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Abstract. A comparative analysis of the characteristics of DRGs used in open-

cast mining in Ukraine is given. Experimental studies of the influence of drive sys-

tems and drill rigs on the dynamics of the drill process were carried out in the min-

ing and geological conditions of the Central Mining and Processing Plant (Kryvyi 

Rih, Ukraine). Frequency characteristics and analysis of dynamic properties of au-

tomated drive systems and frequency characteristics of transmissions of the rotation 
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mechanism are obtained. The behavior of natural frequency oscillations in closed 

control circuits of rotary actuators was studied and it was found that they cross the 

cutoff frequency and fall into the bandwidth from the attenuation band in frequency-

controlled asynchronous motors of new generation drill rigs when using the maxi-

mum number of connected tubes in the drill rod. It is established that the lowest 

oscillation frequencies due to the lateral frequencies generated by the oscillations of 

the drill rod fall into the fastest internal current loop.  

The purpose and objectives of research is energy and resource saving in the pro-

cess of drill subsoil wells by concentrating the flow of mechanical power in the bot-

tom hole zone and ensuring minimum dynamic loads in the drill machine in the 

presence of elastic connections and variable natural frequencies in multi mass 

transmission with concentrated and distributed parameters. 

The object of the study is the frequency compatibility of electromechanical pro-

cesses in the electric drive rotation of the drill rig with distributed parameters taking 

into account the change of attached distributed and concentrated masses to the 

transmission. 

The subject of research is the elastic properties of transmissions, frequency char-

acteristics of control systems and their mutual influence on the quality of work in 

electric drives. 
 

1 Introduction 
 

In the general technology of open pit mining in the open-cast 

mines of the Krivoy Rog basin of Ukraine, the cost of drill and blast-

ing operations is about 16-36% of the total costs of breaking hard 

rocks. In connection with the rise in the cost of energy carriers, elec-

tricity and consumables, the problem of using energy-saving tech-

nologies in the extraction of rocks becomes more and more urgent. 

Today, drill rigs (DRG) are operating in the open-cast mines of 

Ukraine, which have completely exhausted their standard resource. 

This state of the DRGs necessitates not only the modernization of 

existing ones, but also the introduction of a new generation of DRGs 

with longer DRDs and a multi-mass mechanical system of lowering-

lifting operations. 

Efficiency drill blast holes using roller-cone method is directly 

determined by the perfection level of electric drive systems. Intro-

duction fast-action transistor AC drive into rotation mechanism com-

position existing rigs, and also into the rotation and movement 

mechanisms in the rigs of the new generation instead of thyristor DC 

drive with middle-action is characterized by increased vibratory 

loads onto all mechanical designs of the rigs. These loads lead to the 

release of an energy flow not only in the bottomhole zone, where 
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rocks are destroyed, but also in structural elements directly on the 

machine, which increases mechanical stresses, fatigue of the machine 

material and leads to emergency failures of the rig (usually of drill 

mast). The frequency characteristics of the drive systems must be 

compatible with the dynamic characteristics of multi-mass mecha-

nisms with distributed and lumped masses with changing attached 

masses, which will ensure the release of the flow of mechanical 

power within the bottomhole zone and energy and resource saving 

when drill blast wells.  Therefore, the solution of scientific and ap-

plied problems to establish the regularities of the influence to dynam-

ic of electromechanical and hydromechanical parameters of DRGs as 

well as further development on this basis of the theory of high-speed 

automated electrical installations are now gaining relevance.  
 

2 The problem formulation 
 

Blast hole drill is one of the most energy-intensive and material-

intensive processes in the existing technology for the extraction of 

iron ore raw materials on open-pit mining works in Ukraine. Increas-

ing the efficiency of rock destruction with a roller cone bit, is con-

nected which the level of perfection of the DRGs drive systems. The 

works (Quang 2010, Novotny 1996, Boldea 1992, Boldea 2006) and 

many others are devoted to the development of the modern electro-

mechanical systems operation theory. 

The purpose of this study is energy and resource saving in the 

drill blast holes’ process by concentrating the flow of mechanical 
power in the bottomhole zone and also obtaining minimum dynamic 

loads in the DRG in the presence of elastic mechanical links and 

changing natural vibration frequencies of a multimass transmission 

with lumped and distributed parameters. 

