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Abstract: The papers highlights principles an correlations imposed to the generation motions of the spur
gear teeth on CNC lathes. Some specific to CNC lathes kinematic structures are presented. The kinematic
structure of the lathe consists of rotation and translation couples. The relations that contain the construc-
tive parameters of the tool and workpiece and also of the generation kinematics are determined. The in-
put variable of the kinematic chains are supplied by electric motors with continuous adjustable speeds.
For emphasizing the processing possibilities of the tooth flanks, a kinematic structure of a CNC revolver
lathe is considered and also its kinemtic couples, generation motions and speed adjustment possibilities.
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1. INTRODUCTION

1.1. Generalities

The increasing complexity of the parts influenced the
conception, kinematic and control structure of all ma-
chines [4]. Among them there are the revolver lathes in a
great diversity of dimensions and processing possibilities
[5]. Some CNC lathes constructors emphasize their pos-
sibility of processing cylindrical gears by milling with
hob cutter, toothed sector, and also worm wheels.

The gear processing operation by milling with hob
cutter is subsequent to the turning, boring, and milling of
the part. In most of cases, the gear is integrated in a part
of shaft or bushing type [Fig. 1]. Depending on configu-
ration (Fig. 1), the part is completely processed in the
same clamping or in two chucks on the same machine.
Therefore, the processing accuracy is increasing by
eliminating or diminishing the clamping errors or of ma-
chine adjustments. Such lathes [9] have 5 CNC axes,
three of translation and two of rotation, like in the case of
conventional [2, 3] and CNC gear processing machines
by milling with hob cutter [6].
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Fig. 1. Example of part processed on a CNC lathe.

1.2. Methods for processing gears by hob cutter
The processing of the spur gears with helical or
straight teeth is done with axial, radial, or diagonal feed.
The processing of the spur gears with axial feed
could be done with up milling or down milling. The ma-
chining cycle is of the type:

e rapid approaching;
e axial feed motion;
¢ rapid withdrawal;

e rapid withdrawal in the initial position.

The interpolation function Ga correlates the revolu-
tion speeds of the tools and workpiece. Ga is a special
function in the programming language of the CNC equip-
ment.

The processing of the spur gears with radial feed re-
duces the axial feed movement of the tool, enabling the
increase of machining productivity. The machining cycle
is of the type:

e rapid approaching;
radial feed;

e axial speed;

o radial rapid withdrawal,
e axial rapid withdrawal in the initial position.

Applying a diagonal milling method is difficult to be
implemented in the CNC equipment due to complexity of
conditions between the generation motions.

2. GENERATION KINEMATICS

The cylindrical gear flanks are defined by two gen-
eration curves: the generatrix (profile) which is an nor-
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mal involute, and directrix (flank line) which is a line or
a cylindrical helix (in the case of helical spur teeth).

2.1. Generation kinematics of the spur gears

The position between the tools 7 and part P repre-
sented in Fig. 2., corresponds to the case in which the
wheel is a spur gear, and the hob cutter has a right helix.
The involute profile of the flanks is kinematically gener-
ated by rolling with mobile line [1] and continuous divid-
ing. The rolling condition is enabled by the relation:

np ky
o Z ; 6]
where np represents the part speed, nr — tool speed; kr —
number of helixes of the hob cutter; and zp — part tooth
number. Hob cutter is selected from catalogues, being
mainly defined through the diameter Dz, number of teeth
zr = 8-12, modulus mr, the angle of inclination of the
chip evacuation grooves Y.

The transfer ratio of the Botez mechanism formed by
the tool and part is expressed by the relation:
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where v, = ny kr m mr is the speed of the rack moving
profile; @wp— angular velocity of the par and 7, = (mp zp)/2
— part rolling circle radius.

The hob cutter axis positioning in regard with the
workpiece (Fig. 2) is done so that the profile of the gen-
erating rack (according to STAS) to be in the normal
plane on the tooth helix. In this plane, the pitch pp =mp
of the workpiece is defined. Therefore, the axial speed y,p
= v,r cOS Y = p,r nr has to be equal to the tangential
speed of the processed gear, but
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Fig. 2. Generation kinematic of the spur gear.

These conditions enable the rolling without sliding
between the rolling circle of the workpiece and the refer-
ence line of the generating rack materialized on the tool.

Therefore, the axial speed in the normal plane on the
tool helix is

Pur =L ny cosy=p,-n, )
cosy

and depends on the modulus of the processed teeth.

The feed speed of the tool vy along the rotation axis
of the workpiece is considered constant having a techno-
logical value. Its direction could have the same direction
or contrary direction as the cutting speed. The value of
the feed speed does not influence the speed values that
enable the kinematic generation of the involute profile
and the linear flank line parallel to the workpiece axis.
The vy speed influences the real cutting speed resulting
form the summation of the cutting speed and feed speed

The speed vy is chosen from technological reasons,
also the real cutting speed (the algebraic sum of v. and vy
depending on the method of milling, namely up milling
or down milling). Therefore, the speed v, is involved in
the calculation relation of tool speed ny:
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Fig. 3. Generation kinematic

of the helical spur gear.



where Dr is the tool diameter. Then, the workpiece speed
np is determined with the relation (1). Also, the speed v,
determines the speed of the electric motor of the axial fee
kinematic chain (axis Z).

