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ABSTRACT

In accordance with the principles of hierarchical management, a comprehensive two-level management system is presented for
the development and manufacturing of products for the stages of pre-production (the upper level of the management hierarchy) and
for the actual production stage (the lower level of the management hierarchy). At the stage of pre-production, the gear grinding oper-
ation design on the “MAAG” type machines was carried out. For this purpose, a technique for optimizing the gear grinding parame-
ters for a two dish-wheel rolling scheme has been developed, a mathematical optimization model containing an objective function
with restrictions imposed on it has been created. The objective function is the gear grinding machine time, which depends on the
operation parameters (gear grinding stock allowance, cutting modes, grinding wheel specification, part material) and the design fea-
tures of the gears being ground (module, diameter, number of teeth, radius of curvature of the involutes). The article shows that at the
stage of pre-production, the gear grinding optimization is a method of operation design. At the stage of actual production, a closed-
loop automatic control system with feedback on the deviation of the adjustable value (gear grinding power) automatically supports
the numerical power values that were found at the operation design stage, taking into account ensuring defect-free high-performance
gear grinding (minimum number of working strokes and maximum longitudinal feeds). At this stage, i.e. when a robust longitudinal
feed automatic control system is operating, the optimization carried out at the previous stage (pre-production) sets the functioning
algorithm for the adaptive system with corresponding control algorithm. Thus, at the production stage (when the gear grinding ma-
chine is running), the operation optimization is a control method. Therefore, it is shown that with two-level control, the gear grinding
operation optimization performs a dual function. On the one hand, it is a design method (at the pre-production stage), and on the
other — a management method (at the actual production stage). With this approach, i.e. with the integration of production and its
preparation based on a single two-level management, the efficiency of a single integrated design and production automation system is
significantly higher due to general (unified) optimization, rather than partial one.
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1. INTRODUCTION

The Fourth Industrial Revolution (Industry 4.0)
is the ongoing automation of traditional manufactur-
ing and industrial practices, using modern smart
technology. The modern interpretation of the term

the latter definition implies the use of automatic,
adaptive and intelligent control systems at various
levels of the management hierarchy within the
framework of the concept of multilevel (hierar-
chical) management.

The article considers a two-level management

“automation” has two definitions. According to the
first definition, automation is the replacement of
manual labor with machine labor. According to the
second definition, automation is the development of
new technological processes and operations that
cannot be implemented manually. The latter is most
consistent with the Industry 4.0 trend. In addition,

© Larshin V., Babiychuk O., Lysyi O., Verpivskyi S.,
Yunxuan Zhang, 2021

system that corresponds to the traditional concept of
product development and production. This concept
includes the stages of pre-production and production
itself. At the first stage (the upper level of the hierar-
chy), a model for optimizing the gear grinding oper-
ation was developed. At the second stage (the lower
level of hierarchy), the optimal parameters of the
gear grinding operation are automatically maintained
by adjusting the longitudinal feed while stabilizing
the gear grinding power.
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In modern jet and turbojet aircraft engines, gear
wheels (hereinafter gears) in power mechanical
transmissions operate at circumferential speeds of up
to 100 m/s at extremely permissible contact and
bending stresses in the gear teeth. In order to reduce
dynamic loads and improve the smooth operation of
the transmission, such gears must be manufactured
with high accuracy. The gears high accuracy (up to
the fourth degree) made of high-strength steels with
a surface hardness of 60-62 HRC is known to be
achieved by gear grinding.

Tooth grinding is one of the main methods of
finishing hardened gears and is carried out either by
the rolling method or by the copying one. It is
known that a special feature of machines operating
by the rolling method of tooth generation with two
dish wheels (MAAG SD-32-X, HSS10S, HSS30BC,
HSS30X machines, as well as domestic 5851,
5851M machines, etc.) is high processing accuracy
up to fourth grade. For example, when grinding sat-
ellite gears of high-speed aircraft gearboxes, a de-
gree of accuracy of 6-5-5X is typically obtained. The
high accuracy of gear grinding here is due to the fact
that the conical-concave cutting surface of the grind-
ing dish wheels occupies a constant axial position
during grinding. For this purpose, a special adjust-
ment mechanism is used, which automatically com-
pensates for the wear of the grinding wheels. How-
ever, the rolling method, unlike other methods of
gear machining, is characterized by low productivity
and, in addition, high thermal stress, which is aggra-
vated by the lack of cooling (grinding is carried out
without grinding fluid). The appearance of burns on
the working surface of the teeth dramatically reduces
the operational properties of the gears and in some
cases (for example, in the aviation industry) grinding
defects (burns and microcracks) are generally unac-
ceptable. Therefore, improving the efficiency of de-
fect-free gear grinding on MAAG machines is a very
urgent task in mechanical engineering technology.

2. LITERATUREREVIEW
2.1. General

There are two toothed surface machining meth-
ods (Fig. 1). Each of them has its pros and cons [1].

Toothed surface
grinding methods

1. Copying method [

2. Rolling method

Fig. 1. Toothed surface grinding methods

classification
Source: compiled by the authors

The method of copying is based on the fact that
the shape of the gear cavity repeats the profile of the
grinding wheel (Fig. 2), which is being machined.
The method has the following pros.