Achieving this purpose involves solving the following tasks: 

• to develop a method for controlling the drill process with the 
formation of the mechanical characteristics with the variable stiffness 

on the roller cone bit, depending on the hardness of the rock which 

drill, through the influence on the motor rotation speed and DRD in 

bottom zone; 

• to evaluate the effect of forced and natural oscillations of the 
DRD on the dynamics of the operation of DRG with a thyristor DC 

drive (DRG SBSh-250MN-32) and thyristor and transistor AC drives 
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introduced with the participation of the author (DRGs SBSH-

250MN-32 and SBSHS-250N);  

• to fulfill further evolution of the scientific basis of the creation 

system of electric drive rotation taking into account technological 

features and had being developed control method of drill; 

• to study the electrohydromechanical transmission as an object of 
automatic control of the electric drive of lowering-lifting operations 

and to establish regularities in the change in the characteristic vibra-

tion frequencie; 

• to fulfill further evolution of the scientific basis for constructing 
the drive of lowering-lifting operations in accordance with object 

peculiarities and had being developed a method for controlling the 

drill process; 

• to fulfill further evolution of the active sequence correction 
method using fuzzy control systems for optimal control electric, elec-

tromechanical and electro-hydro-mechanical processes. 

The object of study is the frequency compatibility of electrome-

chanical processes and electro-hydro-mechanical processes in rotary 

DRD with distributed parameters and the drive round-trip and dis-

placementing rod with lumped parameters associated with the chang-

es in the distributed and lumped masses in the transmission. 

The object of the research is the frequency compatibility of elec-

tromechanical and electrohydromechanical processes in the electric 

drive of rotation of the DRD with distributed parameters and in the 

electric drive of lowering-lifting operations and feeding rod with 

lumped parameters, taking into account changes of the added as well 

as distributed and lumped masses into the transmission. 
 

3 Materials of research 
 

3.1. State-of-the-art and development trends of drive systems for 

rotary cutter blast hole drill 
 

In the open pits of Ukraine mainly in operation are rigs of medi-

um type SBSh-250MN-32 with thyristor DC drives in the rotation 

mechanisms of the DRD and unregulated asynchronous drives in the 

mechanisms of lowering-lifting operations and feeding the DRD as 

well in the mechanisms of DRG movement and in the compressor of 

the pneumatic transport system.  
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Machine-Building Plants of Ukraine have created:  

- DRG of type USBShS-250A (developer Krivoy Rog Plant of 

Mining Machine Builder KZGM, Krivoy Rog, Ukranian, has been in 

operation at Poltava Ore Mining and Processing Plant since 2004; 

equipped with drive systems, which are similar to systems of DRG  

SBSh-250MN-32 type);  

- new generation DRGs SBSh-250/ 270-32 (developer Novo-

Kramatorsk Machine Building Plant NKMZ, Kramatorsk, Ukranian; 

operated at Ingulets Ore Mining and Processing Plant  since 1999; 

equipped with thyristor DC drive in the mechanism of rotation, hy-

draulic drives in mechanism of movement and lowering-lifting of 

DRD); 

- SBShS-250N (developer NKMZ; operated on the Central Ore 

Mining and Processing Plant since 2003; equipped with transistor 

AC drives in the mechanisms of rotation, rod lowering-lifting and 

movement of rig, which are introduced according to the recommen-

dations of the author).  

Along with the development of a new generation DRGs, the exist-

ing ones are being modernize. According to the author's recommen-

dations, when upgrading rigs of type SBSH-250MN-32, have intro-

duced drive AC system in the mechanisms of DRD rotation, which 

are operated in the Central Ore Mining and Processing Plant: thyris-

tor drive AC with current source (in operation since 1998); Transis-

tor AC drives with a voltage source (in operation since 2005).  

