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1. Introduction

One of the main tasks of accuracy achieving at
shaft grinding is to keep accuracy of its longitudinal form
with maximal productivity of the process. At many ma-
chining processes the problem of accuracy achieving and
productivity increase is searched at the control of cutting
force component F. or F, and keep by it a constant. Al-
though in traverse grinding because of stiffness change of
the technological system in longitudinal stroke the constant
grinding force does not ensure the accuracy of longitudinal
form. New control methods for accuracy achieving were
proposed by Y. Gao and K. Forster [1], Y. Gao and B.
Jones [2], Cheol-Woo Park et all [3]. Y. Gao and K.
Forster for deflection compensation of the slender rollers at
grinding proposed to use the correction steadies. Computer
simulated prediction of roller deflection was used for op-
timal adjustment of the steadies. Their active control is
described in work [2]. Deflection of the slender workpiece
with steadies was also analyzed in work [3]. Longitudinal
feed speed in this work is kept constant. Ding N. at all [4]
have searched the strategy of adaptive deflection control of
the workpiece at traverse grinding. Deflections of a single
diameter shaft were controlled by measuring the diameter
of the workpiece and automatic change of the workpiece
rotation speed v,, and longitudinal feed speed v,. The spe-
cial adaptive control system was proposed for cylindrical
grinder.

Control and modeling of cutting force is used not
only in grinding, but other operations (see e.g. [5]).

Characteristic in [1-4] is that the ratio between the
length and the diameter of a slender roller is very large (up
to 30-50). For this reason the grinding only with support-
ing steadies is possible. At moderate ratio between the
length and diameter of the shaft (in limits up to 7-8) the
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shafts are ground without steadies. The stiffness change of
the technological system at longitudinal stroke has signifi-
cant influence on accuracy. The main influence on accu-
racy has radial component F), of the grinding force. Partial
solution of the problem is searched by keeping constant
this force by the change of cutting rates (in the most cases
— longitudinal speed of the traverse stroke), but because of
stiffness change in longitudinal stroke the constant grind-
ing force does not assure the accuracy of longitudinal
form. The accuracy can be increased at definition of stiff-
ness change dependencies in a longitudinal stroke and keep
such value of cutting force which would secure constancy
of longitudinal form of the shaft. The mathematical solu-
tion of the problem must be found. Our work is committed
to it.

The task of this investigation is to define the
mathematical dependencies how to regulate the value of
cutting force in purpose to keep constancy of longitudinal
form of the shaft at grinding. The digital control system is
proposed for it. The system consists of measuring trans-
ducers which control elastic displacement of center pins at
grinding and keeps their previously calculated necessary
sum of displacements by automatically controlled longitu-
dinal feed speed. Because generally multistep shafts are
used in machines, the multistep shaft is analyzed in the
work.

2. Analysis of dependencies between elastic deflections
and cutting rates at traverse grinding

Fig. 1, a shows the scheme of loading of a
multistep shaft at general grinding. The i-th shaft neck with
coordinate X;; at the front neck’s face and X; at the rare
face is being ground with a longitudinal feed. The grinding
wheel width is B. The coordinate of its rear side is xb; and
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Fig. 1 Loading scheme of a shaft at grinding: a - in common case, b- at keeping constant deflection



of the front side is xb,,.;. At one revolution of the shaft the
wheel goes in longitudinal direction from coordinate xb,, |
to xb,. The distributed load ¢; between the coordinates
varies from ¢; between coordinates xb; and xb, to ¢, be-
tween coordinates xb,, and xb,,;;. If to propose that control
system secures the constant allowance on the shaft neck
being ground one can see that there will be only two dis-
tributed load sections and three coordinates xb (Fig. 1, b):
in one section between coordinates xb, to xb; the wheel
cuts allowance u and creates the distributed load ¢. In the
limits from xb; to xb, the threshold load ¢, at which the
wheel only contacts with the workpiece without chip cut-
ting is left. This force is rather small [6, 7].

Elastic deflection y, from distributed load ¢, act-
ing at any position xb; alongside the shaft width limits
b;=xb;1-xp; in common case depend on the sum of deflec-
tions of four main components of the technological system:
shaft w,, center pins y.,, machine tool table y,,, and wheel-
head deflections together with a spindle y,,,
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Deflection @, of a multistep shaft can be calcu-
lated as an equivalent of the one with the reduced its dif-
ferent neck diameters to the diameter of the first neck with
proportion
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where J, is inertia moment of the first neck of the shaft, let
it be the neck at the tailstock of the grinder; J,is inertia

moment of any i-th neck.
At the calculation of equivalent shaft the real dis-
tributed load acting on the i-th neck is transformed to

equivalent load Q, = ﬂiqubk acting in the limits from
k=1

(the same as for the real shaft). Additionally
the equivalent shaft at the coordinates coinciding with the
beginning of every neck must be loaded with additional
moments and forces. Up to the coordinate X, the equiva-

xb, to xb

m+1

lent shaft must be loaded with additional bending moments
M and loads F,
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M, = (ﬁz B )XHRA
F, = (ﬂ, =B )RA

there R, is the reaction at the tailstock center pin (Fig. 1).