2.2. Generation kinematics of the helical gears

The tool axis (Fig. 3) is inclined with regard to the
frontal surface of the part with the angle 3 + v, where P is
the tooth inclination angle. The two helixes (of the part
and tool) have the same direction or opposite directions.
The tooth flank line is a part of the cylindrical helix H,,,,
curve kinematikally generated.

The position between the tool 7 and part P corre-
sponds to the case in which the part has a cylindrical he-
lix on the left and the hob cutter a tooth helix on the right
(Fig. 3). As in the case of spur gears, the generatrix is an
involute curve. The profile is kinematically generated by
rolling with mobile line and continuous dividing. The
rolling condition [1] is achieved also through the relation
(1). The helix H,, having the pitch py., is generated by
two continuous correlated motions, namely one of trans-
lation (axial with regard to the part — tool feed motion
with the speed v/r) and the other one of revolution char-
acterized by a tangential speed v,p. The pitch py, is ex-
pressed by

n-D, mm, -z, TWm, Zp

= ()
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p Heyl =

The speed v determines the value of the speed vy,
between them existing the relation (threading condition):

il _ an g, (7)
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from where we can obtain

Vo =Vir cos(B+7)+ V= ®
- Dy -1y cos(B+7)+ fp-nptanf’

The factor f, is the feed per one workpiece revolution.

The simultaneously generating of the two curves (the
profile and flan line) implies the correlation of the gen-
eration motions of rotation (np, nr) and translation (ver).
Regarding the tool, the speed nr determines the axial
speed v,r having the projection on the front plane of the
part vz.

The speed np has two virtual components correspond-
ing to the two generation curves.

Therefore, for achieving the rolling condition, two
speed have the same value:

Var =Vur ¥ Vip s ©)
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where
Vp=T-Dp-np=mn-mp-zp,-np

and vy is given by (8).
The speed v, has the expression

Vap = Var COS(BEY) = pr -y -ky -cos(BEy) . (10)

The relation (9) becomes considering the direction of
too and part helixes as follows

P,k -cos(Bxy)=n-m, -z, -n, - (11
[n-D,-n,cos(Bxy)+ f, n,]tanp.

Different signs could be considered in the relation
depending on the right or left orientation of the tool and
workpiece helixes, and also of up or down milling proc-
ess.

From it the workpiece speed derives as

n. = n, COS(BiY)(paT 'kT +TC'DT tanB)
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depending on two technological parameters (n7 and fp)
and also on geometric parameters of the tool and part

(paTa kT3 DT3 Ba Y3 m=mp=mr, ZP)'

2.3. Generation kinematics of worm wheels

The worm wheel processing could be done by the two
known methods — with radial or tangential feed [1].

The processing with radial feed is achieved continu-
ously on a distance greater than the tooth height. The
motion distance being small, the productivity is good.
The tooth accuracy of the worm wheels is low. When the
tool reaches the position according to the required dis-
tance between the axes of the tool and workpiece, the
radial feed stops and the rolling process continues for
finishing the tooth flank. for a better accuracy the meth-
ods with tangential feed or by using shaving with a worm
shaver are used.

The processing with tangential feed of the hob cutter
having a conical front section, enables keeping constant
the distance between the tool and workpiece axes, there-
fore the processing accuracy is good. The motion length
of the hob cutter in tangential fee motion is big, so that
the machining productivity is good but smaller than in
the first case, the tool life being increased.

For the displacement of the hob cutter with an axial
pitch given by

Tem

p =M (13)
cosy




Fig. 4. Kinematic structure of a CNC revolver lathe. with mixed association kinematic chains for cylindrical gear tooth processing:

Fig. 5. Tool and part in gear processing on a CNC lathe [10].

the workpiece turns continuously with an angular pitch

(360°/ z,) in the time given by relation:

1=Le (14)

Var

a

For the speeds correlation one has to take into con-
sideration that the rolling motion of the generation ele-
ment depends on the axial speed of the tangential motion.

3. KINEMATIC STRUCTURE OF THE MACHINE

The CNC lathes, on which the processing of spur
gears by milling with hob cutter is possible, achieves the
following generation motions (Fig. 4):

e main rotary motion of tool 7 with speed nz, which is
also the cutting speed 7., supplied by an electric mo-
tor Mgy directly or through a reducer placed on a sup-
port Sp attached to the vertical slide VS (axis Y) hav-
ing a feed motion or a angular positioning one;

e circular feed motion (axis C) of the part P with the
speed np, obtained by the main electric motor Mgys;
of the lathe; in this case it does not work as a main
kinematic chain but as circular feed kinematic chain;
it is used also as main motion in turning;

e longitudinal feed motion (axis Z) achieved by the
longitudinal slide LS, driven by the electric motor
Mgz through a mechanism M7, of ball spindle-nut
having the transfer ratio iz;

e transversal feed motion (axis X) achieved by the
transversal slide 7S, driven by the electric motor Mgy
through a ball spindle-nut Myy;

e angular positioning motion of the hob cutter axis de-
pending on the inclination angle B of the part teeth



and angle of chip evacuation channels y; the motion
being supplied by the electric motor Mgp through a
reducer of worm and wheel type R having the ratio iz.