The transistor AC drive systems using instead of DC thyristor 

drives has significantly changed the work dynamics of DRGs in the 

process of drill blast holes. To establish the quantitative characteris-

tics of the operation of the DRGs electromechanical systems, exper-

imental studies were carried out directly in the mining and geological 

conditions of the Central Ore Mining and Processing Plant. Dynam-

ics of the head cross-arm of DRD rotation mechanism rig rod with 

four drive systems is experimental studed:  for SBSh-250MN-32 

type machines equipped with thyristor and transistor drives DC and 

AC, and for SBShS-250N type machine equipped with transistor AC 

drive. 

Oscillograms of transient in the transistor drive of the DRG rotation 

for SBShS-250N type shown in Fig. 1a (drill of leached oxidized mar-

tite-hematite hornfels: the strength factor on the scale of Prof. M.M. Pro-
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todyakonov - from 13 to 15; drill category by the scale of the Central 

Ore Mining and Processing Plant - IV; the rocks are very fractured, the 

distance between the fractures is from 0.2 to 0.3 m). 

 
 

Fig. 1. Oscillograms of transients in the rotation drive of DRG SBSh -250ɆN-

32 with system of frequency converter- induction motor with the inverter voltage: 

A-vibration displacement of the pressure traverses of the head top (axial pressure on 

the rod of 250 kN, the drill with the three DRDs) 
 

 

 

Harmonic analysis (Fig. 2) of the vibrations of the drill head pres-

sure traverse confirmed the well-known position that an increase in 

the bit rotation frequency leads to an increase in the frequency and 

amplitude of forced vibrations. Along with the known regularity, a 

new one appeared: in the spectra of the amplitude-frequency charac-

teristics of the vibrations of the new generation DRG SBShS-250N 

type, a harmonic appears at a frequency of f=1.02 Hz, which does not 

depend on the rotation frequency of the DRD. Other harmonic com-

ponents are subject to the same law, which was on the existing rigs 

type SBSh-250MN-32.  
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Fig. 2. Oscillogram vibration displacement of head projectile at 60 rev / min (a) 

and the amplitude spectrum of vibration frequency characteristics (b) of the machine 

SBSh -250ɆN-32 with transistor AC drive system SIV - induction motor (axial 

pressure on rod 250 kN, drill with three rods) 
 

Other harmonic components obey the same regularity that turned 

out to be on the existing BS of the SBSh-250ɆN-32 type. The ap-

pearance of the oscillation harmonic, which does not depend on the 

rotation frequency and is located in the passband of the control system, 

indicates the need to take into account the effect on the dynamics of the 

drill process not only of forced oscillations, which are characteristic of the 

DRG SBSh-250MN-32 type, but also of the natural oscillation frequen-

cies of the stave ɋȻШC - 250H machine. The use of a transistor frequen-

cy-controlled drive on the SBSHS-250N machine led to an increase in 

high-frequency components in the shaft rotation frequency (DRD) and 

motor current, Table 1 (where denoted with SIT, VIN - standalone invert-
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er current and voltage). 

Along with the general industrial electric drive, which is now im-

plemented at the DRGs, object-oriented drives with automatic con-

trol of the modes of drill blast holes for roller cone machines are 

known, which are based on next control methods: stabilization of the 

torque, minimum costs for drill a meter of borehole, maximum ve-

locity drill. However, such systems drive the widespread introduction 

in the Krivoy Rig basin did not find, as ideas have being putted into 

their foundation at experimental verification are not received confir-

mation. Therefore, when developing a method for controlling electric 

drives of feed and rotation of a rod in the process of roller cone drill, 

we take on based  the control method put forward at the Ivano-

Frankivsk National Technical University of oil and gas and partially 

experimentally tested at the Poltava Ore Mining and Processing Plant 

(where mining and geological conditions are similar to those of the 

open pits of the Kryvyi Rih basin) with control of the power of the 

engine rotation of the rod, which helps to increase the durability of 

the bit and reduce the cost of drill and blasting operations. 

In order to increase the durability of a roller cone bit by maintain-

ing the power flow in the bottomhole zone, the author has developed 

a method for controlling the drill process with control of the electric 

drives of the rotation mechanisms and the lowering-lifting of the 

DRD, in which hard mechanical characteristics are formed on a roll-

er cone bit when drill in rocks with a strength f≤10-13 on the scale of 

prof. M.M. Protodyakonov and soft mechanical characteristics in 

harder rocks. When drill rocks that are variabled by physical and me-

chanical properties, the control method provides automatic selection 

of mechanical characteristics depending on the strength of the rock. 