R, =Y q.b, (L~ xb, —xb,,,)/2L

k=1

)

there L is total length of the shaft. At coordinates from X

B.=J/J (2) to X, (where n is the total number of shaft necks) addi-
tional bending moments and forces are accordingly
u xb,_, +xb
Mp :( » _ﬂp—l(Xp—lRA _qubk(Xp—l _%]J (6)
k=1
m Bending value o, at distance X from the begin-
Fp :(ﬂp_ﬂpl)(RA _qubk) . . .
k=1 ning of the shaft when xb, < X <xb,, (Fig. 1, a)is
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where @, is shaft bending angle at its beginning; E is ( X —xb, )4 _( X —xb,, )4
N X . . al(k) = (9)
Jung’s modulus; a,,) is coefficient 24
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Deflection y, in Eq. (1) in common case is cal-
culated by the formula
& xb, +xb X\ 1 (xb +xb,, )X
— b 1— k k+1 (1__)_+ k k+1 11
Vo = 24 k[[ 2L j L)c, 20°C, (1
where C, and C, are stiffness at the tailstock and head- 1 &
4 . i . Y ——Z%bk (12)
stock centre pins accordingly. C, =
Deflection y, and y,, in Eq. (1) are calculated
by the formulae Vop = L 2 q.b, (13)



there C, and C,, are stiffness of the grinder table and of
its wheelhead together with the grinding spindle.

As mentioned above it can be seen that at grind-
ing with constant deflection y, there will be only two dis-
tributed loads: ¢ at length b, equal to the force exerted by
the grinding wheel at allowance cutting at this length and
q, at the other length cowered by the grinding wheel. At
the width of the wheel B this length is equal B-b. So in this
case the coordinates of distributed load alongside the
wheel width will be accordingly xb,, xb,, and xb,, and
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xb, =xb,+B-b (14)

(15)

xb, =xb, +b

Further equations are deduced for the value X co-
inciding at longitudinal grinding stroke in direction from
tailstock to headstock and equal to the value xb,, it is

X =xb, (Fig.1,b). After insertion of M,, F,, and
R, from (3), (4) to (8) and keeping dependencies (14),
(15), (8) transforms to

o, =0,X +b* (q —qo)c2 +4b’q,Bc, +b’q, (0203 —6Bzc4)+b(4B3ch4 —010203)+ B’q, (0203 —Bzc4) (16)

where B, 1
¢, = , ¢y = (18)
24EJ, 2LEJ,
¢, =q(2L-X)-q,(2L - X - B)- B’q, (17)
3 i _ 2 _ 3
C4 :X__i( [ _ﬂf—l {Xi—l (X Xi—l) + (X Xi—l) ] (19)
6 i 6
Eq. (10) of angle @, will be expressed by
the formula
6, = —b4(q+q0)cz —b3(q +q0)402(L—X)—b205 +bcg + ¢, (20)
where
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Cs = Clc3CS/L+|:(q_q0)(CIO +¢y )+q09X—4(q+q0)c2 (L_X)ﬂ (22)
¢ =74, {Bzc308 +C3[(CIO +011)B+CoB(X_B/Z)]_(L_X)4‘10 +(L_X+)4%} (23)
AR L-x.) (L-x.)
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6 o 2 6
2 (L-x, ) _(g-qfL-X%) gx .
Cy = l:%l (ﬁz ﬂH) 5 (25) ‘1 2L2CA 2L2CB G
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Cip = ;:%ﬂ(ﬂ[ ﬂi—l) 2 X (26) Ci3 = LZCA 2L2CA +
2
; I-x V X _ q,BX 32
= Z (ﬂi_ﬂi—l)( 611) (27) LZCB 2L2C3 ¢
i=na+l1
Eqgs. (11)-(13) will be expressed as 4= BqO(L — X)2 + 54, (2X _B)X (33)
rc, 20°C,
=b’ b 28
Yen =0 Cra ¥ 5613 ¥ Cug 28) By insertion of equations (16), (20), (28) — (30) to
bla— Eq. (1), the later can be rewritten as
o =2 ) By 29)
° o y,=b*D, +b’D, +b*D, +bD, + D, (34)
b(g4-40) By
Y =— T (30)
! th th Where
D, :_(q_qo)ch"'(‘l_%)CzX/L (35)

There



D, =—4(q+q,NL—X)e,X /L+4q,Bc, (36)
D, =—c,X +¢q, (0203 6B°c, )+ Cp 37
D, =c, X +4B’q,c, —c,c,cs + ¢y +
+(q—q,)(1/C,+1/C,,) (38)
Dy =c, X +B’q, (0203 —Bzc‘t)+c14 +
+Bq,(1/C,+1/C,,) (39)

So all the values of y_  in Eq. (1) are expressed

through grinding width b of the shaft surface being ground
and adequate coefficients from D, to D;.

