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Abstract: Most circular feed and/or positioning kinematic @fe@used in CNC machine tools consist of:
AC motor with speed adjustment through frequencgch@nical gearbox and a final pinion-wheel
mechanism type. All the above mechanisms haveadoatbacklashes that cumulated affect the position
ing and processing accuracy. The paper present® Kpacific issues regarding the design, constractio
and operation of vertical lathes having such kindmehains. Different variants of anti-backlash dms
used by companies specialized in the productiorerdfcal lathes are presented. Some hydro-mechénica
solutions using two pinions for the final gear matism are presented in which the hydraulic unit is
supplying the necessary torque that force one pin@work on one flanks of the wheel teeth and the
other one on opposite flanks. Some solutions véthlfel pinion axes and also with coaxial axes of-p
ions are presented. The article presents some fmiesed in the field of cancelling backlash in fina
gears of feed drives of machine tools. Also, theepmabrings in discussion the solution with elinting
backlash by using two pinions separately drivemtigh two drives driven by own electric motors work-
ing in the Master/Slave regime. The machines ahatisn of cancelling 100% of the backlash are be-
longing to the group of vertical lathes with tablesving diameters between 1250 mm and 20000 mm.
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1. INTRODUCTION fects that occur when large masses are rotatirty higth
speeds.

Ideally, the backlash should be null [1, 2]. Thiayp
is actually a sum of backlashes coming from meatzni
transmissions: gearing, toothed belt drives, etcl the
final transformation mechanism pinion-large bulage

In modern CNC machines, the number of mecha-
nisms from the circular drive has reduced. In lativith
small tables (140@700 mm), the final mechanism pin-
ion-bull gear is removed and replaced with a todthelt
drive [3-6]. Currently, there are toothed belt drives for
high torques with backlash null.

The problem of backlash was subject of many patents
[7-11]. The operating principle of the anti-backlagk-s
tem given by the U.S. patent No. 4,036,074 [104.(H)
implies a pinion meshing with two idler gears tlaaé
meshing with a large bull gear. The pinion is farceov-
ing to the centre between two idler gears. In Way, the
idler gears are working in opposition (on oppoflaeks
of the bull gear teeth).

The patent U.S. Patent No. 4,072,064 [9] (Fig. 2)
proposes a mechanical system using two pinions,obne
them being supported by the other one. There iptise
sibility of angular displacement of the movable ipin
with regard the other one by means of two wedges, o

In CNC vertical turning machines, the electric nisto
are specially equipped with control devices working
double loop reaction in the feed drive. The finabition
is read from the rotary transducers, usually madimme
the machine table. Rotary encoder located on th®mo
shaft performs the second control loop.

Given the above conditions, at first glance, it lgdou
seem that any existing plays in the mechanicalesyst
does not influence the positioning/processing aour
rotary encoders being those that "corrects” thessiple
errors. This is true in case of feed in machinimg a
single axis. Special problems arise in simultanqgoos-
essing on at least two axes, in case of interpolathlso,
the backlash is a problem in the case of posit@nin
Theoretically, if the final play is constant andedonot
depend on the position and/or the load it can bket”
electronically. Usually, in practice this is notgsible
primarily due the pinion-large bull gear final macism
with a transfer ratio transfer < 1/10 and its high
modulus, the pits error being variable. The nega#i
fect of this backlash is amplified also by the tizref-
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Fig. 1. Operating principle of an anti-backlash systenhwite
pinion, two idler gears and a large bull gear [10].
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Fig. 2. Operating principle of an anti-backlash systeniwito
coaxial pinions working on opposite flanks by meaha
wedge and Bellevile spring [9%%— two wedge system in axial
section;b —axonometric view of the split gear.

O'neill in the U.S. Patent No. 3,127,784 [8], preg®
a system for cancelling the backlash in meshing tfo
gears by transfer of hydraulic fluid from an acciemor
to a linear hydraulic motor that creates the neurgss
force between two segments of the slice gear that c
work in opposition with regard to the flanks of tmesh-
ing gear teeth (Fig. 3).