The control method is protected by a patent of Ukraine (Khilov V.S. 

2003). 
Table 1 

Quantitative characteristics ripple depending on the type of electric drive sys-

tems rotation rod and DRGs 
 

The rotation drive types 

and DRGs types 

Peak-to peak ripple during drill, % 

motor speed (rod) motor current 

Thyristor DC drive,  

rig SBSh-250MN-32 
0,51 28,4 

Thyristor DC drive SIT - 2,56 25,3 
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induction motor,  

rig SBSh-250MN-32 

Transistor AC drive SIV - 

induction motor,  

rig SBSh-250MN-32 

3,51 25,6 

Transistor AC drive SIV - 

induction motor,  

rig SBShS-250N 

3,02 27,1 

 

The implementation of the developed method for controlling the 

drill process leads to the need to control and limit at permissible lev-

els in electric drives: of rotation of the DRD – the flow of mechani-

cal power on a roller cone bit in the bottomhole zone; of the lower-

ing-lifting DRD – the pressure in the hydraulic system and the linear 

velosity of movement of the drill, which requires further develop-

ment of scientific foundations for the creation of object-oriented 

drive systems for the DRGs of a new generation. 

Now the problem of the mutual influence of the dynamic charac-

teristics of high-speed transistor AC drives and the frequency charac-

teristics of the transmission of DRGs is insufficiently studied and is 

relevant. This is due to the introduction of both DRGs with new de-

sign solutions and electric drives of a new generation, which signifi-

cantly changed the natural oscillation frequencies of the electro-

gidro-mechahical systems of lowering-lifting operations and feed 

and electro-mechanical rotation of the DRD. 

3.2 Analysis of the DRD dynamic properties as an object of au-

tomatic control 

In the control system of the rotation electric drive, as shown by exper-

imental studies (Khilov 2004, Pivnyak 2005), it is necessary to take into 

account the frequency properties of the control object. For this purpose the 

frequency characteristics of DRDs (Khilov 2020), which are used in the 

open pits of Ukraine in the roller cone bit rigs, were determined. 

The DRGs rods have a length from 8 m (rigs USBSHS-250Ⱥ, 
SBSh-250MN-32) to 11 m (rig SBShS-250N). From a design point 

of view, they are hollow rods of circular cross-section, one end of 

which is pivotally supported on the roller cone bit, and the other one 

has a sliding pinching in the head cross-arm of DRD. The DRD is 

under pressure from the feed force. When determining the frequen-

cies of natural vibrations, the DRD was investigated as a linear sys-
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tem with a uniformly distributed mass, in which longitudinal, tor-

sional and transverse vibrations do not depend on each other. The 

mass of the roller cone bit was neglected in the analytical study. 

As a result of theoretical studies, a mathematical model was obtained 

for determining the natural frequencies of longitudinal, torsional and 

transverse vibrations both for a DRD with one rod and during its growth, 

Table 2 (where u - the longitudinal displacements of the current section of 

the rod; t - the time; φ - the angle of rotation of the cross section rod; x - 

current distance; y - cross-sectional displacement of the rod). On the basis 

of the model, a method was developed for calculating natural vibrations, 

which made it possible to calculate the vibration frequencies of a DRD 

with a variable number of rods (Khilov & Plakhotnik 2004, Pivnyak 

2003, Kozhevnikov & Khilov 2012). 