1. Simplicity of obtaining a modification along
the tooth profile and modification along the tooth
line (barrel modification). The modifications elimi-
nates edge contact of the teeth (especially high-
loaded gears), reduces noise in the transmission [2].

grinding wheel

\V b \€ workpiece
) AN &

Fig. 2. Copying method with a profile grinding
wheel in gear grinding
Source: compiled by [1]

2. Higher productivity with fewer teeth.

3. The possibility of straightening (dressing) a
grinding wheel for processing gears with different
profile angles with a single diamond roller.

4. The possibility of dressing the grinding
wheel in the machining cycle with the subsequent
automatic compensation of the grinding stock allow-
ance removed during the correction to obtain the
wheel’s precision parameters.

The method of rounding (or rolling method) is
based on the reproduction of the gear workpiece en-
gagement and the worm grinding wheel, which re-
sults in an involutes profile on the gear (Fig. 3).

2. Rolling method —

2.1. That with worm
grinding wheel

2.2. That with two
dish grinding wheels
(MAAG method)

Fig. 3. Rolling method classification
Source: compiled by the authors
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To implement this method, precise synchroni-
zation of the worm grinding wheel and the gear to be
machined is necessary [2]. The method has the fol-
lowing pros.: a higher productivity when machining
gears with a large number of teeth.

There are minuses, namely: (1) the complexity
of adjustment for obtaining modifications, (2) the
complexity of changing over when changing over to
another type of product (setting the diamond rollers
to a different tooth width, changing the rollers when
grinding wheels have a different profile angle, etc.),
(3) higher cost of worm grinding wheels.

Another method of rounding (rolling method)
embodiment is that of MAAG gear grinding with
two the so-called dish grinding wheels: 0-degree and
15-degree methods (Fig. 4).

Fig. 4. Formation of an in volute profile
during gear grinding at 0° (a) and 15° (b)
installation of dish grinding wheels
Source: compiled by the authors

This method is more accurate (the forth accura-
cy degree), but less productive compared to the gear
grinding with a worm grinding wheel. A distinctive
feature of MAAG method is the absence of forced
cooling with a grinding fluid since the workpiece
heating with this method is insignificant.

2.2. Manufacturing preparation as the top level
of the management hierarchy

The pre-production stage is the most important
in the system of preparation and launching the prod-
uct for production. In this sense, this stage should be
considered as the top level of the management hier-
archy. At this level, fundamental decisions are made
and tolerances (permissive limits of deviations) are
set for the recommended parameters for the lower-
level control system [3].

Some new principles for the design of intelli-
gent systems are proposed including the statement
that the control intelligence is hierarchically distrib-
uted according to the principle of increasing preci-
sion with decreasing intelligence (IPDI), evident in
all hierarchical management systems [4]. This prin-
ciple allows considering production management as

a single process that covers the stages of production
preparation (the upper level of the hierarchy) and
production itself (the lower level of the hierarchy).
However, in [4] nothing is said about the flow of
information from the lower level to the upper one for
correcting decisions made at the upper level [5].

2.3. Control system operation at the hierarchy
lower level

It is obvious that every operation, as part of the
process, should be automatically regulated at every
moment of time. This means that the current techno-
logical transformations must be carried out on time
and even just in time, i.e. with a minimum time de-
lay. Such transformations are made on the lower
level of hierarchical (multilevel) control system and
must be prepared in advance the gear grinding oper-
ation [3].

Automatic regulation is a branch of the more
general science of control — cybernetics. The control
is understood as a set of actions that ensure the oper-
ation of a system based on the achievement of a pre-
determined goal without the participation of the op-
erator. The robust automatic control system makes it
possible to ensure the required quality of regulation
even if the mathematical model of this system is
somewhat incorrect. The modern understanding of
the essence of automatic devices is based on the
concept of an algorithm. The algorithm for an auto-
matic device (both operation and control algorithms)
is an information description of the processes of
both operation and control (Fig. 5). The formal
means for such a description are diverse: spoken
language, graph (diagram), formulas, diagrams, etc.

Automated device algorithms
|

-
Operation Control
algorithm algorithm

Fig. 5. Two kinds of algorithms for

automated device
Source: compiled by [5]

These features of modern technology require
such cutting (grinding) process automation, which at
high productivity will provide the required machin-
ing quality, taking into account both the actual ma-
chinability and anisotropy of the properties of these
materials. Such requirements can be implemented
only by high-speed control system at the lower hier-
archical level [5]. At the present stage of production
development, the higher level of the management
hierarchy seems to be the technological preparation
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of production. This follows from the analysis of lit-
erary sources on optimization of systems and opera-
tions [6, 7]. To apply the mathematical results and
numerical techniques of optimization theory to con-
crete engineering problems, it is necessary to clearly
delineate the boundaries of the engineering system
to be optimized, to define the quantitative criterion
on the basis of which candidates will be ranked to
determine the “best”, to select the system variables
that will be used to characterize or identify candi-
dates, and to define a model that will express the
manner in which the variables are related. This com-
posite activity constitutes the process of formulating
the engineering optimization problem. Good prob-
lem formulation is the key to the success of an opti-
mization study and is to a large degree an art [7, 8].
The executive mechanism of a robust automatic
control system by deviation should perceive the fluc-
tuation of the grinding power not as a random factor,
but as a useful signal for an instant change in feed

Vi, i.e., simultaneously with the deviation occur-

rence its compensation is carried out within the
powers of the lower control level system (without
involving the middle and upper control levels).
According to [9], there are two type of control
systems, namely with open- and closed loop chain

(Fig. 6).