Many other inventions are dealing with split gears
and anti-backlash systems that use springs. Thagspr
generates a constant force that leads to undueofi¢iae
teeth.
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Fig. 3. Operating principle of an anti-backlash system sjtit
gear and hydraulic piston and accumulator [8].

2. INFLUENCE OF BACKLASCH ON

ACCURACY OF FEED/POSITIONING DRIVE

Figure 4 shows the gearing used in most vertical
lathes as last mechanism of the feed/positionirigedr
(axisC).

Pinion 1 having the cent®, Z, teeth and rolling di-
ameterD, engages, according to the direction in figure,
the bull gear 2. This has the ceng Z; teeth and roll-
ing diameteD,. If the transfer ratio of the mechanism is
i, one can write:

M _Dy _Zp _

o Dy Z

i. (D)

The backlash on pitch circle for this gearing.iBue
to this clearance, in changing the rotation dimctof
pinion 1, there is a delay between the time of rang
control and its realization. If this backlaglis not con-
stant, it cannot be compensated in the electrogigpe

ment [12], which affects the processing and pasitig
accuracy.

Fig. 4. Backlash on pitch circle in a gearing.
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Fig. 5. Reversal error caused by the backlash.

The errore, which will appear, depends on the posi-
tion of the processed surface with regard to thereeof
rotationO'".

Figure 5 shows schematically the case for achieaing
positioning revolution fromA, to B. After rotation, the
command for returning to the poiAy is given. Due to
the backlasl), for the same revolution angle of the pin-
ion, the pointA; will be reached instead @%. The proc-
essing is done on the bearer diam&grin Fig. 5 it was
noted: 1- shafts, 2- bull gear, 3- machined party —
angle that defines the position of the pdigtp — angular
pitch betweem, andB, ¢ — angular errorg — linear error
measured on the chord on the circle of diameter

If considered the axis systeXD'Y, according to the
diagram in Fig. 6, the errarhas horizontal and vertical
components denotest andey.

According to Figs. 5 and 6, it can be considerefbas
the real dimensions to approximate the afgh; with

the chordAgA;:
(2)

In these conditions the following relations could b
written:

AA =0, 0.

L:i:sing, (3)
D; D, 2
_ 2
€= , 4
] b, 4)
€ —sli'l;ir(cﬁgj (5)
X = 5
Y
Ao o+ 2
€
Sy
€x A] X

Fig. 6. Components of the linear error.
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gy =€ E:o{a + (6)
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From the above relationships it can be observed tha
the error is even greater as the backjaghgreater and
the processing is performed further from the cewfre
rotationO'. The backlasl must be eliminated so that the
errorg is close to zero. Total elimination of this erisr
not possible because it has a component resultorg f
the system elasticity. If the machine works simmsdta
ously with axisC and at least another feed obeqr 2),
at the processing with rotation direction reversihg
errors may occur. The backlash can influence the dy
namic behaviour of circular feed drive by the apprae
of uncontrollable moves caused by the inertia inekc
eration and braking phases.

3. ANTI-BACHLASH HYDRAULIC DESIGNS
USED IN FEED DRIVES

For eliminating the backlash, the motion is brought
the bull gear level by two identical pinions relaly
tensioned so as each is working on one flank ofabth.
There are many variants for tensioning the twoqpisi It
can be achieved mechanically, hydraulically or teiec
cally. In most cases, the tensioning of the tworgés
accomplished by hydraulic motors. The two pinioresym
have only one axis or two parallel axes.

Figure 7 shows the principle of operation of sysem
with gears with parallel axes.

The pinions 1' and 1" are identical and have tmeesa
number of teettZ, and pitch diameter®,. They rotate
about the centres (axe®) andQ" in the same direction,
being relatively tensioned through the hydraulictano
HM. They are engaging with the gear 2 that Aageeth
and pitch diameteb, in the pointsM; andM, belonging
to opposite flanks. Due to the presspref the hydraulic
motor, the meshing is achieved simultaneously ia th
pointsM; andM, but on opposite flanks. In these condi-
tions, even with existence of the backlgsim mecha-
nism, in reversing the direction of rotatifor both

