HaykoBuii XXypHan MeTiHBecT MonitexHikn. Cepist: TexHiuHi Hayku, Ne 4, 2025

UDC 62-523: 62-83-52 (075.8)
DOI https:/ldoi.org/10.32782/3041-2080/2025-4-18

CONSTRUCTION PRINCIPLES OF ROLLER-BIT DRILLING RIGS DRIVE SYSTEMS
FOR KRYVYI RIH QUARRIES

Khilov Victor Serhiiovytch,

Doctor of Technical Sciences, Professor,

Professor at the Department of Automation, Electrical and Robotic Systems
LLC “METINVEST POLYTECHNIC “TECHNICAL UNIVERSITY”

ORCID ID: 0000-0002-5583-4323

Dyfort Viktor Vasilyevich,
Student
LLC “METINVEST POLYTECHNIC “TECHNICAL UNIVERSITY”

Pavlyshyn Sergey Volodymyrovych,
Student
LLC “METINVEST POLYTECHNIC “TECHNICAL UNIVERSITY”

Pavlyshyna Olena Yurivna,
Student
LLC “METINVEST POLYTECHNIC “TECHNICAL UNIVERSITY”

The research of the study is to analyze, develop, and optimize the structural and functional principles of drilling
rig drive systems to ensure efficient energy transfer, resistance to dynamic loads, adaptation to variable drilling
conditions, and integration of control systems to improve drilling performance and safety.

The research was carried out on the basis of: analysis of technical documentation and standards — regulatory
and technical documentation on the requirements for the design and operation of drive systems of drilling rigs was
used; review of existing technical solutions — a comparative analysis of modern types of drives used in drilling rigs
for various purposes;, modeling and calculations — mathematical modeling of drive systems, taking into account
loads, speeds and efficiency; energy efficiency and reliability — the principles of construction are considered, taking
into account optimal energy consumption, automation capabilities and increased reliability of drives.

The application of the defined principles makes it possible to create a new generation drilling rig with increased
reliability and durability due to the adaptation of design solutions to the difficult mining and geological conditions
of Kryvyi Rih (abrasive rocks, vibration loads, dust); to increase energy efficiency by introducing frequency regulation
of electric drives, optimizing the operating modes of feed, rotation and lifting drives; modularization and unification
of drive units, which simplified the maintenance, repair and modernization of drilling rigs in the field; integration
of automated control systems, which allowed for adaptive control of drilling parameters and reduced equipment
downtime; increase in drilling process productivity, which is ensured by dynamic stability of drives, feed accuracy
and torque, which is especially important for deep drilling in hard rocks of Kryvbas.
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Xinoe Bikmop, fQugopm Bikmop, MNMasnuwuH Cepeil, MasnuwuHa OneHa. MpuHyunu noéyoosu
cucmemM npusody WapowKosux 6yposux sepcmamis 0715 Kap’epis Kpusopixksi

Memoto 00C/iOXEHHST € aHasi3, Po3pP06/IeHHsI ma onmumiszayisi CmpyKmypHUX | ¢hyHKUIOHa/IbHUX MPUHYUi8
nobyodosu MpusoOHUX cucmeM 6yposo20 Bepcmama 07151 3abesrneyeHHs ehekmusHoI nepedadi eHepeil, cmilikocmi
00 QUHaMIiYHUX HasaHmaxeHb, adanmauyii 0 3MIHHUX pexumis BYpIHHSA, @ makoxX iHmeapayii cucmem KepyBsaHHS
07151 MIOBUWEHHSI NPOdyKMUBHOCMI ma 6e3reku 6yposux pobim.