From a comparison of the natural frequencies of longitudinal, tor-

sional and transverse vibrations, obtained by calculation, with the 

natural frequencies that were identified in experimental studies 

(Khilov 2006), it follows that when drill with one or two rods, re-

gardless of the type of DRGs, the natural frequencies of longitudinal 

and torsional vibrations of the rod do not fall within the passband of 

both DC and AC drives. When drill with three rods in the SBSH-

250MN-32 rig, low-frequency natural transverse oscillations of the 

rod with a value of 2.36 Hz were experimentally recorded, their cal-

culated value according to the developed method was 2.48 Hz. When 

drill with three rods with the SBShS-250N rig, the natural low-

frequency transverse vibrations of the rod with a cyclic frequency of 

1.02 Hz were experimentally recorded. The calculated value of this 

frequency is 1.05 Hz. 
Table 2 
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Longitudinal 

oscillations 
Torsional vibrations Transverse vibrations 
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 – density 
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The low-frequency components of the transverse vibrations of the 

DRD do not directly affect the dynamic processes in the drive sys-

tem. However, they lead to unacceptable dynamic loads not only on 

the DRD, but also on the DRG as a whole, which significantly re-

duces the average time between failures of structural units and signif-

icantly limits the productivity of drill and blasting operations, there-

fore the drive system must limit transverse vibrations of the DRD to 

an acceptable level. 

The dynamics of the AC drive system is directly affected by tor-

sional vibrations of the DRD, provided that its natural frequencies 

fall within the passband of the current loop as well as speed one. 
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These conditions are fulfilled in the AC drive system introduced on 

the ɋȻШɋ-250H rig with a transistor autonomous voltage inverter 

with pulse-width modulation (SIV-PWM) with a speed loop pass-

band of 200 rad/s, when drill with four rods.  

Operation of a DC drive system with a thyristor voltage converter 

and a speed loop passband of no more than 50 rad/s in SBSHS-250N 

and SBSh-250MN-32 DRGs does not lead to the fall into passband 

of the natural frequencies of the DRD torsional vibrations. 
 

3.3 Drive system for rotation of the DRD 
 

To obtain the desired hyperbolic dependences between the rota-

tion frequency of the rod and the strength of the rock, which is de-

stroyed by the bit according to the developed drill method, it is necessary 

not only to maintain the rotation speed of the electric motor (bit) at a con-

stant level when drill soft rocks, but maintain also the flow of power on 

the roller cone bit at a constant level when the destruction of hard rocks in 

the area of the work face. In this case, the control system should automati-

cally, without operator intervention, select the rotation speed of the roller 

cone bit at a variable and a priori unknown value of the strength of the 

rock being drilled. 

When drill with one or two rods (Section 3.2), the lowest frequency of 

torsional vibrations of DRD of the SBShS-250N, USBShS-250Ⱥ and 
SBSH-250MN-32 type rigs is higher than the cutoff frequency of the sta-

tor current and the rotation speed control loops (Khilov V.S. 2006). There-

fore, under such conditions, when developing an electric drive system for 

the rotation of the DRD with control of the electromagnetic power, it is 

possible to ignore the influence of the natural torsional oscillations of the 

DRD on the control dynamics, since they are in the attenuation band out-

side the passband of the control system. 

It has been established (Khilov V.S. 2011) that the direct connection of 

the external loop of electromagnetic power leads to the parallel connection 

of the control loops of the rotation frequency and current through the 

presence of cross-links in the control object. For such a control system, a 

method has been developed for calculating the dynamic correction of the 

power control loop (Khilov V.S. 2012), which takes into account the per-

turbation across the motor stator current channel to the power control 

loop. With the introduction of a permanently switched on external power 

control loop, the power of the drive system is effectively maintained at a 
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given level when drill in hard rocks, and hard mechanical characteristics 

are realized when drill soft and fractured rocks.  

To implement this control method, a power control system using non-

linear correction in feedback (Khilov V.S. 2012) has proposed and inves-

tigated. For this purpose, the reference signal at the input of the speed con-

troller is divided into a signal that is proportional to the moment of re-

sistance on the roller cone bit (Fig. 3). 

