of the servomotor rotation speed and the
gearbox output shaft. The speed of the servomotor is
maintained by the electric drive with an accuracy of
+0.25 discrete/cycle. The error in the speed of

rotation of the gearbox output shaft also does not
exceed +0.25 discrete/cycle.

The error reflected by the gearbox was estimated
as the difference between the error of the output
shaft and the error of servomotor rotation, taking
into account the transmission ratio of the gearbox
and the ratio of resolving encoders:

Agearbox = Ashaft —Asm (Z5/Z7)IR. €8]

An estimate of the output shaft rotation speed
error caused by the gearbox is shown in Fig. 12. The
results of the investigation showed that the
component of the output shaft rotation speed error
caused by the gearbox, in absolute value does not
exceed +0.25 discrete or 1.8’ of the angular position
per cycle, which is an acceptable value for this
problem.

AV gearpors discrete/cycle
0.2 1
gl 1||l.
. ‘l”h"" \”U‘“ I “l'uv-'L'u“ TS vll\W
o _ (T TR o i :
-0.2 4

Figure 12: Error component of the output shaft
rotation speed due to the gearbox

An estimate of the output shaft angular position
error obtained by equation (1), is shown in Fig. 13.
The nature of the error variation corresponds to the
nature of the encoder E2 error (Fig.7) with
distortions caused by the errors reflected by the
gearbox. The magnitude of the error reflected by the
gearbox is estimated by the distortion of the
amplitude and does not exceed *1 discrete, which is
7.2' of the angular position of the original shaft.

Agem'hn,\'*
discrete
0.5
0 T —- r T
0.1 W 03 o4l Yo
-0.5

Figure 13: Periodic position error gearbox output
shaft

Thus, it was determined that the dynamic
characteristics of the servo drive ensure the delay
time of the gearbox output shaft movement starts no
more than 0.003 s. The value of speed overshoot
when setting the maximum control voltage does not
exceed 6.93%. The error of the gearbox output shaft
rotational speed in absolute value does not exceed
+0.25 discrete or 1.8" angular position per cycle. This
indicates that the gearbox error is less than the error
caused by the distortion of the encoder scale. The
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magnitude of the angular position error caused by
the gearbox does not exceed 1 discrete, or 7.2" of
the output shaft angular position of the, which is
equivalent to the error of the encoders. Thus, the
error of the investigated gearbox is much less than
the error of the measuring system.

5. Investigation of Machine Tool Axis
Movement

The investigation of the controlled axis movement
was carried out on the example of the axis of a
portal-type machine driven by a rack-and-gear
transmission using the proposed design of a gear-
belt gearbox with a servo drive. In Fig. 14 shown the
design layout of the longitudinal displacement unit
of the portal part of the machine and the appearance
of the unit on the test bench.

Figure 14: Installation of the gearbox on the machine
portal support: 3D-model (a) and external view of
the gearbox mounted on a support (b)

Determination of the controlled axis boundary
dynamic characteristics was carried out in the
investigation of the transient process when setting
the step control action to the level corresponding to
the maximum feed. In Fig. 15 shown the graphs of
the transient process in terms of the servomotor
rotor rotation speed Vg, and the gearbox output

shaft Vgpeo

V, discrete/cycle
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I
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Figure 15: Transient process of the portal-type
machine axis acceleration

Table 3 shows the main dynamic characteristics
obtained from the results of processing experimental
data. From tests follows that the maximum speed of
the axis movement exceeds 30 m/min, and the
acceleration can be up to 8 m/s2. The non-linearity of
the servomotor rotor acceleration section (Vgne in

Fig. 15) and the corresponding variation of the rotor

acceleration (&g, in Fig. 16) corresponding to this

non-linearity is explained by the flexibility of the
gear belts. This phenomenon indicates the need to
build a control loop with an encoder installed on the
gearbox output shaft.