Control system (CS) [

CS with open-loop

action chain

CS with closed-loop
action chain

Automatic
regulation system

Automatic search
system

Fig. 6. Classification by the nature of the

control algorithm
Source: compiled by [9]

In turn, the latter may be with deviation or dis-
turbance control (Fig. 7).

Automatic control
principles

1. Control |
“by deviation™

2. Control
“by disturbance”

Fig. 7. Two main methods of automatic control
Source: compiled by the authors

An example of the control system with devia-
tion control is shown in Fig. 8, where a plant (con-
trol object) may be both the construction (a device
having its components in space) and the process (a
sequence of actions in time), e.g., gear grinding op-
eration. Besides, there are three types of control sys-
tems by the nature of the operation algorithm

(Fig. 9).

Disturbances

Measured In ' Out
Reference_ €rror
4 - Controller Plant
(Set point
Feedback .
Sensor

Fig. 8. Control system “by deviation”
Source: compiled by the authors

Control system (CS) m

Stabilizing CS

Program CS |

Tracking CS —

Fig. 9. Classification by the nature of the

operation algorithm
Source: compiled by [7]

The issues of developing a model for optimiz-
ing the gear grinding operation on machines of the
MAAG type, as well as the application of these
models at the pre-production stage have not yet
found the required reflection in the literature.

The development of intelligent and adaptive
systems has found application in the development of
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modern mechatronic technological systems, includ-
ing ones in robotics and for creating high-tech prod-
ucts correcting the cutting mode parameters in CNC
systems [10, 11].

An analysis of the grinding operations shows
the importance of the temperature factor in ensuring
the quality of the surface integrity of the gears being
ground [11]. In this regard, there are studies on the
genetic algorithm using [12, 13], biomedical tech-
nology [14, 15], engineering diagnosing [16, 17],
numerical control elements as well as implants pro-
duction using additive technologies [18].

The purpose of the article is to develop a hier-
archical two-level control system and appropriate
interaction between these levels, when the first
(higher or upper) control level is that at the stage of
pre-production (development and optimization of the
operation, preparation of the control program), and
the second (lower) level is a robust automatic devia-
tion control system that stabilizes the optimal condi-
tions for the operation. Besides, at the lower level of
such a control the robust control system have to be
used.

3. RESEARCH METHODOLOGY
3.1. Consistent two-level management

Two-level management at the stages of pre-
production and production allows creating a single
integrated design and production automation system.
In such a system, optimization plays the part of both
a design method (at the upper level of hierarchical
management) and a control method — at the lower
level.

Let us explain the above in greater detail
(Fig. 10). In the language of control system theory,
on the upper control level a relative decision is mak-
ing which is not based on some control (reference)
points depending on the machine shop actual condi-
tions. Consequently, it will be some formal decision.
On the contrary, a robust control system on the low-
er control level takes into account the shop actual
conditions. Sometimes, it will be with the help of the
so-called RDT and E laboratory (an intermediary
between the upper and lower levels of control).

3.2. Optimization model creation

In mechanical engineering technology, the labor
intensity of an operation is usually characterized by
the estimated time per piece T, , which contains the
following time components: machining time T,
(main component), auxiliary time T, , workplace
maintenance time TWp, personal needs time Tpn ,

and preparatory-final time Ty , i.e.

Top =T +Ta+Tup +Tpn +Tps /1 1)

where n is the batch size (the number of pieces in
the batch).

Optimization
at the design stage
(upper control level)

! }

Robust controller
(lower control level)

Reference

Dev.

Controlled
plant

Sensor
Feedback

Disturbance

Fig. 10. General scheme of two levels
hierarchical automatic control system
Source: compiled by the authors
The efficiency of the machine operator is esti-
mated by the calculated coefficient of machining
time K, that can be found as follows

T
Kmt =

TPP

T 0

T+ Tat Tup +Ton +Tpr /11

The higher this coefficient, the more efficiently
the work is organized and the higher its return. This
coefficient for universal machines with manual con-
trol is 0.4-0.5, for CNC machines — 0.8, and for ma-
chining centers — 0.95. Gear grinding machines of
the MAAG type do not have a CNC system; they
belong to the class of machines with cyclic control.
That is why, for these machine type 0.4< K, <0.5.

This situation accounts for the search for opportuni-
ties to reduce the machining time T, in gear grind-
ing.

To create a model for optimizing the stock re-
moval cycle during gear grinding, experimental
studies of the factors influencing the labor intensity
of this operation were carried out. From the experi-
mental data obtained, it follows that an increase in
the grinding power leads to a corresponding increase
in the temperature in the grinding zone. It is known
that an increase in temperature leads to an increase
in the depth of the grinding burn [10]. This will be
reflected in the equations below based on corre-
sponding scientific researches.