 

 
 
Fig. 3. Vector control system of destroyed rock power with roller cone bits: PA, 

IA, RLA - setting devices of power, intensity and nominal linkage; SC, CL, CC, CC1 

- speed controller, linkage and stator currents; SO - vibration sensor; MDD - multi-

plier-divider unit; SIV-PWM - autonomous voltage inverter with PWM 

 

The influence of nonlinear power correction on the stability of the 

control system is investigated (Khilov V.S. 2013). The characteristic 

equation of the external control loop is distinguished, which is a pol-

ynomial of the third degree. Therefore, the quality of management is 

assessed using the Visegradskiy diagram (Fig. 4).  
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Fig. 4. Zones of quality transient of control system with nonlinear power regulator 

 

The diagram used Vyshnegradsky coefficients A,B, which are 

quantitatively determined by the equations 

A=(a2
шb2

шT2
caшbшTcP3TM/M/Kш)/(a2

шbшT3
c)2/3;  

B=(aшbшTcaшbшTcP3TM/M/Kш)/(a2
шbшT3

c)1/3, 

where aш, bш - tuning coefficients; Tc- circuit current time con-

stant; P3 - the reference signal; M - motor torque; TM - mechanical 

constant; Kш - transfer coefficient of the speed sensor. 

In Fig. 4, the GH line is the locus of points belonging to the verti-

ces of the parabolas at the current values of the task for the power of 

destruction of the rock and the moment of resistance on the bit. It 

characterizes the quality of the transition process. With the minimum 

values of the Vyshnegradskiy coefficients 3 2
min шbшaA  , 

3 2
min шbшaB   and the coefficients of the velocity loop tuning 

aɲ=bɲ=1 line GH begins on the stability boundary, while aɲ=bɲ =2  

lies in the area of sustainable transient. The quality line of the transi-

ent process GH is located in zones I and III, without falling into zone 

IV. This indicates that the necessary and sufficient condition for 

maintaining the stability of the control system is not violated even 

with the introduction of nonlinear correction (Fig. 3). 

If there are more than three rods in the DRD (Khilov V.S. &  
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Glukhova N.V. 2019, 2020.), torsional vibrations of the DRD are low-

frequency and fall within the passband of the control system of the drive 

AC rotation of the SBSHS-250N rig, i.e. they are affected onto the opera-

tion of the control system when drill with a completely assembled DRD, 

which degrade the control quality of the entire electromechanical installa-

tion and increase vibration loads on the DRG as a whole. 

For the study, only the frequency of the lowest vibrations of the 

DRD was taken, which fell into the passband, and other frequencies 

that are in the attenuation band were not taken into account. The 

equivalent circuit of torsional vibrations is a system with concentrat-

ed masses of the rotor of an induction motor and the mass of the 

DRD reduced to the rotor speed. These two masses connected by 

elastic element stiffness is determined by the lowest frequency tor-

sional vibrations of DRD. In selected calculation circuit there are 

additional dynamic links in the control loops (Table 3, where TI,TEM, 

Tɍ - time constants: electromagnetic, electromechanical, torsional 

vibrations composition; Г,  - coefficients ratio of inertial mass; ȟɭ- 

damping coefficient of elastic vibrations DRD). 

The dynamic characteristics of control loops under the influence 

of the elastic properties of the DRD on the control processes in the 

drive system are analysed.  

It was established that when using classical PID controllers, only 

local optimal tuning of the control system is possible. 

When the number of connected DRDs is changed from one to 

four, the classic PID control settings do not provide optimal dynamic 

performance over the entire range.  

This is possible only with the use of adaptive controllers, which 

must change not only their parameters, but also the control structure 

within wide limits, and also provide the ability to find derivatives of 

the fourth-order error signal in the presence of noise in the control 

signal.  

Therefore, the classical control system can function effectively 

only if decrease rapidity of 
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Table 3 

Additional dynamic links in the control loops of the drive rotation 

Loop Loop additional dynamic link 

Current 
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Tp




 

 

action to a level where its own characteristic frequencies are shifted 

to the zone of damping control loops. In the field of classical control 

systems is only possible construction of control systems with a low 

rapidity of action, which is contrary to the quality requirements of 

the electromechanical system of DRD rotation. 

The studies carried out allow us to formulate a concept for the 

construction of automated drives for DRD rotation of rigs for open 

pits, according to which, in order to save energy and resources, de-

pending on the strength of the rock, the mechanical characteristic on 

the roller bit is supported with constant or variable stiffness and limi-

tation of longitudinal vibrations of the DRD by the control system. 

