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HORIZONTAL FEED DRIVESIN HEAVY DUTY MACHINESTOOLS
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Abstract: This paper presents a methodology for calculatheytiorizontal feed drives in heavy duty ma-
chines tools. Mathematical models presented alltatically and dynamically sizing or verificationrfo
heavy duty machine tools such as lathes, vertatakls, milling machines of Gantry, AFP, AF typés, e
The calculations herein are of a general nature balh accommodate to different constructive variants
chosen by the machine tool designer. The papereptessome technological and constructive aspects
coming from authors’ experience. Taking into acdahat currently the feed drives have in most ef th
cases independent driving, it shows the calculatinly for this variant of driving specific to CNCam

chine tools
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1. INTRODUCTION

The basic structural diagram of a horizontal feed

drive is sown in Fig. 1.

The servomotor EM (1) is driving through the gear R
(2) the mechanism for transforming the rotational

In case the transforming mechanism is rack-pinion
type, the ratio is:

ip=m-m-z. (4)

In Egs. (3) and (4psis the pitch [mm]m — modulus

movement into translational movement TM (3). Uspall [mm], andz— tooth number.

the latter is a ball screw nut or rack-pinion methim,

Usually, the actuators are operated in AC [5] havin

with the dimensional ratié,. Through this mechanism the possibility of adjusting the speed continuously
the speedv is obtained, which is the fedd speed in in vVarying the frequency. Also, such servomotor israba
machining phases or positioning spped in auxiliaryterized, among others, by maximum speed and rated

phases [1]. The gear R has the transfer iatio< 1). In
some cases, the feed drive may not have a gedrisIf
considered that the servomoror speea iand that of the
output of gean,, one can consider for steady state:

=2, 1)

ni
v:nz'iD:nl'i'iD. (2)
In mechanisms for transforming rotation into transl

tion of screw-nut type, the dimensional transfdioré,
has the expression:

ip = Ds- 3

n R ™

>

i in
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Fig. 1. Structural diagram of a horizontal feed drive.
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torque, both given by manufacturers' catalogues [5]
Electronic speed adjustment allows obtaining stable
minimum speeds representing 1 / 10 60Q@ / 8000 of

the maximum speed [2]. In these circumstances, the
presence of the ge&is justified by the couple amplifi-
cation need and not by the need of reducing spgedt-
boxes used must be precise, with an acceptable- back
lasch, which will not affect the accuracy of maehtools

[1]. The most used gears today in most heavy machin
tools have toothed belts or planetary drives [3].

2. HORIZONTAL FEED DRIVE STATIC
CALCULATION

For establishing the mathematical model, the diagra
shown in Fig. 2 will be presented.

The slide 2 moves on the guides 1. The workpiece 3
is fixed on the slide and processed by the cuttiing 4.
The slide moves with the feed speedupplied by the
servomotor EM (5) through the geRi(6) and rotation to
translation transforming mechanism 7. The slidesmss
m, and workpiece mass M. Fy and Fy are horizontal
and vertical components of the cutting force retipely.
It was also notedp — coefficient of friction slide on
guides,m; — angular speed of the electric motor, equal to
the angular velocity of the stage of g&arw, — angular
velocity of the second gear stage and equal tauigelar
velocity at entry of the mechanism of transformatad
movementf;, f, — viscous friction coefficients propor-
tional to angular velocity of the two gear stages;
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Fig. 2. Diagram used in static calculation.
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Fig. 3. Calculation diagram for static running.
Tem — torque at electric motor axig; — friction torque In this case, one can consider:
(presumed constant) of the mechanism of transféomat
rotational to translation motiog;— gravity value. F=p-g -(M+m), 9)
In steady state running, it can be considered ttiat dw, 5
horizontal force to be defeated by the motion tiwmsa- Tem =~ Upm +J1 +1% - Uz +Jp)] + @ -
tion mechanism i§ and has the expression: 2. j - bk
P i+ L) +i-(Tp+— (10)
F=p-[(M+m) g+F]+Fy. (5) The transfer ratio is= 1 in case of direct drive or has

The static torque necessary at the electric motsr a subunitary values. According to Eg. (10), it isaibed:

is: i € (0,1], (11)
. F-i . in:
Tow =1+ (S2+7T) + ;- (fi + 2 ) N (6) Tomey = %2 Uy +J0) + T + 25 (12)
For achieving the feed speedthe electric motor has For a gear with the ratiovery small { — 0), one ob-
the speeahgy: tain:
-7 . d
Nem = 70 [rpm]. (7) Temoy = limo Tgy = %' Uem +J1) + @y - f1.(13)

