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Methods for the optimal completion of modular rotors are
proposed, which ensure a reduction in imbalances during the
assembly phase, as well as noise and vibration levels during
operation. The formulation of an optimization problem with various
variants of the objective function and constraints is considered.
Recommendations are given on the choice of the objective function
option taking into account the specific operating conditions and the
production of rotors. A form of technological documents is proposed
to take into account the parameters of the modules and the optimal
plan for the acquisition of rotors. The description of algorithms and
the statistical data testifying the efficiency of optimization are
resulted.
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pedcmasnexi Memodu onMUMAanbHo20 KOMNAEKMYBAHHA po-
mopig MOQy/IbHO20 Muny, Wo 3a6e3neyyioms 3HUXEHHS HEBPIBHO-
BAXEHOCMI HA emani CkAadaHHS, 4 MAKOX pigHie wyMy ma 8ibpa-
uii 8 npoyeci ekcniyamauii. Posenadaemecs NnocmaHosKka onmumi-
3ayitiHoi 3adavi 3 pizHumu sapiaHmamu yineosoi ¢yrkyii ma o6-
mexeHs. [lalomeca pexomendauii wodo subopy eapianma yineo-
801 (hyHKUIT 3 ypaxysaHHSM KOHKpemHuX yMos excniyamauii ma
8UpOGHUYMBA pomopis. (IPONOHYEMBCA POPMA MeXHONOHHUX
dokymenmig 02 06niky napamempie modysie ma onmumasnbHo20
naaHy komnnaekmauyii pomopie. Hago0umeca onucaHHa anzopum-
Mié ma cnamucmuyHUX 0aHUX, Wio C8id4ame nNpo eghexkmueHicMe
onmumizauil.
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Unbalanced rotors are common sources of increased
noise levels and technological vibration as harmful
and dangerous production factors [1], which are the cause
of the decline in labor productivity, lack of comfort and
professional pathology. In addition to the negative impact
on people, vibration can destabilize the operation of vari-
ous technical means and production processes, reduce their
reliability, and also lead to accidents [2, 3].

To balance the rotors, different methods are used, the es-
sence of which is to correct the unbalanced masses. This can
be achieved by removing (adding) additional mass in the cor-
rection planes by drilling, grinding, soldering, welding or glu-
ing. For modular type rotors, the designs of which consist
of several modules, the balancing can be carried out by op-
timal picking without mass correction during the assembly
phase. In this case, balancing is achieved due to mutual com-
pensation of imbalances created by individual modules [4; 5].

The existing methods of optimal manning can be di-
vided into two main groups. The first group includes met-
hods of an experimental nature: the method of individu-
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al selection, the method of complete interchangeability,
the method of group interchangeability (selective assem-
bly), the method of intergroup interchangeability, and the
method of acquisition with ranking parameters.

Common shortcomings of the second and
third methods are incomplete production, caused
by the difference between the laws of distribution of the
parameters of elements, as well as the complexity of use
in small-scale and single production. The first, fourth and
fifth methods are also ineffective in small-scale and single-
shot production due to the limited choice of elements.

The second group includes computational and ana-
lytical methods. Obviously, the task of completing the
batch of rotors is optimized and refers to nonlinear dis-
crete programming. Considering the fact that the rotor can
include several modules (in some cases, more than ten),
the problem is multidimensional, and can be solved using
a computer. To complete a single flexible rotor, algorithms
based on the individual selection method [7] can-be used.
Their disadvantage is the impossibility of simultaneous
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acquisition of the entire batch of rotors, and the mat-
hematical models used are not suitable for rigid rotors.

For the acquisition of a batch of rigid rotors from the
corresponding batches of component elements (modules),
a number of optimization methods [8—10], realized with
the help of a computer can be applied. These include: the
method of clipping (based on the Gomori algorithm), com-
binatorial methods (branch and bound method, dynamic
programming methods and sequential optimization met-
hods) and approximate methods. The first two groups are
characterized by a relatively high complexity of algorithms
and software implementation in the case of multidimen-
sional problems.

Thus, the analysis of literary sources showed that all
existing methods have certain shortcomings that limit
their practical application. As a result, an effective reduc-
tion in the unbalances of modular rotors is still an urgent
task today.

It is obvious that it is advisable to develop methods
for the optimal assembly of modular rotors using compu-
ters that will minimize the imbalance of the rotors at the
stage of their assembly without correcting the mass. This
optimization assumes a 100% input control (measurement)
of the parameters of the modules.