The concept uses the principles of regulation, in which longitudinal 

vibrations are limited by influencing the setting signal of the speed 

setting unit with the simultaneous control and limitation of techno-

logical parameters, which leads to the concentration of the flow of 

mechanical power in the bottomhole zone. 

3.4 The electro-hydro-mechanical transmission properties research 

as object of DRD lowering-lifting drive system control 

The DRG SBSHS-250N type by Closed Joint-Stock Company 

NKMZ that had been designed, significantly differs from SBSh-250MN-
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32 type rig by electro-hydro-mechanical transmission  in the mechanism 

of lowering-lifting of DRD. Into a kinematic link between the drive motor 

and the drill rog in SBSHS-250N type rig in rod translation displacement 

are included a hydraulic pump, hydraulic motor (HM) with reducer gear 

and rope-polyspast system (RTS) (Khilov 2012, Pivnyak 2005). 

A mathematical model of the control object have obtained based 

on decomposition approach in the assumption that the motor and 

gear having lumped parameters; mass of oil which circulates in the 

hydraulic system (HS) is not considered in account of its small 

amount in comparison with other masses; change in viscosity with 

temperature is neglected, i.e., isothermal processes is considered; oil 

leakage from the HS is directly proportional to the pressure in the 

pipes; changing in the volume of lubricating oil in the pipeline di-

rectly proportional to the volume of supply pipeline and inversely 

proportional to the bulk modulus of the pipeline material. 

Block diagram of the control object of electro-drive lowering-lifting 

operation is shown in Fig. 5, where x1 - speed Ȧ1 of the drive motor; x2 - 

the moment of Mɝ, that is developing by the HS; x3 - speed Ȧ2 HM; x4 - Mɭ 

moment that corresponds to the force that is transmitted by rope; ɯ5 - line-

ar velocity of the DRD, which is reduced to a rotation speed Ȧ3; J1, J2, J3 - 

moment of inertia of the motor, HM, DRD; Кɝ - hydraulic transmission 

coefficient; Ɍɝ– time constant of the HS; į - coefficient of leakage in the 

ɇS; c, b - coefficients of stiffness and dissipative forces RTS; M, Mɋ - 

torque and resistance moment. 

 
 

Fig. 5. Block diagram of the control object of the drive lowering-lifting  

operations and feed DRD 
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From the analysis of the obtained mathematical model of the con-

trol object of the electric drive of the lowering-lifting and feed opera-

tions, it follows that in order to implement the developed method of 

controlling the drill process, it is necessary to control, in addition to 

the traditional coordinates (the current and motor speed), also tech-

nological coordinates it are the pressure in the hydraulic system, the 

rotation frequency of the hydraulic motor and linear the velocity of 

movement of the DRD, which needs a corresponding introduction of 

the control loops.  

The presence of elastic links in the transmission leads to appear-

ance of additional fractional-rational function, the zeros and poles of 

which are moved from the low to the high frequency region and 

cross the cutoff frequency of the loop with a decrease in the number 

of rods in drill string from four to zero.  
 

3.5 Constructing a system of motor control lowering-lifting and feed 

DRD 
 

According to the developed method for controlling the drill pro-

cess, electro-hydro-mechanical drive control system with distributed 

correction along the loops of dynamic parameters is proposed and 

investigated (Pivnyak G.G. 2005). The system, in addition to the 

electro-mechanical parameters of the drive motor, controls the tech-

nological parameters defined in Section 3.4 (Khilov 2012), which 

make it possible to efficiently optimize the dynamic loads in the en-

tire transmission, automate the processes of lowering-lifting and 

feeding the bit to the bottom, and implement the proposed method 

for controlling the drill process. 

At the beginning of the movement of the drill string with more 

than three connected rods, in addition to the traditional aperiodic 

link, the fractional-rational fraction function of the sixth order also 

enters the current circuit. When tuning the loop to the technical op-

timum, the classical transfer function of the current regulator must 

have an inverse transfer function of the loop control object, which is 

a rather complex controller in implementation, since it is necessary 

to find high-order derivatives (up to the sixth inclusive) of the error 

signal. In addition, the regulator must have the properties of adapta-

tion or robustness due to changes in the stiffness of the rope-

polyspast system and the weight of the drill string. As the rope length 
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is decreased, as well as the decrease in the number of DRDs in the drill 

string, the characteristic vibration frequencies shift towards large values 

on the complex plane, crossing the cutoff frequency of the loop.  