JocnidxeHHst 30ilCHEHO Ha ridcmasi: aHasisy mexHiYHOi 00KyMeHmayii ma cmaHoapmis — BUKOPUCMAaHO HOP-
MamuBHO-MeXHIYHy OOKyMeHmauito Wooo BUMO2 00 KOHCMPYKUIT ma ekcriyamauii MpusodHUX cucmem bypoBux
YCMAaHOBOK; 0271510y ICHYHYUX MEXHIYHUX PilieHb — MPOBEOEHO MOPIBHS/IbHUU aHa/li3 CyvacHUX muris rnpusoois,
Wo 3acmocosytombsCsi 8 6ypoBUX Bepcmamax pi3Ho20 NPU3HaYeHHs, MOOe/It0BaHHS ma po3paxyHKig — 30iUCHEHO
Mamemamuy4He MoOesiBaHHs pPo6omu NPUBOOHUX cucmeM 3 ypaxyBaHHAM HaBaHMaXEeHb, WBUOKICHUX PEXUMIB
ma KK/, eHepaoechekmusHocmi ma HadilIHocmi — po32/1iHymo npuHyunu nobyoosu 3 ypaxysBaHHsIM OnmuMa/ibHO-
20 eHepa0oCoXUBaHHSI, MOX/iugocmel asmomamu3ayii ma rnosuweHHs HadiliHocmi MpuBoois.

BukopucmaHHs BUSHaYEHUX MPUHYUMB dae 3Mo2y cmsopumu 6yposuli sepcmam HOB020 MOKO/THHS 3 Mi0BU-
WeHUMU HaoiliHicmro ma 008208i4HICMI0 3aB0sIKU adarimayii KOHCMPYKMUBHUX PilueHb 00 BaXKKUX 2ipHUY0-2€0/10-
2iyHuXx ymos Kpusbacy (abpa3usHi nopodu, sibpayiliHi HaBaHMaXeHHS, 3arnu/ieHicms); MosuUWUMU eHep2emuyHy
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ehekmuBHicmMb 3a PaxyHoOK ynposBaodXXeHHs 4aCmomHo20 peay/itoBaHHs e/1eKkmporpusodis, onmumisayii pexumis
pobomu npusodis nodadi, obepmaHHs i nidliomy; 30iliCHUMU MOOy/IbHICMb ma yHichikayito 8y3/1i8 rnpusoodis, Wo
Crpocmu/io 06¢/1y208yBaHHs1, PEMOHM i MOOepHI3ayito 6ypoBuUX yCcmaHOBOK Yy N0/1b0BUX yMOBaX; iHmeapayito asmo-
Mamu308aHUX cucmeM KepyBaHHSI, Wo da/1o 3Mo2y peasiisysamu adanmusHe pe2y/itosaHHs napamempis OypiHHS
ma 3HWKEeHHs npocmoig 0bs1a0HaHHs,; niosuwuMU rnpPooykmusHicms 6ypos020 rnpoyecy, wjo 3abesnedyemscs 3a
paxyHok duHami4Hoi cmabi/ibHocmi npusoois, MOYHOCMI N10dayi ma KpymHo20 MOMEHMY, W0 0CO6/1UBO akmya/ibHO

0151 2/1u60K020 BypiHHS Y mBepoux nopodax Kpusbacy.

Knro4osi cniosa: eHepaoehekmusHICMb, e/1eKmpornpusoo, 2idpornpusod, nodaya cmasy, Wapowkose 00/10mo.

Introduction. In  modern  engineering,
drilling rigs occupy an important place among
the equipment that ensures efficient mining,
geological exploration and other types of
underground operations. One of the key elements
of a drilling rig is the drive system, which ensures
rotation, translational movement and adjustment
of the working bodies, thereby determining the
productivity, reliability and economic efficiency of
the entire drilling rig.

Drilling rig drive systems are characterized by
a complex structure and high requirements for
performance parameters: they must withstand
heavy loads, provide precise control, adapt to
changing operating conditions, and have high
efficiency. Depending on the purpose and operating
conditions, different types of drilling rigs are used
in the design of drilling rigs: electric, hydraulic,
pneumatic and combined. Each of these types has
its own advantages, disadvantages, and areas of
application.

The purpose of this article is to analyze
the basic principles of building drilling rig drive
systems, determine the factors that influence the
choice of design solutions, and review current
trends in the design and modernization of such
systems. Particular attention is paid to the
relationship between the functional requirements
for the drive and its technical characteristics, which
ensure the efficient operation of drilling equipment
under conditions of increased load and aggressive
environment.