Therefore, additional experimental studies were
performed to establish the relationship between the
depth of burn and the power of gear grinding
(Fig. 11).
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h(,x

Lm P
200 & pas ‘ —
0 200 300 400 500 600 700 P.W

Fig. 11. Influence of gear grinding power P
on the defective layer depth h
(1, 2, and 3 - see in text)

Source: compiled by the authors

The experimental data processing allowed ob-
taining the following dependence for the gear grind-
ing power P :

P =ct"V¢ Y ngknkykK, ©))

where: ¢, X, Y, z are the coefficients depending on
the angle of dish grinding wheels installation (0°,

15°); t, V¢ and n, are the depth of cut (mm), longi-
tudinal feed (mm/min), and gear swings frequency
(roll rate in min?); k.., k, and k, are the coeffi-
cients that take into account the influence of the ma-
terial to be grinding, abrasive wheel, and tooth pro-
file curvature radius, respectively.

From formula (1), we determine the time spent
on the k-th working stroke (1<k <n), i.e.

L L(ctingkqkek )"V

T 4
k V Plg_/y ( )
Let us introduce the following designations:
U
azﬁ;gzl;M = L(cnékmktkp) :
y y

Hence, we have
T = M —8 (5)
The total machine grinding time spent on n
working strokes will be
n tl((l

THZMZ_S' (6)

=1 B

1 n-1
Tn(t]_’tZ""’tn—l)zM _8 Z—Zt

o n-1 tl((x
i] +

One of the main factors limiting the gear grind-
ing productivity is the grinding burn depth hy . For
any k-th working stroke, the defect layer depth hy,

formed during gear grinding can be represented by
the following dependence

hy =a(R —Ry)’, (7

where: a and y are coefficients; P, is the gear
grinding power defect less level in W.

Numerical values of coefficients a and y can
be established from the experimental data (Fig. 11)
on which it is indicated the following: 15° and 0° are
the grinding dish wheels installation angles; 1, 2 and
3 are the materials to be ground, namely 12X2H4A,
18XHBA, and 12X2HB®A, respectively.

As follows from the experimental data (Fig.
11), the coefficient y can be taken equal to 1, i.e.
vy =1. Hence, the last expression can be written as

follows

hy =a(R —R)- (8)

Since for any k-th (1<k<n) working stroke
the depth of the defective layer formed during gear
grinding should not exceed the gear grinding stock
allowance remaining for grinding, then

n k
ha = 2t =Z-2t. 9)
i=k+1 i=1

Taking into account equations (6) and (7) we get

Pk :|:(Z—il‘i)/a:|+})0.

i=1

(10)

After substituting this expression into equation
(4), we get a general mathematical expression for the
machine time of gear grinding when removing the
grinding stock allowance for n working strokes.

The grinding depth for the last n—th working
stroke is found by the equation:

n-1
th=2->t.
i-1

Therefore, corresponding equation that result-
ing from equation (6) has the following form:

(11)

(12)

kﬂﬁz-gti]/a+ POT
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3.3. Random search algorithm

Optimal grinding depths can be found by se-
guentially differentiating equation (12) (n—1) times
by the following variables: t;, t, ..., t,_;. Further,
each of the (n—1) equations (for the derivatives) is
equated to zero and we obtain a system of (n—1)
equations with (n—1) unknowns. However, the pro-
cedure for solving the system of transcendental
equations obtained in this way is complex. There-
fore, a direct method of finding the minimum values
of the objective function (12), namely the random
search method [19], was used. The method includes
the following procedure.

1. Set some initial values to variables (cutting
depths) ty, t,,...,t,4 from a predetermined range of

their possible change.

2. Calculate the value of the objective function
(12) at this point and remember this random value
(the point 7, (t;, t, ...,t, 1) = X, in Fig. 12).

PY The points at which the improvement
of the objective function was achieved
The points at which the value of the
o objective function has not improved
Fig. 12. A simple non-adaptive algorithm for

random search of a local optimum
Source: compiled by [19]

3. Set random increments to fixed values of var-
iablesty, t,,...,t,y and the next value of the objec-
tive function (12) t,(t,t,,...,t, 1) is calculated
again, which differs from the previous value X, by
increment AX , i.e. X,+AX . Fig. 12 shows three
random directions from the point X, : up, right and
down. If the new calculated value
T,(t, b, ..., 1, 1) = X, is less than the previous one
(in Fig. 12, a transition from point X, to point X is
selected from three possible transitions, namely to
the right), then the point X; becomes the new cur-

rent point (Fig. 12). The transition from point X; to
point X, is performed in the same way, etc.