Fig. 7. Anti-backlash system with two pinions having pkeial
axes and hydraulic tensioning.
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pinions, the contact between the pinions and bedirds
maintained permanently. The hydraulic systéihssup-
ply the pressure that causes opposing fordes It must
have a high enough value so that in starts, stops a
reversal of direction, considering the compresisbibf
the oil Ey, the meshing to be permanent for minimization
of the backlaslj. In case of machining using ti& this
pressure should be chosen such that the radiahgutt
forces not to lead to oil compression in the hyticau
motor HM, which could lead to errors. The presspre
can be adjusted in the hydraulic system, its valeiag
monitored by the manometkt. The oil leaks are drained
at atmospheric pressupg in the tankT. The pressur@
should not have excessively high values becausectm
cause premature wear of the gears. This anti-bsttkla
hydraulic system can be integrated in the gearlidke
vertical lathe [13, 3] or may be a separate devitdoth
cases, the driving motor is different from thatdige the
turning main kinematic chain [12, 2].

Figure 8 shows a gearbox equipped with anti- Fig. 9. Anti-backlash system used in a vertical lathe hguthe
backlash system used in a CNC vertical lathe with Possibility of machining workpiece with the maximufiame-
5600 mm table. In turning, the hydraulic tensionayg- ter of 8000 mm.
tem is not active, the motion reaching the geaend'1"
through the gearbo&B directly from the main electric .
motor. When the system becomes necessary to beagsed 1 1€ Pinions have, = 20 and the wheel, = 31S. In
circular feed drive, the main electric motor is deled, ~ turning regime, the speed is supplied in the range31
the anti-backlash system is activated and the feer ~ RPM and in the milling one in the rangel0RPM.

engages. By the toothed belt dri@B, the motion is In some cases, such as for example in the remanufac
brought to the large bull gear 2. ’ turing of older machines, it raises the questiomadding
the circular feed drive in machines that were miuile

E;? \' ; - AN . tially only for turning operations. In this caséetfeed
; _l' Zo | Loss

drive and the anti-backlash system represent a com-
pletely new construction that is mounted on antags
machine tool. Figure 9 presents a feed box of eular
feed drive, independent of the gearbox, mountedaon
vertical lathe which can machine parts with a maxim
diameter of 8000 mm.

Through the toothed belt drivBT the motion is
brought from an electric motor with adjustable spé&
the feed box, which has in the final gearing theqis 1'
and 1" havingZ, teeth. These are tensioned towards the
bull gear using hydraulic unifl not shown in this figure.

Fig. 8. System for cancelling the backlash integrated én th Fig. 10. Anti-backlash system with two coaxial pinions and
gearbox having pinions with parallel axes. hydraulic tensioning.
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In many vertical lathes with maximum diameter of

5000 mm of the table, anti-backlash systems are use o. ¢
having two pinions with the same axis. In Fig. 10si !
shown their operation mode. Ny, | « ‘

The pinions 1' and 1" are the same and have the sam
number of teetlZy and have the pitch diametdds. They
rotate about the cent@ = O" in the same direction and NNtz /
through the hydraulic motdiM are tensioned relatively &-’2{{.{(////
being engaged with the gear 2 havifigteeth and pitch i
diameterD; on opposite flanks in the poinks; and M.
Due to the pressurp of the hydraulic motor, the en-
gagement is realized in point4; andM, simultaneously
situated on opposite flanks. In these conditiongnen
the presence of the constructive backlpsin reversing
the motion direction of the two pinions the conthet
tween pinion and bull gear is kept permanently. The e
hydraulic unitHI supplies the pressupethat causes the PIH
opposing forces,.

The system construction is compact and is shown
schematically in Fig. 11.