The literature recommends that the electric mador t From constructive considerations, when using gear
develop a torque two times greater than that nesult units with toothed belts, the transfer ratiis included in
from Eq. (6) for the hardest working conditions.[B]a  the range [1/4; 1/2]. The planetary gearboxes bsual
maximum feed speed..,is required, this leads to setting used can have the transfer ratio in the range [¥2;

the maximum speed of the electric motor in feedspha If it is considered that the angular acceleratibthe
M crankshaft ig; and the time required to accelerate from 0
MEMMax = 75 = [rom]. @  tothe angular velocitw, is t,, one the acceleration can

) ) be written as:
It is recommended that maximum speed not to exceed

the rated speed of the electric motor [1, 2, and 5] g = dwy @1 (14)
dt ta
3. DYNAMIC CALCULATION OF THE Under these conditions, the Eq. (10) becomes:

HORIZONTAL FEED DRIVES T U J 2. (], +J2)]
=& Ugm+h+i% U+ )]+ ;-
For establishing the mathematical model the diagram EMen PR P '

shown in Fig. 3 is was considered. (fit+i%-fo) +i-(Tp + pFy (15)
In Fig. 3, besides the elements already definedag m
also notedJgy— moment of inertia of the electric motor; The torqueTgw(e,) dependency of the angular accel-

Ji, Jo — moments of inertia of the steps 1 and 2 of theeration valueg; is shown in Fig. 4. The torquEy de-
gear;Jr— reduced moment of inertia of the elements afterpends on the acceleration time vatyeccording to the
gear. diagram in Fig. 5.



D. Prodan, G. Constantin and A. Bucuresteanu tPealings in Manufacturing Systems, Vol. 12, Is017 / 3-8

>
]

€1 [rad/s

5

For most of the feed drives of the heavy machine
tools, the servomotor torque versis maximum speeed
developed in continuous running should be fountha
hatched area in Fig. 6.

The necessary torque for accelerating from 0 to
maximum speed controlled is

T, (29)

_2m mgym
T 60 tg Jr-

In these circumstances, it can be considered for th
servomotor necessary torque working without aceeler

tion control, as Fig. 5 shows, the expression [5]:

Fig. 4. TorqueTgy(er) dependency of the angular acceleration
valueg;.

Tpy

[Nm]

(it H)+(TevipF/2m)
0 ta [s]

Fig. 5. TorqueTgy(ey) dependency on the acceleration time
valuet,.

The reduced moment of inertia at the motor axis of
the elements after gear is:

Jo = Jou + 1 +m) - (2 (16)

2T MM
_— s =L .]T +
60 tg

2Tngm
60

ip'F
2m

TEM= 'fT+i'Tf+i' (20)
The diagram in Fig. 7 shows the servomotor speed

progress in time, and the evolution of acceleratorgue

versus servomotor speed is shown in Fig. 8.

If the actuator works in control loop with position

transducer [5], it is considered that the evolutafrthe

rotational speed in the acceleration phase of theator
has the chracteristic in Fig. 9.
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In Eq. (16), besides the already known measurements:g 7 seryomotor speed versus time in running withoutr

it was notedlry, — moment of inertia of the mechanism
for transforming rotation into translation motion.

Usually, the acceleration timg is chosen according
to the manufacturer's recommendations for servorsoto
[5]. Further, the total moment of inertla and total vis-
cous coefficient of friction proportional to thetabangu-
lar velocity of the motor will be considered acdogito
the expressions:

Jr=Jem +J1 +1% (o +Jr) [kg mz]’
fr=f+if

The characteristics of servomotors commonly used
most are like those shown in Fig. 6.

(17)
(18)
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Fig. 6. Servomotors characteristics used in feed drives.
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Fig. 8. Accelerating torque evolution versus speed in ingn
without control loop.
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Fig. 9. Servomotor speed progress versus time in horizonta
feed drive with using position transducers.