4. RESULTS
4.1. Gear grinding operation design

To understand the essence of the objective
function (12) let consider the case n=2. For this
case equation (12) takes the following form

(Z—tl)“ t
=M . (13
t(b) N i [(Z —-t)/a+ PO]S =

For this case, i.e. for n=2, optimal gear grind-

ing stock allowance distribution is graphically
shown in Fig. 13.
[} A
Nopt
» Z(ty)
Y
A [}
IZOpI hdl
Y Y v

Fig. 13. Optimal stock allowance distribution

for n=2
Source: compiled by the authors

For the 0° angle of the dish wheels installation
and for the ng =150 min™ the following parameters
values in equations mentioned above are received:
o=0.79; €=1.05; Po =126 W, and M =3.04.

The graphical dependences constructed accord-
ing to equation (13) at Z =400 um, Z =350 pum,
and Z =325 pm are shown in Fig. 14. Each of these
dependencies is constructed by changing the value

t, in the range of 20 <t; < 375, provided that
Z=t+t,.
From the data shown in Fig. 14, it can be seen

that all three dependencies have a unimodal (smooth
and convex) shape and an unambiguously expressed

global extremum — minimum of the function T, (t,) .
For example, for grinding stock allowances Z =400
pum, Z =350 um, and Z =325 pm the minimum
grinding time t,,,;,(t;) and optimal grinding depths
on the first tjoy and second ty,y strokes are given
in Table 1.
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Table 1. Optimal grinding parameters for n=2

T,
min Z,um 400 | 350 | 325 | 200 | 100
54 Tomin(t), min | 37.7 | 35.5 | 34.4 1 26.9 | 18.6
& \ Z= 400 um o, um | 300 | 260 | 240 | 140 | 60
50 &
topt » MM 100 |90 |85 |60 |40
Note: the data for Z =200 um and Z =100 um
are not given in Fig. 14.
40 Source: compiled by the authors
To find the extremum of the function, equation
(13) can be represented as
LY/ o
Z_ o
2 nt) _(Z-4)' ¢

Fig. 14. The dependence of the machine time
of gear grinding T,(t,) on the cutting

depth on the first stroke {; for n=2

Source: compiled by the authors

(14)

M Ps _ e "
B
a

By analogy with equation (14) and based on
equation (12), it is possible to obtain equations for
the machine time of gear grinding with a different
number n of gear grinding strokes. For example,
such equations are presented below for n=3 and
n=4.

(16)

LACHY) :(Z_tl_tz)u + ty + Y : (15)
M P, {Z—g—tu_%} {Z:upo}
T, (1,1, 1) _ (Z -t -1 _ts)a + ty n ty n t
M Py [Z—ti—tz—tup}“ {Z—n—tup}“ [H*PT
a 0 a 0 a 0

Objective functions in the form of recursive
equations (14), (15) and (16) can be minimized
without passing to derivatives of these functions and
without composing a system of corresponding
(n—1) equations. A computer program, for example,

a program for random search of optimal values, per-
forms simultaneous random changing these values in
a given range of their possible change. In this case,
the instantaneous value of the objective function
(12) and the trend of the sequence of these counts
are estimated. The current set of optimization pa-
rameters which leads to a reduction in the machine
time of gear grinding is fixed. Trends associated
with an increase in the value of the objective func-
tion do not receive further development. As a result
of numerous computational iterations and estimates
of the trends obtained in this case, the computational
process of searching for several values of variables
(grinding depths for different strokes to be made)

tends to asymptotically approach the minimum value
of the objective function. This minimum value is
fixing during the calculation and corresponding nu-
merical values of variables (grinding depths) are
output as a search result. As another example, data
were obtained forn=3 (Table 2).

Table 2. Optimal grinding parameters for n=3

Z,um 400 |350 |325 | 200
Ty (&), min | 334 | 317 | 308 | 250
tyopt» HM 238.3 | 203.4 | 186.3 | 104.0
toopt» I 109.3 | 97.8 | 91.9 | 604
tgopt» LM 524 | 488 | 468 | 356

Source: compiled by the authors

The practice of designing optimal gear grinding
strokes has shown that as the number of variables in
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the objective function increases, the random search
method is more reliable compared to the procedure
for solving a system of (n—1) equations with (n—1)
unknowns.

4.2. Gear grinding automatic control

Grinding on the MAAG type machines is char-
acterized by a long grinding cycle during which the
grinding parameters of this operation change signifi-
cantly (due to cutting properties of the grinding
wheel, instantaneous cutting depth changes, etc.).

7.°C
1000 A
] /
300 —— %J o
600 7
400
e
200
100 200 300 7%, mm/min
1 | 1 1
5 10 15 20 T, mm
1 1 1 |
0.02 0.04 0.06 0.08 £, mm

Fig. 15. The dependence of the grinding zone
temperature T on the grinding duration <, the
longitudinal feed V; and the cutting depth t

Source: compiled by the authors

Stabilization of the grinding temperature in
such conditions can be carried out using a robust
automatic control system with feedback on the pow-
er spent on cutting. However, this parameter is not
universal, since it indirectly characterizes the grind-
ing temperature in the cutting zone. An experimental
relationship between temperature and gear grinding
power has been established (Fig. 15), which implies
the possibility of limiting the temperature by limit-
ing the level of gear grinding power. In other words,
software control of the amount of gear grinding

power P(V:) as the grinding stock allowance is
removed and stabilization of gear grinding power by

adjusting the longitudinal feed can be used to auto-
mate the grinding operation, as well as to implement

an optimal cycle of the grinding stock allowance
removal based on the relationship between the pow-

er P(V¢) and the defective layer depth h, accord-

ing to equation (7).