The purpose of the article is to prove the possibility
of minimizing the imbalances in the batch of rigid rotors
of the modular type by their optimal manning.

SETTING THE PROBLEM OF THE OPTIMAL SET

OF THE TECHNOLOGICAL PARTY OF MQDULAR

TYPE ROTORS

The initial data in this problem are generally:

» the maximum permissible value of the specific im-
balance of the manned rotor €y,x, MxM;

* maximum permissible value of the main moment un-
balances module of the complete rotor M, 1y, I‘XMMz;

* maximum permissible value of the target function
F

* minimum allowable number of complete rotors N,

» number of calculation cycles K {k — current cycle
number);

= characteristics of modules (elements) arriving at the
assembly (Table 3.1).

The mounting dimensions determine the position
of each module in the common rotor coordinate system
(in complete). The presence of private coordinate sys-
tems is caused by the need for separate manufacturing
of modules (with the exception of co-processed products).
The composition of the initial data is determined by the

design features of the rotors and the requirements im-
posed on them. In specific cases, this composition can
be adjusted.

The following variants of the objective function (CF) and
constraints for single-purpose optimization are proposed, see
Table. 2. On the basis of these data, multipurpose optimiza-
tion is also possible using one of the following methods: the
use of a single functional, optimizing for several indicators,
selecting a leading indicator, etc. However, due to the limited
amount of work, multipurpose optimization is not considered
in this paper.

As an example, we consider a simplified model of a mo-
dular rotor, shown in Fig. 1. Module number 1 is the base
one. It is installed module Ne 2 and module Ne 3 with the
possibility of various options for mutual location. In this
case, the angles of module installation can take values
of 0 or 180. Elements for modules fixing, as well as tole-
rances, landings and clearances are not considered to sim-
plify the task,

The specific imbalance of the rotor (um) is

2
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where i — ordinal number of the rotor in the process lot;
n — number of rotors; j — module (element) type number
in the rotor; m — number of module types; M; — module
weight; A, u [; — coordinates (m) of the centers of mass
of the modules, measured in particular coordinate systems
along the axes OY and OX, respectively (see Fig. 1); ¢, —
angle (rad.) of the module base surface rotation in the
common rotor coordinate system (angle of module instal-
lation in the rotor).

The main moment modulus (g x mm?) of imbalances is

My, =
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where Z — coordinate (m) of the rotor center of mass
along the axis 0Z after assembly,

Table 1. Characteristics of modules (élements) of the j-type

Ta6nuya 1. Xapaxmepucmuxu modynig (enemenmis) j-e2o muny

Coordinates
Module

number (1)
in the process

in a private system
XY7' mm
container
before

assembly

of the module’s center of mass

Module mounting dimensions in the common 1otor
coordinate system XYZ, mm

¢;; (along

d,; (along the axis | b

5, (along the
axis 0Y")

the axis

X 07’)
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Table 2. Suggested options for CF and restrictions

Ta6auya 2. Bapianmu yinvogoi gyHryii ma obMexeHb, AKI NPOTIOHYIOMbCA

Variant .
Target function
-

1 1< i . F<F
F; :;Zei — min N2NMIN 4 MAX
2 1 € < eyax M, S M pyax F<F
F,=—> M,, - min PooMAX
no
3 F, =N — max 52N

imbalance than with a momentary imbalance, then variant
1 should be chosen as the FT (see Table 2). For experimen-
tal evaluation of noise and vibration levels, reference rotors

Fig. 1. Sketch of the modular type rotor drawing
Puc. 1. Ecki3 xpecnenHs pomopa ModyabHO20 muny

_ ZM,.jZij
Z=uv 3

2.4,
j=1

For a given rotor design, the
coordinates of the centers of mass
of the module (element) 2 () and
module 3 () in the X¥Z system are
calculated, respectively, according
to the formulas

each rotor;

constraints;

f Entering Source Data /

T

rectuitment plan ; k=0

with reference masses in the correction planes can be used.
2 Output data in the general case are:
= the value of the objective function F;
= gpecific unbalances e for each rotor;
3 * module of the main moment of imbalances M, for

e the number of complete rotors N satisfying the

B
&

Calculation of the limited
quantities actual values:

e, My FN
¥

Formation of the initial

Checking of the conditions -

sax Mpr SMp: N2 Ny FFaay

3
yes

In each variant of Table 2
CF is an integral quality indicator,
quantitatively characterizing the
process of acquisition of a batch
of rotors. In the first version, the
DF represents the arithmetic mean
of the specific imbalances, and