The systems of automatic control of the rotator
and descent-lifting operations are three-circuit
and five-circuit, respectively [1, 2]. The increase
in the number of control loops, as compared
to the general industrial drive, is explained by
technological features and opportunities that
arise due to the use of a faster transistor AC drive
instead of a thyristor DC drive [3].

Analysis of publications. It has been
established [4, 5] that with increasing bandwidths
of control loops in transistorized AC drive, not
only traditional di-namic links, but also additional
transfer functions due to elastic properties of the
drilling rig itself, hydro- and rope-polystyle systems
are included in the control loop objects. In the
investigated drive systems, the control loop of
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each parameter (coordinate) contains, as a rule,
not only one “large” time constant compensated by
the regulator action, but also a fractional-rational
function with time constants quite commensurate
with the allocated “large” time constant, which
significantly complicates the system synthesis
and does not allow the use of uniform control
algorithms [6-8].

Objective of the study. We will consider the
influence of an additional dynamic link in the control
loops by correcting the transfer functions of the
loop regulators without significantly changing the
dynamic characteristics of the classical regulators
of the general industrial drive.

Research results. Additional dynamic links in
control loops are described by fractional-rational
functions with high degrees. The characteristic
frequencies of additional transfer functions are
less than the cutoff frequency of the corresponding
controlloop, sothey significantly affectthe dynamics
of the control process. The generalized structural
diagram of the control object is represented as

follows

zamn 'pm
men _pm ,
where W, (p)-transferfunctionofthecompensated
part of the control object; Y. a,, p" /> b,,-p" -
transfer function of the uncompensated part of the
control object, represented as a fractional-rational
function.

The control object is structurally divided into
two links — compensated and uncompensated by
the classical regulator parts. The compensated
part is chosen as a dynamic link with one explicitly
expressed “large” time constant not higher than the
second order. Then the processes in the loop are well
corrected by the regulator with PID characteristic [6].

The required control laws for the investigated
rotary and downhill drives are determined by
the technological peculiarities considering
the restrictions imposed on the parameters of
electrical and mechanical parts of the drive system.
Restrictions are imposed on the parameters of
mechanical energy flow generated in the bottom-
hole area by the roller cone bit, the values of
accelerations and shocks allowed by the hydraulic
and rope-poly-resistance  systems, derrick

Wo(p) = Wokn(p) :
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design, overloading capacity of motors, their
permissible heating, etc. The above-mentioned
main factors together with the type of disturbance
(by disturbance channels for the rotator drive
and task — for the drive of downhole operations)
determine the permissible laws of change of both
the main (external or output) and all intermediate
coordinates of the drive system. Determination
of algorithms of regulators functioning is made
by means of sequential correction of dynamic
characteristics of each separate taken contour,
starting from the fastest — interna m = 1, to the
most external loop m = n with the minimum fast-
action. Optimization means bringing the dynamic
parameters of a closed loop into compliance with
the constraints imposed on the quality of the
transient process.

The generalized transfer function of the
optimized loop object under the assumptions
made can be written as follows [7, 8J:

Won (p) = Wokn (p) ! Wonn(p) =

_ 2&;1Tnlp+1 _Zamn'pm
_Tnz'p2+2'§n'Tn'p+l zbmn.pm,

where T,,T, — time constants; &,,&,— damping
coefficients.

Here, the dynamiclink W, (p) correspondstothe
links whose action is compensated by the controller.
The second dynamic link is represented by a
fractional-rational expression whose action cannot
be suppressed by the classical PID controller due
to the complexity of the compensation algorithm.
If we refer the time constants of the fractional-
rational transfer function to small uncompensated
time constants of the control loop, its performance
will be significantly reduced, which will negatively
affect the dynamics of the entire control system.
By selecting a small uncompensated time constant
of the optimized control loop, we determine its
permissible limit of fast performance.