In this case, production management (at the
gear grinding stage) is carried out according to a
two-level control scheme: (1) optimization of the
gear grinding operation at the pre-production stage
(upper control level) and robust automatic control of
the gear grinding power at the production stage
(lower control level). At the same time, the optimi-
zation of the gear grinding operation is the method
of designing this operation (at the stage of pre-
production) and the method of controlling this op-
eration (at the stage of actual production).

In addition, the information connection of the
lower level of management with the upper level al-
lows adjusting the initial parameters in the operation
optimization model. This makes it possible to im-
prove (on the basis of optimization) the functioning
algorithm of the integrated CAD/CAM/CAE system.
Fig. 15 shows that with an increase in the longitudi-

nal feed V; from 100 to 400 mm/min, cutting depth

t from 0.01 to 0.1 mm/min, and grinding machine
time © from 2.5 to 20 min, the grinding temperature
in the contact zone increases from 440 to 1050 ° C,
from 350 to 850 ° C, and from 510 to 960 ° C, re-
spectively.

The structural scheme of the developed digital
system of automatic control of the power spent on
gear grinding shows the main elements of this sys-
tem (Fig. 16). The set values of the gear grinding
power (system input “Setpoint”) were calculated
earlier at the pre-production stage. The developed
structural scheme corresponds to the features of the
gear grinding method on machines of the MAAG
type. For example, two active electric power sensors
operate simultaneously when two (left and right)
electric motors drive two dish grinding wheels.
From two simultaneously generated power signals
(after subtracting idle power signals from them), a
signal corresponding to the larger of the two power
values is selected to control the longitudinal feed.

The low inertia of the drives of two dish grind-
ing wheels creates prerequisites for the necessary
speed of a robust system of automatic control of gear
grinding power by changing the longitudinal feed of
the table of the MAAG type gear grinding machine
(e.g., MAAG HSS30X type).
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Fig. 16. Structural scheme of the automatic control system for MAAG gear grinding machine
Source: compiled by the authors
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Fig. 17. Functional scheme of the automatic control system for MAAG gear grinding machine
Source: compiled by the authors

In electronics and control theory, transfer func-
tions are commonly used to design and analyze a
system assembled from different in nature compo-
nents, particularly using the block diagram technique
(Fig. 17). The block diagram of the adaptive system
contains the following components: active power
sensors PS1 and PS2 of the electric motors of the
dish grinding wheels’ electrodrives and their corre-
sponding blocks CU1 and CU2 for compensation of
the idling power level, a scheme for selecting the
most loaded electric motor of the grinding wheel
drive CS, a memory block MU, a task block PS, a
comparison scheme CoS, a block for fixing cutting
CFU (fixes the beginning and end of each working
stroke), a control unit CU, a stepper motor SM, a

correction device CU, a swing sensor SwS, and a
longitudinal feed drive LFD. The power sensors PS1
and PS2 operate independently of each other. How-
ever, as an information signal at any given time, a
signal is used only from the sensor that measures the
power of the most loaded electric motor (i.e., one of
the two mentioned). The choice of such a sensor is
carried out by the selection scheme SC of the most
loaded engine, the basis of which is the logic ele-
ment OR. The memory block MU, containing a re-
versible pulse counter, a control circuit and a digital-
to-analog converter, allocates and records peak val-
ues of the gear grinding pulse power.

The control unit CU generates control actions
based on a signal from the swing sensor SwS and
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switches the windings of the stepper motor SM. It
contains a rectangular pulse generator, a control cir-
cuit and a pulse distributor. The swing sensor SwS
is a non-contact sensor of industrial manufacture
(BVK type). The change in the longitudinal feed is
carried out from the G68-11 type hydraulic piston
valve.

The correction device CD compensates for the
change in the transmission coefficient of the system
when the grinding depth changes in accordance with
the pre-calculated gear grinding stock allowance
distribution (see Table 1 and Table 2).

The transfer function of the regulated object in
a steady (static) mode can be represented as a trans-
fer factor, i.e.

P(V¢)

ki = ,
tf Vf

(17)

where: P(V; ) is the gear grinding power (regulated

value), W; Vi is the longitudinal feed (regulating

value), mm/min.

In turn, the gear grinding power depends on the
grinding parameters, the characteristics of the abra-
sive grinding wheel, and the workpiece material ma-
chinability according to the equation (1).

Hence,

kg =ct* V™ ng kpkyk,. 18)

During gear grinding, the value of the transfer
factor ks changes by several times. In these condi-

tions, to ensure the required regulation quality, an
additional corrective device is introduced into the

closed loop of the system, which changes ki in such
a way that

Kor =Keqki = constant, (19)

where: kpr is the coefficient which is proportional to
the open system total transmission coefficient;
Keg =AV¢ / AX, is the corrective device transfer
factor; AV and Ax;, are the increments of the in-

put and output parameters at the point of the charac-
teristic, which corresponds to the instantaneous val-

ue of the current Vs .