- no
Z,=c +Zz',_ “{ e,se
Z,=¢ 4+, +Z,. ,

the first current fine under
the number jr=2

Arrange the rows of the plan
onreducing € and select

Selaction of the first pair of modules
under the number f=1; number

Select the next

Qutput
of results

s>

rotor
ir m ir +1

yes

of unsuccessful permutations p=0
T g

7 Estimate the number

-

of cycles kK

in the second variant the arithme-
tic mean of the modules of the main

Swapping the pairs of moduies moaynis with the

number j between the base and the current rotor

¢

instants of the imbalances of the
entire batch of rotors. In the first
two options, these should be kept
to a minimum. In the third version,
the CF characterizes the presence
of work in progress. In general, the
choice of the DF can be performed
taking into account the design fea-
tures of attaching the rotor to the
operation site, experimental data
on noise and vibration, and tech-
nological features of production.
Therefore, it is suggested that the
FTis selected depending on the prio-
rity of the problem caused by the
imbalance of the rotor. If a greater
noise level is observed with a static

Calcutation and verification L
of the permutation efficiency
AF=e(+e;, -ej-e; >0

yes

]
Calculation of valuyess and
verification of conditions :
yes, % 2
€1 S@pyaxi € S€ max’

Mp't S Magar: Mg, S Mpgay

F

no

Preservation of the acquired
acquisition plan

Calculation and estimation of the
number of un successfu! permutations
p=

Return modules to their
previous locations;

number of unsuccessful
permutations p=p+{ l

| Go to the next
r Y pair of modules (10)
j=j+1

Fig. 2. Algorithm for optimal acquisition of rotors on the basis of pair
permutations of modules
(the objective function corresponds to option 1, see Iable 2)

Pucy. 2. Anzopumm onmuManbHOZ0 KOMILIEKMYEAHHA POMOpi8 HA OCHO8! NapHuxX
nepecmarosox modynie (yinvosa GyHxyia gidnosidae sapiawmy 1, dus. mabn. 2)
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Table 3. Output data of optimization calculation

Tabnuys 3. Buxiowi daHi onmumizayiiiH020 pO3PAXyHKY

Optimal plan of the rotors acquisition

rotor number
after assembly

Number of elements (modules) in the
container before assembly / angle ¢, deg

AR
(base, j=1) (j =m)
| A

The main Number Target
function

value

Specific
P imbatances

moment module
M,,, gxmnr’

of comp.
rotors

imbalance
e, Wm

e the optimal plan for manning
(see Table 3).

The technological document
for assembling the batch of ro-

tors (assembly sheet, picking card)

is proposed in the form shown in

I Generating random values of installation angles @j and module pumbers in the respective process batchcs;(‘?)

Table 3.
To solve this problem, two
methods are proposed, listed below.

I Calculation of values: F; e ;M N @

4
l(wrlf\ﬂhg of constraint execution e, ¢ce MO)

METHOD AND ALGORITHM OF

y Yes a

OPTIMAL COMPLETION BASED
ON STEAL PERMANENTLY .

no
\[ Verifying of constraint sxecution My, < Mp, yax

] 3§ Yes
6
L \F Veritying of constraint execution N3 N,,,O)

This method is designed to op-

‘ yes

timally fit the rotors with the only
possible value for the installation

Z
A’\h\/erify!ng of constraint execution R g meo->
(3

JL"

n —G )‘>
4°<7Checking of the result improving £ <Fy 4

angles of modules relative to the N

“fes

reference surface (key). The met-

Delete the results of the previous cycle and save the results of the current cycle

hod is based on a heuristic search

with pair permutations of inco-
ming elements (modules), and can
be implemented using a computer

o
¥
I?ganlzatlon of the next cycle of payments k=k+1 @ Qutput of
g results
yes D\ no

[11]. The algorithm for calculating
the optimal picking plan is shown
in Fig. 2.

Block 1 organizes the formation
of an initial picking plan, which can
be a random combinatien of modu-
les or approximated to the optimal
combination as a result of preliminary optimization by one
of the known methods. In block 6, the basic is the rotor
(string) under the number. The remaining rotors are cur-
rent. In blocks 9 and 11, unsuccessful permutations are
counted.