In the considered drive systems, the time
constants of the additional dynamic loop link are
commensurate with large “compensated” time
constants, so they significantly affect the control
dynamics.

In the control circuits of the active component of
current, pressure in the hydraulic system of the drive
of down-lifting operations, as well as in the control
of the active component of current of the rotator
drive, the forcing effects of the circulating counter-
EMF and negative feedback in the hydraulic
system are affected. Uncompensated zeros in the
transfer functions appear in these circuits. In this
case, the loop controller with PID characteristic
does not bring the transfer function of the closed

loop in compliance with the requirements. To
compensate for the additional zero in the transfer
function, it is necessary to introduce one more
zero pole into the PID controller, which eventually
leads to the appearance of regulators with PID? —
dynamic characteristic. Therefore, even in those
cases when the characteristic frequencies of the
additional transfer functions of the control object
do not fall within the bandwidths of the marked
loops, the regulators of these control loops must
have ¢ PID? — dynamic characteristic

Tnz'p2+2'&n'-rn'p+1
pz'To

where T — constant controller integration time.

With this setting of the current and pressure
regulators, the static closed loop error tends to zero.

To suppress the elastic oscillations of the pack,
additional regulating links should be included in
parallel with the main regulators or their action
should be recalculated to the output of the current
regulator. The latter is preferable, since the
corrective action is applied to the fastest-acting
circuit. Algorithms of regulators operation at such
method of oscillatory processes pressure in the
control system are defined in the following way.

In order to compensate for additional transfer
functions, it is necessary to include in parallel to
each basic classical regulator a pre-additional
regulator with transfer function

1 Z(bmn_amn)'pm
Wio)- ’ Z m :
p'TO'Wokn(p) anm'p

At such compensation one can obtain an
additional regulator with polynomials of numerator
and denominator, reaching up to sixth powers,
in the loop of current of drive of descent-lifting
operations, up to fourth powers — in the loop of
speed of motor of drive of descent-lifting operations
and in the loop of current of drive of rotation, that
complicates their realization in the classical form.

If we bring the action of all additional regulators
to the output of the internal regulator, we can find
one regulator that covers the classical regulators
in parallel and replaces the action of these
regulators. In this case, the algorithm of operation
of one regulator

W(p) =

1 ,Z(bmn_amn)‘pm
P T Won(P) D@y P"
1
1| P To - Weou (P)
nt| Db P
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X
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becomes more complex than the algorithm of each
regulator separately.

All algorithms for correction of dynamic
processes contain derivatives of at least the
second degree from the mismatch signal, which, in
the presence of noise, will affect the performance
of such compensation. Besides, the change of
control object parameters leads to instability of cha-
characteristic frequencies of drill rig oscillations,
so it is possible to adjust correction algorithms
only in one working point of contours. Changing
the number of connected drill rods leads not to
compensation of elastic oscillations by additional
correcting links, but to increase of oscillation of the
control system. Therefore, algorithms of dynamics
correction should have the properties of adaptation
to the variable parameters of the control object.

In connection with the above, we solve the problem
of compensation of elastic oscillations in the current,
pressure and speed circuits by applying the principles
of fuzzy control of complex objects, to which we refer
the electric drives of lowering and lifting operations
and the rotator of the drilling machine in the presence
of elastic links in the transmission.

The approach based on fuzzy set theory has
distinctive features: in addition to numerical
variables, fuzzy quantities, so-called “linguistic”
variables, are used; simple relations between
variables are described by fuzzy statements;
complex relations are described by fuzzy
algorithms.

This approach provides approximate, but at
the same time effective ways of describing the
behavior of systems so complex that adaptive
controllers with polynomials of high degrees in
both numerator and denominator are required to
correct their dynamics.

Conclusions. Thus, because of the conducted
researches it is established that:

— additional fuzzy corrective regulators should
be introduced into those control loops of drive
systems, where natural frequencies of additional
links of the control object are less than the loop
cut-off frequency;

— in the absence of free component in the
signal of the controlled coordinate the fuzzy
regulator does not affect the operation of the
classical loop regulator.
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