Taking into account equation (18) we get the
following solution of the differential equation

K
Vi =Cge exp[%d xm], (20)

where cg, is the integration constant.

For a MAAG type gear grinding machine, the
nonlinear characteristic of the correction device de-
scribed by the mathematical expression (19) is

shown in Fig. 18.
Vi, mm/min

600 //
400 /

200 pe

//

0 90

180 270 ©°

Fig. 18. Calculated nonlinear characteristic of
the correction device for MAAG HSS30X type
grinding machine
Source: compiled by the authors

The dependence in Fig. 18 can be realized by
the profile of the cam mounted on the shaft of the
stepper motor (SM in Fig. 17).

When gear grinding on the MAAG type ma-
chines, the workpiece receives fast rolling move-
ments and a slow longitudinal feed. The last one can
be adjusted from the condition of stabilizing the gear
grinding power on the most loaded grinding wheel
(of the two wheels working simultaneously). After
moving the gear workpiece by a fixed amount of the
longitudinal stroke of the machine table, the work-
piece performs a dividing angular movement for
1/z part of the full its revolution (here z is the
number of gear teeth). At the first contact of the
grinding wheel with the next tooth side surface, a
system operating state signal appears at the output of
the cutting fixation unit (CFU in Fig. 17). At the
command of the control unit CU, the longitudinal

feed V; of the machine table decreases to the mini-

mum level V; = 150 mm/min, and then gradually

increases to the set-point level, the value of which
depends on the power value set in the PS unit (Fig.
17). The control actions in the control system are
performed at discrete points in time with the fre-
quency of pulses that come from the swing sensor
SwS; the deviation of the actual cutting power from
the set one is determined with the same frequency.
The efficiency of MAAG HSS30X type grind-
ing machine equipped with the automatic control
system described was evaluated by the duration of
gear grinding the gear while ensuring the required
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degree of the gear accuracy and the quality of its
surface layer. On machine equipped with an adap-
tive system, the times for grinding gears with mod-
ule m=4, z; =20, z, =30 and z; =60 (the number
of teeth), respectively, were 90, 110 and 220
minutes. When grinding the same gears on the same
MAAG machines, but without the control system,
the grinding times were 100, 200 and 500 minutes,
respectively. The time for the gear grinding opera-
tion without the control system increases due to the
fact that local increases in the grinding stock allow-
ance on individual teeth (caused by the deformation
of the gear) require a reduction in the grinding pa-
rameters when grinding all the teeth of the gear (and
not only when grinding individual teeth having the
deformation).

The following data were obtained on the accu-
racy of gear grinding without and with the control
system. On one of the two gears, the accumulated
step error Fp, on the first gear before its grinding

was 128 pm on the right and 154 pm on the left pro-
files, and on the other, respectively, 78 um and 124
um. When gear grinding with the control system
after the first working stroke (in the mode t=0.07

mm, the feed V; is adjustable, the gear dividing is

two-sided, n, =180 min), the error F,, decreased

from 128 um to 28 um on the tooth right involute
profile and from 154 um to 20 um on the tooth left
involute profile. After the second and third strokes,
the error F, decreased, respectively, to 16um and 4

um on the left and to 12 um and 3um on the right
profile of the teeth. When gear grinding without the
control system, it took at least 6 strokes to reduce the
error from 78 pm to 3-4 um on the right profile and
from 124 pm to 3-4 um on the left profile.

5. CONCLUSIONS

1. The hierarchical control principle with the
correct distribution of powers between different lev-
els of the control makes it possible to increase the
efficiency of the system of development and produc-
tion by developing integrated design and production
systems that are similar to the integrated

CAD/CAM/CAE system, since in such an integrated
system, this efficiency is due to general, rather than
part optimization.

2. The practice of designing optimal gear grind-
ing strokes has shown that as the number of varia-
bles in the objective function increases, the random
search method is more reliable compared to the pro-
cedure for solving a system of (n—1) equations with

(n—1) unknowns. In turn, to obtain such a system of
equations, it is necessary to perform (n—1) differ-

entiations of the objective function.

3. A closed-loop automatic control system of
the second order (in terms of cutting power, regulat-
ing the longitudinal feed) is stable over a wide range
of changes in the transfer function of the controlled
plant (object). This is due to the short kinematic
chain and low inertia of the electric motor of the
grinding wheel drive. To expand the stability zone of
the robust control system, a correction device with a
transfer function (found in the article) should be in-
troduced into the system closed circuit.

4. The closed robust system of automatic regu-
lation of gear grinding power turns out to be effec-
tive, since the idling power level in this system does
not exceed 30 % of the power level spent on gear
grinding (i.e., the ratio of the useful gear grinding
power to the total active power of the electric motor
is about 70 %).