6 D. Prodan, G. Constantin and A. Bucuresteanu / Pedlings in Manufacturing Systems, Vol. 12, Is2017 / 38

pinion-rack mechanisms the minimum tooth number of
the rack isZ = 20 teeth, and the modulosis | is at least
[Nm] an order of magnitude higher in-rack pinion geaitsun
That is why in case of long strokes> 6006-8000 mm)
the mechanism of this type are preferred.
| Obtaining higher speeds in this case meets the de-
mands of productivity imposed. Another reason fag-p
| ferring pinion-rack mechanisms for big strokes hatt
o resulting from the technology of fabrication of Ibal
- Amax Ay [rpm] screws, which have a maximum length of 6000
- > 8000 mm. Racks are made of sections, which byrgini
Fig. 10. Servomotor acceleration torque in running with-con ~ ¢an cover virtually unlimited strokes. There areep«
troled loop. tions in which the ball screws achieved in seveed-
tions provide strokes higher than 20,000 mm [1,18].
The servomotor necessary torque expression is [5]: such cases the screw is fixed with intermediatesttp
the nut having both rotary and linear motions [2].
2 NEM g (1 - %) IR ey Further, some real applications of mechanisms screw
60 ta ersta 60 nut and pinion-rack are described. For ball screwiry
rotation motion, the nut is fixed on the slide, eihhas a
translation motion. This is the most common case fo
strokes less than 5066000 mm.
Figure 11 shows such feed drive used by Pietro
rnaghi company [5].
The servomotor 1 drives through the gear 2 the ball
screw 4. The spindle is supported by specific Ineari3
and 6 and moves the ball nut 5. The servomotorahas
rated speed,f.q= 2000 RPM and torque,Jeq= 38 Nm,
for which the motor power i® = 8 kW. The spindle
pitch is p = 20 mm and the gear transfer ratio=isl/2.5.
1 ( _%)] (22) The maximum motor speed_ _electrically Iimite_(hi_s,,_.MaX
ksta esta = 1875 RPM. In these conditions, the feed driveptap,
according to Eqg. (8), a maximum linear speggdy =
'’15000 mm/min. The force developed in the guide glan
is F = 30000 N along all stroke = 4000 mm. The used
ball screws have double nuts preloaded [2, 4] éoluc-
t, < 200 ms, (23) ing the backlash to values less than 2/100 mm.

For a similar machine tool, the company GPM Inter-
national uses a gear with toothed belts, its canste
solution being presented in Fig. 12.

The electric motor 1 rotates the ball screw 3 \8arg
reducer 2 having the ratidn= 1/2. The spindle has an
nominal diameteD = 80 mm and the pitcR = 10 mm.
The toothed belt used enables minimum backlash. The
electric motor characteristics are like those ef ¢tectric
motor in Fig. 11. The maximum speed electronically
limited isvyax= 10000 mm/min.

Tem =

i Ty 42 (21)

In Eq. (21)ks is the loop motor gain coefficient {5
specific to the machine tool serviced.

The dependency of the acceleration torque on motoF-2
speed is shown in Fig. 10.

The necessary torque only for accelerating frorn O t
maximum speed controled is achieved at spegd
ingferior to the maximum programed speeghyn Thi
shas the expression [5]:

Ng = Nyax - [1_

For modern machine tools, especially in CNC ones
the accelerating timg¢, and system frequendyshould
satisfy the following relations [2]:

f=5m s

2T\ M+m

> 40Hz. (24)

In Eq. (24)K is the feed drive stiffness. This depends
on the type of the rotation to translation transfation
mechanism and bearings type [2].

4. HORIZONTAL FEED DRIVE TYPESIN
HEAVY DUTY MACHINE TOOLS

In heavy duty machine tools the ball screw pitches
has the values 10 mm, 12 mm or 20 mm. For usiag t

6 5

| //7/?>% 7

| A A

Fig. 11. Horizontal feed drive with rotary screw and gelr glectric motor; 2- gear; 3- fixed bearing support; 4 ball screw;-5
nut; 6- free bearing support).
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Fig. 14. Two speed drives with rotary nuts and fixed batesy
Fig. 12. Horizontal feed drive with rotary spindle and toed (1, 2- slides moving horizontally; 3 fixed ball screw; 4, 5 —
belt gear (1- servomotor; 2- gear; 3- ball screw). rotary nuts; 6, 7 feed electric motors; 8,-9toothed belts).