The pinions 1' and 1" are rotating the bull gear 2,
which is solidary with the table 7. The motion i®lght
from the electric motor from the duplex worm 6, @i
engages with the worm wheel 5. On the axis Ill¢hisra Figure 13 shows the circular feed box made forgath
hydraulic vane motor 3 [2] and the electric clufi2]. of the range SC146C43 (Fig. 13) and its mounting
When the table 7 is rotated by the main kinemati@ic  system (Fig. 1&). The notations in Fig. 13 are the same
(not shown in figure) the hydraulic unit is stoppagd  as those in Figs. 11 and 12 The supply of oil unes-
the clutch 4 is not operated. In the stage wheie de-  sure (~ 60 bar) is performed at the bottom by mediras
sired the use of the circular feed drive, the hyticeunit  rotary coupling [6].

iz\Z /g <}/10

Fig. 11. Construction of the circular feed box.

starts and the coupling 4 is actuated. The pinidrend Lately, the vertical lathes with plateaus of maximu

1" are tensioned and positioned on opposite flarfikbe 2000 mm, the mechanism pinion-bull gear can be re-

gear 2. moved and replaced by a toothed belt drive. In ¢hise,
The kinematic scheme of the system is shown inthe main kinematic chain comprising an electric anot

Fig. 12. and a special gearbox [4] with two steps and loekba

The electric motoEM has adjustable speedy= 0  lash can perform the function of circular feed drivn
to 2 000 RPM and a nominal torqliges = 62 Nm. Ac-  this case, the electric motor and gearbox are wugrki
cording to the kinematic scheme shown in Fig. 12 th vertical plane, the rotation motion being transeditvia a
table speed, is calculated using the relation: backlash free toothed belt drive free [12, 5]. laciine

tools with tables greater than 2000 mm, this sotutian

N, = Ney G;_%D[O; 5] RPM. @) g(r)i'\[/ebsetr?;péigglddgee J(S)e':jhe nonexistence of toothelt b
C n
O
| 0O )
=217 2120 % %
m=s % % 1l ==
— Z,>210 m=8 %i

- FROM GEAR BOX

EM nEM I =] /@Xg\j ‘D = E‘D‘
o alad==a
g=1 m=6 Z=35

Fig. 12. The kinematic scheme of the circular feed drive.
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Fig. 14. Anti-backlash system with two coaxial pinions.
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Usually, the maximum motor speed is electronically against pinion 2. The two pinions are having hélica
limited below the maximum value. The feed box con-teeth. Due to this, the two pinions work on opp®sit
struction is compact, in specific cast housing,npei flanks of the bull gear teeth eliminating the bask.

shown in Fig. 13. Any leaks are recovered on path®.

In these machines, the last gearing belongs to both If the helix angle with regard to the axisfisthe fol-
main kinematic chain in turning and circular feetvelin ~ lowing relations may be considered:
feed operations. Figure 14 shows schematicallyvhis
ant and how it works [13]. [D?

The main pinion 1 and secondary pinion 2 are cou- Fa= pEF_ ' (®)
pled by bolts 3. They are inserted pressed int@pi2 =
and are sliding in pinion 3. The piston 4 is modnta Fy =—2 9)
pinion 2 by bolt 5 and safety washer 6. The compbiie sin
provides sealing between the pinion 2 and pistoBes. Fr =Falcotp . (10)
tween the piston 4 and pinion 2 the sealing is ioex) by
the component 9. The two gears are maintained i CO | the above relations it was note®; — axial force,

tact by preloaded springs 10. They are guided byths  F\ — normal force to the teeth; — tangential force.
8. The force caused by the preloading is takenhgy t  The forceF, is dimensioned so as to ensure perma-
washers 11. All pins are secured by retaining ri®)s nent elimination of the backlash regardless ofitis¢éan-

In turning, the pinions 1 and 2 are working on the taneous reduced torque at the pinion axis. In tisgse
same flanks of the bull gear. In machining by mdlithe  tems and others, it is necessary the presence abtary
oil under pressure is brought on the waf?. The pres-  couplings that permit the supply of pressurized toil
sured oil is acting the piston 4 of diamel®rpushing it  rotating parts.
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If vertical lathes with table greater than 5000 mm, driving and feed driving [1], the solution of elinaiting
other systems for elimination or minimization ofcka  the backlash can be applied successfully. Eaclompiis
lash are used. Usually, in vertical lathes haviriting driven through a reducer gear by an electric motbe
possibilities, the plateaus have locking systenjsTBe  two motors are identical or not. In turning, the tote
firm blocking is used when the table should be keptryn so that it can be considered that the availpbieer
firmly in a desired position. This is mandatorydiilling is the sum of provided powers, resulting a highettirg
operations are achieved using the ai$here are heavy capacity. In the milling phases, the motors arekingy in
vertical lathes [12] that use locks for diminishitige the mode Master/Slave.
packl_ash _especially in the starting, stopping gmdanrs- In this case [12], one drive is considered as Maste
I:r?a 2'&;3:23 ESZSEJS\'I'V IgrézgE(raec?r?iisfr;ziflc?rcmi gae?: running in speed control. The other drive, the &las