An example of positions of the tool and part involved
in gear tooth machining on a lathe is presented in Fig. 5.

4. FLEXIBLE ASSOCIATION OF KINEMATIC
CHAINS

4.1. General aspects

When we refer to classical machine tools dedicated to
gear cutting, the kinematic chains for rolling or thread-
ing, etc. are rigidly connected to each other, the adjust-
ment of each of them being achieved by means of
changeable mechanical transmissions, usually change
gears. Due to this hard connection between the kinematic
chains, their association is called rigid.

In CNC gear cutting machines, we need also to keep
the correlations on the basis of geometric and kinematic
parameters, but the connection between the kinematic
chains is done by means of the CNC equipment. There-
fore, the association of the independent kinematic chains
is called flexible or soft (the operator changes only some
parameter in program or using directly an interface panel.
All these aspect are specific also to CNC lathes that have
the capacity of cutting gears.

The flexible CNC association of the kinematic chains
of lathes (Fig.4) refers to the following aspects:

e the kinematic structure of the machine tool is consti-
tuted only by independent generating kinematic
chains (main and feed chains),

o simple structures of the kinematic chains due to the
adjustment achieved only electromechanically or
electrically,

e he kinematic closing condition imposed by the gen-
eration of the curves G and D is easily achieved
through the CNC equipment,

e if in rigid association the input values Y; of the two
associated kinematic chains le are subject of a rigid
connection (Lg, Lr), in association with flexible pro-
gram the connection is pseudo-elastic,

e possibility of identification, reducing and compensat-
ing for in real time the errors caused by static, dy-
namic and thermal behavior of the mechanisms in the
kinematic chain structure.

4.2. Implications in the CNC programming language
For machining gears on lathes, the CNC equipment
has to allow the following specialized addresses:

e M auxiliary functions for selecting/deselecting of the
milling module;
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M auxiliary functions for blocking/unblocking the
axis B,

e auxiliary functions for starting/stopping the revolu-
tion motion of the milling main spindle;

e G preparing functions for selecting / canceling the
gear processing by milling with hob cutter;

e a group pf addresses for selecting the tooth modulus,
main spindle axis, workpiece spindle axis, revolution
direction for these spindles, number of helixes of the
hob cutter, workpiece tooth number, angle of inclina-
tion of the hob teeth helix, angle between the too and
workpiece axes.

e selection of the axis of milling 0 spindle (+1 for the
milling axis as main axis in tooth processing).

e selects the part axis and its direction of motion (+ 1
for the axis C1 of the main spindle on the left, + 2 for
the axis C2 of the main spindle on the right);

e (+) corresponds to the same direction of revolution
for tool and part, to enable the processing of the teeth
with inclination in one way, the sign (—) corresponds
to the opposite directions of revolution s of the tool
and part that enables the processing of the teeth with
inclination in opposite direction;

e number of starts k of the hub cutter (up to 20);
e number of the part teeth z,;
e modulus or Diametral pitch (m or Dp);

e angle of inclination of he helix of the part teeth p in
degrees, having positive sigh (+) for right helix and
negative for left helix;

e positioning angle of the tool with regard to the part
axis for the inclined teeth.

5. CONCLUSIONS

The cutting of gears on CNC horizontal lathes is nec-
essary for complete processing (turning, drilling, milling
and tooth milling) for the same part clamping. Therefore,
the inherent setting errors are eliminated that appear in
machining part on more than one machine tool.

The processing of the spur gear teeth belonging to
some parts of shaft or disc type on the same lathe, on
which first the turning was achieved, enables the increase
of productivity (by eliminating the auxiliary times for
removing, transport and setting the part on other machine
tool) and the accuracy (by eliminating the setting errors
on other machine too).

The kinematic structure, the motions and their speeds,
and necessary correlations between the speeds of differ-
ent electric motors with continuous adjusting speeds en-
able the required kinematic and technological conditions.
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In the paper, the necessary correlations between the
speeds of the driving electric motors of the CNC lathe
were determined. The relations are used for the design of
the interpolators of the CNC equipment.

The analysis and results presented prove the impor-
tance of the numerically control in eliminating the labo-
rious calculations necessary for setting the classical gear
processing machines, among them the hob milling ma-
chine. Also the heavy change wheels sets that supply the
required pairs of change wheels for a certain calculation
and used for setting the kinematic chains of the machine
are also removed.
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