If all permutations between the selected rotors (lines)
do not lead to an improvement in the result (block 11),
the next current rotor is moved (block 12). The calculation
is repeated many times (the number of calculation cycles
is — K). At the end of the calculation, the best result
is displayed. The convergence of this algorithm (in pro-
bability) to the global optimum is obvious.

METHOD AND ALGORITHM OF OPTIMAL

COMPLETION BASED ON RANDOM SEARCH

This method is based on the Monte Carlo method [9; 10].
The block diagram of the algorithm is shown in Fig. 3. Block 2
generates random uniformly distributed values for the in-
stallation angles of modules and their numbers from the
corresponding process lots (see Table 1). In block 3, the
values of the objective function and constraints are calcula-
ted in accordance with the selected option (see Table 3.2).
In blocks 4—7, the relevant restrictions are checked.

|56

the number of cycles k§ K 7

Fig. 3. Algorithm for optimal acquisition of rotors based

on the Monte Carlo method

Puc. 3. Anzopumm ONMUMAnbHE20 KOMILIEKMYBAHHA POMOPI8 HA OcHOBI

memody Monme-Kapno

Block 8 evaluates the result of the current calculation
cycle by comparing it with the result of the previous cyc-
le. The best option is retained and is basic for subsequent
cycles. The result of the calculation is the best option ob-
tained when all the calculation cycles are completed.

As the number of calculation cycles increases, the pro-
bability of achieving a global optimum increases, which
is calculated from formula (4).

1 T T -
n=6 mw3 03
06 T

20
04 1

k= 1,100, 2000000

Py =1 -[t -(ne)'“‘”T
02 1

1 A L
txi0* 1 5x10°
k

Figure 4 — Dependence of the probability of achieving
the global optimum from K (Mathcad [12])

0 s5x10° 240°

PucyHox 4 — Banemricms limosipHocmi docszHeHHA
enofanvHozo onmumymy 8id K (Mathead [12])
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Fig. 5. Results of optimization by the methed of random search (Mathcad)
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P(k)=1-[1-()™" T, )
where n — number of modules (rotors in the process batch);

m — number of modules in the rotor.

In Fig. 4 shows the graph of the dependence of the
achievement of the global optimum. In Figure 5 shows the
results of optimization in the form of polygons for the dis-
tribution of random values of the objective function (see
Figure 5a), as well as diagrams of the dependence of the
expectation (see Figure 5b) and the variance (see Figure
5c) of this quantity on the number of cycles calculation
K. Analysis of the results indicates that with the increase
of K there is a persistent improvement in the optimization
result. At the same time, the value of the DF converges
(in probability) to a global optimum, which was known
in advance when generating the initial calculation data.

In many real problems, a large amount of computation
is required to achieve the global optimum, which limits
the application of the proposed method. At the same time,
its algorithmic simplicity and simplicity of software imple-
mentation is obvious. Therefore, this method can be used
to find approximate solutions that satisfy the given condi-
tions of the problem.

FINAL PART

As a result of the analysis of existing methods, suitable
for optimal manufacturing of rigid modular-type rotors, the
need for further research in this direction became appa-
rent. For this purpose, the authors of this article have for-

mulated the optimization task of calculating the optimal
plan for the acquisition of a technological batch of rotors.
The initial and output data, constraints and three variants
of the objective function are formulated.

Recommendations on the choice of variants of the ob-
jective function are given. Forms of technological docu-
ments for lots of complete elements (modules) and an op-
timal plan for manning are proposed. Two methods and,
correspondingly, two algorithms for solving the problem
were proposed. The first method is hased on sequential
optimization using pair permutations. The second method
is based on random search (the Monte Carlo method). Both
algorithms converge in probability to a global optimum.

Scientific novelty consists in setting up an optimiza-
tion task, recommendations on the choice of the target
function, proposed methods and algorithms for solving, and
also in obtaining statistical data on the convergence of the
result to a global optimum.

Practical significance consists in confirming the pos-
sibility of minimizing the imbalances in a batch of rigid ro-
tors of the modular type by their optimal manning without
correcting the mass, the need for 100% input control of the
module parameters, and also in using the proposed forms
of technological documents. The materials of the article
can be used to organize the technological processes of as-
sembling the rotors of this type, which will significantly
reduce their imbalances, reduce noise and vibration, and
increase reliability during operation.
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