! running in torque/current control receiving the poutof

controlled brakes. The braking and firm locking gre
sures are in this case in the ration 1/10 [12]. Bteking the speed controller as external toque/currentreats.

pads are lubricated and equipped with a controlrweaThus, the pinions are working on opposite flank$uif

system [12, 2]. gear.
In reversing the rotation direction, an inversidrite
4. ANTI-BACKLASH DESIGNSUSING TWO two motor roles occurs, the slave becoming mastdr a
PINIONSAND ELECTRIC PRELOADING the master becoming slave. This switching is eileaity

These systems were used for the first time inhe ' controlled and done in less than 1/1000 s, itsi@rfte on
and can provide positioning accuracy in circulaedfe the machine workpiece profile being imperceptifilae
drive of + 4" or even better (ISO 230-2). adjustment of the preloading force is made eleatedhy.

Currently, it uses two identical gears that engage Figure 15 shows the kinematic scheme of such a sys-
permanently with the bull gear. With the appearaote tem and in Fig. 16 the construction of the system i
electric motors that can be used for bottmmsgindle  shown.

]
&)

1
| GB,
EM2

EM 4

Fig. 15. Kinematic scheme of the circular feed drive uging pinions electrically preloaded.

ke

a

Fig. 16. Construction of an anti-backlash system with twaigis electrically preloaded:— detailed components of the electric anti-
backlashp — detail of the table feed drive assembly of a vattiathe (REDEX).
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The electric motors 1 through gearboxes/feedboxes adjustable and watchable than for those mechayioall

[1, 12] acts the pinions 3. They are positionedtios
flanks of the large bull gear 4. During the turnimgera-
tions, the power output is the sum of those deaddpy
the two drives. In case of the plateau rotationnfdling
or positioning, the drives are running in Mastexi@l
configuration.

5. CIRCULAR FEED DRIVE ASDIRECT DRIVE

Currently, there are manufacturers of vertical éath
that use a single electric motor that drives diyeft4]
the table without the need for gearboxes/feedbates
neither pinion-bull gear mechanisms. The specidtat
motor is composed of segments being used bothufor t
ing as main drive and feed drive. The specific poarel
torque meet the requirements for both cases. Bositi
accuracy is of + 1". The capacity of accelerat®isupe-
rior to all systems previously described. Thus,ddable
of 4000 mm loaded with a workpiece of 40 t, theekcc
eration in the range-80 RPM is done in 6 s. Removing
the speed/feed gearboxes and also the pinion-lautje
gear mechanism eliminates high frequency oscitatio
noise and thermal effects.

6. CONCLUSIONS

In cases when vertical lathes are used for miIIing[4]

and/or drilling operations, the main kinematic ché
disconnected and the table is driven by the circidad
chain. The errors occurring when reversing the omoti
direction of the table are due mainly to the erigtback-
lash in the mechanisms pinion-wheel. For smalldath
with tables less than 2000 mm, the final gearing lse
replaced with a toothed belt drive.
For larger lathes, one provides hydro-mechanical o

electrical anti-backlash designs. Systems for elating
the backlash of this type are most used in mactuaks

made until 2000, many companies using them still in[8]

present. Among the disadvantages of these systems o
can mention:
» the use of two hydraulic gears hydraulically tensio

i

hydraulically preloaded. By using this solutione tkpe-
cific hydraulic unit is eliminated and the machiaecu-
racy is increasing.

Due to specific electric motor, the future solution
seems to be that based on Bigect Drive system.

The five-axis operations become possible on vdrtica
lathes, they behaving like machine tools with npldti
possibilities. Therefore, rectangular surfaceslmaproc-
essed, according to NORMA NAS 979, with the same
precision as on a machine tool of the milling adiry
machine type.
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