Table 3. Dynamic characteristics of the gearbox

Value Value
Measure- | forthe | forthe
Parameter ment servo- | gearbox
units motor output
rotor shaft
Steady-state S}‘f;gew/ 120.325| 13.475
;n‘;‘;m\i“t rpm 2887.9 | 2696
peec, m/min _ 30.47
discrete/
Maximum cycle? 13.375 1.55
acceleration, a rev/s? 5350 516.6
m/s? - 8.0
Time of the
movement start S 0.002 0.003
delay, t
The transient
time constant, T S 0.015 0.016
Overshooting,
- % 1.61 5.23
max
Time Ty of
reaching a stable
speed, not s 0.037 | 0.034
exceeding the
tolerance o =1
discrete/cycle
a, discrete/cycle?
1.5 -
V\vl \\
! Aepe) ] A \, g // t\
0.5 N[ WA
s enc2 \ \ 1, sec
0 i é”-{ T .I i v fw -;;-- e oo ae o v ]
(i) ();01 0.02 003" 0.04%/ 0.05 0.06 ‘

Figure 16: Transient process in the acceleration
parameter during the portal-type machine axis
acceleration

The estimation of the displacement error of the
machine axis was carried out with the program
setting of rectilinear and circular trajectories. In
Fig. 17 shown an example of an axis reciprocal
movement along a straight path. Acceleration/
deceleration was carried out with an acceleration of
5.2 m/s? to a speed of 21.2 m/min with a full reverse
motion at the extreme points of the trajectory. In this
case, the axis dynamic positioning error did not
exceed 0.023 mm.

In Fig. 18 shown the graphs of the machine axis
parameters variation during moving the tool along a
circular path. During the tool moving along an arc of
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a circle with a radius of 50 mm at a feed of
18.2 m/min, the maximum acceleration reached
3.5 m/s?, and the axis dynamic positioning error did
not exceed 0.019 mm (Fig. 18, a). During the tool
moving along an arc of a circle with a radius of
12 mm at a feed rate of 15.1 m/min, the maximum
acceleration reached 6.1 m/s?2, and the axis dynamic
positioning error did not exceed 0.035 mm
(Fig. 18, b). The increase in the error with a decrease
in the radius of the circular trajectory is due to the
influence on the variation of the movement
differential characteristics, such as acceleration and
jerk, which significantly increase as the radius of
curvature decreases. The possibility of compensating
for the influence of the movement differential
characteristics on the movement accuracy has been
shown in a number of works and requires more in-
depth research.

V, m/min; a, m/s%; A, pm

Figure 17: Straight-line movement of the machine
axis at a feed rate of 21.2 m/min

V, m/min; a, m/s; A, pm

(a)

V, m/min; a, m/s?; A, pm

A
201 ¥\ a K

A L bl b
f I TR TR o R

(b)

Figure 18: Parameters of the axis movement during
the tool moving along an arc of a circle with a radius
of 50 mm at a feed rate of 18.2 m/min (a), during the

tool moving along an arc of a circle with a radius of
12 mm at a feed rate of 15.1 m/min (b)

Consequently, the maximum speed of the axis
movement exceeds 30 m/min, and the acceleration
reaches 8 m/s2. The dynamic error of the axis
movement along a straight trajectory does not
exceed 0.023 mm, and along a circular trajectory -
0.035 mm. Thus, the use of a gear-belt gearbox in the
high-speed technological equipment moving bodies

drive provides acceptable accuracy and the
necessary dynamics of movement.

6. Conclusions

In the presented paper, the possibility of using a
two-stage gear-belt gearbox in a rack-and-gear drive
for moving bodies of high-speed technological
equipment is experimentally investigated. The
dynamic characteristics of a servomotor without
load, assembled with a gearbox and as part of a
controlled axis of a portal-type machine have been
investigated. It is determined that the delay time of
the movement start is no more than 0.002 s for a
servomotor without load and as part of a gearbox,
and the delay time of the movement start of the
gearbox output shaft does not exceed 0.003 s. It has
been determined that the maximum possible
acceleration of the controlled bodies of the machine
during using the considered drive is 8 m/s2.

An investigation of the qualitative characteristics
of measuring encoders revealed the presence of an
error of the applied encoders relative to each other
of the order of 1 discrete. The use of two encoders to
determine the motion parameters of the gearbox
input and output shafts made it possible to
determine the fraction of the error caused by the
gearbox. The error of position determining for the
operating body is no more than *1 discrete. This
indicates that the gearbox error is less than the error
of the position measurement system used in the
investigated machine.

The investigation of the machine tool bodies
movement showed that the use of a gear-belt
gearbox in the drive for moving high-speed
technological equipment bodies provides acceptable
accuracy and the necessary dynamics of movement.
The dynamic error of the axis movement along a
straight trajectory does not exceed 0.023 mm, and
along a circular trajectory - 0.035 mm.

During the investigation, manifestations of belts
compliance were revealed, but the influence of this
effect on the processing accuracy has not been
investigated. It should be noted that, in addition to
the need to study the compliance of the belts, it was
identified the need for research on the correction of
the measured position by encoders to eliminate the
negative effect of the distortion of the encoder scale.
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