5. Optimization of gear grinding parameters ac-
cording to the criterion of the gear grinding mini-
mum machine time is carried out on the basis of a
systematic approach, according to which the theoret-
ical calculation at the stage of pre-production (the
upper level of the control hierarchy) is accompanied
by automatic control of the gear grinding power at
the production stage (the lower level of the control
hierarchy).
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AHOTALIS

BiamoBinHO 10 MPUHIMIIB i€papXidyHOTO YIpaBIiHHS MpeAcTaBlIeHa KOMIUIEKCHA JBOpPiIBHEBA CUCTEMa KepyBaHHS PO3-
poOKOIO i MOCTAHOBKOIO MPOJYKIil Ha BHPOOHHUITBO JUIS €TaliB TEXHOJIOTIYHOI MiJTOTOBKM BHPOOHMITBA (BEpXHIH piBEeHb
iepapxii kepyBaHHs) i eTamy BiacHe BHPOOHWITBA (HIKHIHM piBeHb iepapXii kepyBaHHs). Ha erami miAroToBKM BHPOOHHUITBA
BHKOHAHO TEXHOJIOTIYHE MPOEKTYBaHHs onepauii 3ydonutipyBanus Ha BepcraTax Tuiy MAAG. [lns poro po3pobieHa Mero-
IMKa ONTHMi3alii mapameTpiB 3yOounutipyBaHHS IS CXeMH OOKaTy JBOMa TapildacTUMHU KPyramH, CTBOpPEHAa MaTeMaTHYHA
MOJEIb ONTUMI3alii, 0 MICTHTh HIJILOBY QYHKIIiIO 3 HaKJIaJeHUMH Ha Hei oOMekeHHsAMHA. L{imb0BOIO QYHKII€I0 € MAaITUHHUI
yac 3ybouutiyBaHHs, sSIKil 3aJIe)KUTh BiJ MapaMeTpiB onepanii (IpUIycK Ha 00poOKy, peXXHMH pi3aHHs, IHCTPYMEHT, MaTepi-
aJ JeTani) i KOHCTPYKTHBHUX 0COOJIMBOCTEH 00pOOIIOBaHUX 3y0UacTHX KoJlic (MOIYJb, iaMeTp, YHCIo 3y0iB, paaiyc KpUBHU-
3HM eBOJIbBEHTH). [Toka3aHo, 110 Ha eTami miIroTOBKH BUPOOHUIITBA ONTUMI3allis omepalnii € MeTOJJOM TEXHOJIOTIYHOTO HPOEK-
TyBaHHsA. Ha eTtami BnacHe BUpOOHHMITBA 3aMKHYTa poOacTHAa CHCTEMa aBTOMATHYHOTO KEPYBAaHHS 31 3BOPOTHHUM 3B'S3KOM II0
BIIXMJICHHIO PEryJlIbOBaHOI BEIMYMHU (TIOTYXKHOCTI 3y0Oo1Ti¢)yBaHHS) aBTOMAaTUYHO IIATPUMY€E YUCENbHI 3HAYSHHS MOTY)XHO-
CTi, AIKi OyJH 3HAHIEH] Ha eTami MPOEKTyBaHHS olepallii 3 ypaxyBaHHAM 3a0e3nedeHHs 0e3/1e()eKTHOTO BHCOKOIIPOIYKTHBHOTO
3yOornuri¢yBaHHs (MiHIMaJdbHE YHCIO MPOXOJIB i MaKCHMalbHI MO3M0BXHI Mojadi cToiy 3ybonutidyBansHoro Bepcrara). Ha
JaHOMY eTami, ToOTO mpH poOOTi poOACTHOI CHCTEeMU aBTOMATHYHOTO KEPyBaHHs IO3[0BXKHBOIO MOJAuelo, ONTHMi3allis, sKa
poBeJieHa Ha MOoNepeIHbOMY eTami (MiAroOTOBKY BUPOOHMIITBA), 3a/1a€ aIrOpUTM (QyHKIIOHYBaHHS aJalTHBHOI CUCTEMH, KU
3YMOBIIIO€ BiJIOBIJHUI aqrOpUTM KepyBaHHs. TakuM YMHOM Ha eramni BUpOOHMITBA (IIpu poOOTI BepcTara) ONTUMI3ALis ore-
pauii € MetooM kepyBaHHA. ToOTO MOKa3aHO, IO MPH JABOPIBHEBOMY KEpYBaHHI ONTHMI3allis oreparii 3ydoonurigpyBaHHs BU-
KOHY€E JBOICTY (QyHKIiI0. 3 0OHOro OOKY Iie METOJ MPOEKTYBaHHs (Ha eTami MiArOTOBKM BHPOOHHIITBA), @ 3 iHIIOTO — METOJ
KepyBaHHs (Ha erari BIacHe BUpOoOHHITBA). [Ipu TakoMy minxoni, TOOTO mpH iHTerpamnii BUPOOHHUIITBA 1 HOTO MiITOTOBKH Ha
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OCHOBI €IMHOTO JIBOPiBHEBOTO KepyBaHHs, €(EKTHBHICTh € TMHOI IHTETPOBAHOI CHCTEMH aBTOMATH3AIlil MPOSKTYBAHHS i BUPO-
OHMIITBA BUSIBIISIETHCS 3HAYHO BHIIE 32 paXyHOK 3araibHoi (TOOTO €IMHOT), a He 9YacTKOBOI omTUMIi3amii.
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