3. Practical use of deduced dependencies

At keeping y, constant (), =const) by auto-
matic control of the cutting force F,, the task is to define

its value and how the value of b should be changed in lon-
gitudinal stroke. For the definition of value b there are
limitations: at rough grinding it should not exceed 0.8B, at
fine and spark out grinding it should not exceed 0.4B. Val-
ues X,, B,, J, figuring in coefficients of equations are

got from the shaft drawing, stiffness C,, C,, C,, C,,
are defined experimentally. Distributed load ¢ is defined
by the equation [6]

qg=uvk, +q, (40)

where u is allowance being cut from the shaft; v, is revo-
lution speed of the workpiece; &, is force coefficient
showing what the force, N is created in length unit at cut-
ting in it metal volume, mm?’/s; q, 1s initial load of the
threshold force on width unit.

According to our research [6] for average struc-
tural steel g=2.2 N/(mm’/s), q,=0.13 N/mm. The preci-
sion grinding consists of three cycles: rough, fine and
spark out grinding. Allowance u (mm) at rough grinding
with the cutting speed 50 m/s and workpiece speed
v, =30 m/min must be selected in the limits that there

would not be burns on workpiece surface. This limit by the
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data of many researchers for 1 mm length unit of the sur-
face being ground is ¢g=7.5 N/mm. For fine machining with
the purpose to achieve good surface layer quality
g=3 N/mm. At spark out grinding g — ¢, .

So all the values necessary for y_ calculation are
known with the exception of traverse grinding position at
which the maximal value b will be got. It is defined in such
a case. Let the value b=b, ., g=7.5 N/(mm?/s) and others
be inserted into Eq. (34) at any initial position X of traverse
grinding and y, will be calculated. Using this value of y,
and changing the value of X we shall find by Eq. (34) in
what position really the » is maximal, and limited b

will be taken for this position. y_ is necessary to recalcu-
late according to the found b, . After that the change of b
value and the necessary force £/, which must be kept by
the control system at longitudinal stroke for keeping y,
constant is found by Eq. (34). Knowledge of the force F),
enable to define what value of center pins deflection is
necessary to keep at grinding. It can be expressed by the
equation

y,=F (i/c,, +1/C,,) (41)

where C,, and C,, are stiffness of center pins at the tail-
stock and headstock accordingly.

The calculation of deflection change for grinding
stroke direction from tailstock to headstock and when the
value X coincides with the value xb, is described in the
paper. For grinding in traverse direction calculation meth-
odic is the same, only in Egs. (14), 15) the values xb, and
xb; will be different, xb, =xb, —B+b; xb,=xb,-b.
Other calculations are the same, but it should be kept in
mind that at the beginning and the end of a traverse stroke
the grinding wheel will cover the workpiece not by all its
width, so the load ¢ at the length b will act only, and at the
other width there will be no load.

4. Scheme of control system

Fig. 2 shows the scheme of the closed loop con-
trol system. Initial sum of center pins displacement y ;, for
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Fig. 2 Scheme of the control system



rough or y_, for fine grinding which depends on cutting
force F, (see Eq. 41) is got by program, the first of them

from the beginning of the grinding, the second after the
grinding wheel will reach position for switching from
rough to fine grinding. These values are got constant for all
strokes of rough or fine grinding and are defined in de-
pendence on allowable load ¢ N/mm for rough or fine
grinding. Deflection from y, to y,, is switched out de-

pending on the grinding wheelhead infeed position. The
initial value of this displacement is got to calculator for
every stroke and it corrects the value according to longitu-
dinal position X of the shaft in the stroke. This position is
measured at table motion of the grinder. Corrected by the
calculator signal y_ in 2 is compared with real signal y got

at grinding, and tracing error e(y) is put to the controller
which produces control signal ¢(y) of machine tool control.

After reaching the spark out position the dis-
placement being controlled will be switched to ., . Its set

vale, differently from values y, and y,, is not constant at

every longitudinal stroke of spark out grinding, but
changes fro stroke to stroke because after every stroke the
allowance left for grinding, so the elastic stress, will de-
crease. Its initial value for every stroke will be put to cal-
culator and it will change it alongside the stroke length.

Longitudinal position of the table of programmed
grinders and of crossfeed slides is measured by the encoder
or linear measuring systems [8, 9], so there is no difficulty
to program longitudinal feed speed. The force acting on
center pins of the grinder can be measured by special cen-
ter pins, e.g. [10] and summed by the summing device of
controller. For this reason to use automatic control of lon-
gitudinal form accuracy of a shaft at grinding is not a hard
problem.