Fig. 13. Horizontal feed drive with rotary spindle and ptary
gear (1- servomotor; 2- gear; 3- ball screw, 4- nut, 5-

slide). Fig. 15. Feed drive with fixed ball screw and rotary nugin
heavy duty CNC lathe (@ fixed ball screw; 2- retractable
Also for horizontal feed drives, the solution apgli supports; 3- hydraulic cylinder).
by the company Tehnoconsult Invest shown in Fig. 13
can be used. In this case, the electric motor cbixial Ball screw was made of three sections that were
with the ball screw 3 by using the planetary gear 2 mounted directly on the lathe. Taking over its thar

The nut moves in linear motion along with the slide deformation is achieved with a specific hydraulstem
The spindle pitch i® = 10 mm and the planetary gear [8]

transfer ratio in the range= 1/9-1/2. The planetary gear Usually, for strokes greater than 668000 mm,
has a special design enabling reduced backlash [1]. mechanisms for transforming the rotational movenaént
The maximum linear speed is in the rangg, = the rack pinion type are used. They are found énftit

8000-10000 mm/min. The use gears having transferlowing variants: o
small ratio allows the choice of electric motortwimall  * fixed rack and rolling pinion driving the slide linear
dimensions. The coaxial design of the motor anéwgcr motion;

simplifies the construction. » rack moving with slide on entire length, the pimi
If on the guides moves two slides (1 and 2), a=aBe rotating and being supported in the machine frame.
of the porta| m||||ng machine in F|g 14, a fixedlb The racks can be used with Straight teeth or indlin

screw 3 is used and one rotary nut for each sdeng  teeth. For machine tools of type AFP 1860, the rack
5). The nuts are rotated by the electric motormé a  is assembled by segments of 1300 mm, which allows
through the toothed belts 8 and 9. obtaining strokes on X-axis having the length 5350x
The slides can work independently or simultanequsly 1300, wheren is the number of sections assembled. On
independent adjustment of the electric motors 6 and these machines, the rack is fixed. For taking aber
being possible. backlash different systems are used, which can ée m
In refabrication of a heavy CNC lathe, for the Ipng chanical, with springs, hydraulic or electrical £, Fig-
tudinal stroke of 20000 mm a feed drive with fixeall ure 16 shows the feed drive of such a machine tool.
screw and rotary nut was designed. The spindleofvish The electric motor 1, through the reducer 2, isidg
in Fig. 15 has the outer diamef@r= 200 mm and pitch two pinions preloaded hydraulically[1, 4], both \iog
P = 20 mm. For taking over the spindle deflectiamef on the fixed rack. Given these machines sizes (80d},
supports were provided, which retract at nut passip ~ the maximum speeds achieved on this axis are hess t
operating the hydraulic cylinders 3 [9]. 10,000 mm / min.
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The feed gear box 1 has the ratio 1/60), pinions 2
and 3 with the tooth number = 60, and modulum = 6
mm. The feed drive is actuated by the electric méto
In these conditions, the final element has a marimu
speed (electrically limitedjyax = 6000 mm/min enabling
a forceF = 40000 N.

5. CONCLUSIONS

In case of the heavy duty machine tools (vertical
lathes, lathes, milling and boring machines as @tas),
the horizontal feed drives also achieves the posiig
movements with rapid speeds. They use as final aiech
nisms for rotation-translation transformation theves
ball screw-nut or pinion-rack. In most of case® #er-
vomotors used currently are AC ones, having thesipos
bility of continuous speed adjustment by frequevasia-
tion. Thus, the possible gears interposed betwéen t
servomotor and the motion transformation drive hidnee
role of torque (force) amplifiers. Their transfetio is

In some portal milling machines with movable table, SUb unitary varying in the range [1/100; 1/2].
the rack is mounted on the table. Figure 17 shdws t It iS recommended, after the static calculatioms, t
table of a machine tool of this type. make a verification dynamic calculation, taking oint
On the slide 1 the double rack 2 is mounted. O eac account the specific elements, among which we oam-m
side of it a pinion will engage. They have the s@meed  tion: system mass, required acceleration time, mani
but are provided with a system (mechanical or hyligp ~ rapid speed, viscous friction coefficients of geand
for relative tensioning, which allows taking overet transfer ratio. The feed drive kinematic diagramtlod

backlash [7]. For reducing the friction, the gui@eand 4  heavy duty machine tool is set base on these edions
are hydrostatic [1, 2, and 3]. taking into account also the machine tool type.

The spur gears (pinions) 2 and 3 in Fig. 18 have 20
teeth and modulus 6 mm each. The feed gear bosféran
ratio i < 1/60. The electric motor 4 has the maximum REFERENCES
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