Automatic control enables not only to increase
form accuracy, but productivity as well because form of
piece will be kept accurate from the very beginning and it
will not be necessary to use additional strokes for accuracy
correction. Also automatically controlled longitudinal feed
and force stabilize the system against chatter because at the
beginning of chatter excitation cutting force begins to
change, the system of automatic control reacts to it, chang-
ing the longitudinal feed, and it damps oscillations in the
system.

5. Conclusion

Automatic control systems keeping constant
grinding force in traverse grinding can not secure accurate
longitudinal form of the workpiece because of technologi-
cal system stiffness change in a longitudinal stroke. The
method is proposed how to calculate the grinding force
change in longitudinal stroke which would keep constant
deflection in the system.
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SLIFUOJAMO VELENO ISILGINES FORMOS
TIKSLUMO AUTOMATINE KONTROLE

Reziumé

Pjovimo jégos automatiné kontrolé ir jos pasto-
vumo palaikymas Slifuojant neuztikrina veleno iSilginés
formos tikslumo, nes sistemos standumas isilginés eigos
ilgyje keiCiasi. Todél pasiilytas valdymo budas, kai ap-
skaiCiuojama ir palaikoma tokia reikiama pjovimo jéga,
kuri uztikrinty tampriyju poslinkiy pastovuma §lifuojant, o
kartu ir i8ilginés formos tiksluma. Pjovimo jéga §lifuojant
matuojama pagal atraminiy centry deformacija, o automa-
tinio valdymo sistema palaiko i§ anksto apskai¢iuota pjo-
vimo jéga, keisdama iSilgini pastimos greiti. Straipsnyje
pateiktos tampriyjy poslinkiy apskaic¢iavimo lygtys ir pa-
rodyta poslinkiy priklausomybé nuo technologinés siste-
mos elementy standumo. Pateikta principiné valdymo si-
stemos schema.



A.H. Marcinkevicius

AUTOMATIC CONTROL OF LONGITUDINAL FORM
ACCURACY OF A SHAFT AT GRINDING

Summary

Control and keeping constant the cutting force
does not ensure accuracy of longitudinal form at shaft
grinding because of technological system stiffness change
in a longitudinal stroke. For this reason the method of con-
trol to calculate and keep the necessary cutting force which
would keep constant deflections in grinding, i. e. the accu-
racy of longitudinal form is proposed. Cutting force at
grinding is controlled by elastic displacement of centre
pins and the system of automatic control keeps the calcu-
lated beforehand cutting force by changing the longitudinal
feed speed. Equations for the calculation of elastic dis-
placements and dependence of the displacements on stiff-
ness of technological system elements are presented in the
paper. Principle scheme of a control system is presented.
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A. T'. MapuuHKSIBUYIOC

ABTOMATHUYECKOE PEI'YJINPOBAHUNE
TOYHOCTMU ITPOJIOJIBHOU ©OPMBI BAJIA ITPU
JIMP®OBAHMN

Pe3zmomMme

ABTOMAaTHYECKUI KOHTPOJIb U MOAAEPKKA I1OCTO-
STHCTBA CHJIBI pe3aHus MpH NUIM(OBAHUN HE 00eCIeunBacT
TOYHOCTH TIPOJOIHHON (QOpPMBEI Balla, TaK KaK KECTKOCTh
CHCTEMBI TI0 JJIMHE Tpoxona MeHsaeTcs. [loaTomy npeaso-
KEH METOJ] YIPABJICHHUS, IPH KOTOPOM PAaCCUUTHIBACTCA U
MOJIZICPIKUBACTCS Takas CHJla Pe3aHus, KOTopas obecredn-
Ja Obl OCTOSIHCTBO YNPYTUX NepeMeIieHnid Npu numgo-
BaHUM, TEM CaAMbIM M TOYHOCTh HPOIOJIbHON (opmbl. Crita
pe3anust npu nuMGOBaHUM H3MepsieTcs Omarojaps ynpy-
roi neopManuu IEHTPOB, a CUCTEMa aBTOMATHYECKOTO
pEeryupoBaHusl TOIICPKUBAET 3apaHee PACCUUTAHHYIO
CHIIy pe3aHds IyTeM H3MEHEHHS CKOPOCTH MPOIOIBHON
nmonmadd. B cratbe mpencTaBieHsl (OPMYIIBI pacdeTa yipy-
TUX TIepEeMEIIEeHIA U MTOKa3aHa WX 3aBUCHMOCTH OT JKECT-
KOCTH 3JIEMEHTOB TE€XHOJIOTHYEeCKOM cuctemsl. [Ipeacras-
JieHa TPUHIIUITHAIbHAS CXeMa CUCTEMBI KOHTPOJIA.
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