A traditional PI current controller with a classical tuning does not 

suppress any of the poles of the control object of the loop, and the 

presence of additional element in the control object through a signifi-

cant influence of the circulating electromotive force leads to the loss 

of astaticism in the current loop. 

In addition to the closed loop of the stator current regulation of the in-

duction motor, the mechanical link of the electric drive, an additional 

transfer link enters the control object of the rotation frequency, which 

takes into account the elastic properties of the transmission. For the elec-

tric drive of the lowering-lifting and feeding operations of a SBSHS-250N 

medium-type rig, the characteristic oscillation frequencies of the addition-

al dynamic link when moving three or less rods lie in the region that is 

higher than the cutoff frequency of the rotation frequency loop, therefore, 

they do not affect the dynamic processes in this loop. When moving four 

DRDs, which are guaranteed by the manufacturer as a standard operating 

mode of the DRG, the characteristic oscillation frequencies fall into the 

passband and significantly change the dynamics of the closed rotation 

speed loop, i.e. when present four or more rods in the drill string, it is nec-

essary to correct not only the influence of dynamic processes in the cur-

rent loop by introduction of the first additional regulator, but also the rota-

tion frequency by introducing a second additional regulator. 

The characteristic frequencies of the numerator and denominator 

polynomials of additional dynamic elements that have founded (Ta-

ble 3) made it possible to reveal the regularity in which the character-

istic frequencies of the numerators and denominators (zeros and 

poles) are periodically repeated in adjacent contours. Only one char-

acteristic frequency in the current loop is determined by the parame-

ters of the induction motor itself and does not depend on changes in 

the transmission parameters. The characteristic frequencies of the 

current loops, the rotation speed of the electric motor shaft and the 

pressure are side ones with respect to the frequency 1/Ɍɭ and are 

generated by elastic oscillations of the rope-polyspast system with 

taking into account the hydravlic system influence, and change non-

linearly depending on the number of rods screwed onto the drill 

string and the ropes length. 
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A regularity has been established between the parameters of the 

control object, in which the dynamic links, due to the presence of 

compliance in the transmission, will not be negatively denoted on the 

dynamic loads in the transmission. So for an electric drive of a medi-

um-type rig, the characteristic oscillation frequencies of an additional 

dynamic link, when three or fewer rods are moved, lie outside the 

bandpass of the rotation frequency loop, and therefore they do not 

affect the dynamic processes in this loop. 

On the basis of the research carried out, the scientific foundamen-

tals for the construction of automated electric drives for the drill 

string lowering-lifting and feeding operations for DRGs new genera-

tion for Ukranian open-pit mines condition have been developed. 

According to which, in order to maintain optimal technological pa-

rameters, technological parameters are controlled and limited at an 

acceptable level - the linear velocity of movement of the drill string, 

the rotation frequency of the hydraulic motor and hydraulic pressure. 

To implement the scientific concept of constructing a control sys-

tem for electric drives of rotation (Section 3.3) and lowering-lifting 

operations and supply of the rod (Section 3.5) with correction dis-

tributed along the loops, we come to the need to solve the problem: 

to obtain normalized transient in control loops if the control object 

contains not only transfer functions of the second order, and frac-

tional-rational functions inclusively up to the sixth order with zeros 

and poles that can move through the cutoff frequency of the loop. 

The solution was found in the field of control systems with fuzzy 

laws, which allow maintaining high-quality transient processes when 

changing the quantitative characteristics of the control object within 

wide boundaries.  
 

3.6 Method of active sequence correction using fuzzy control  
 

Generalized block diagram of the control object complex EM and 

EHM installations is shown in Fig. 6, where Wɨɤɩ(s) – transfer func-

tion of the control object compensated part; Σamns
m/ Σbmns

m– addi-

tional transfer function that has defined by the transmission elastic 

properties and is represented as a fraction-rational function (Pivnyak 

G.G & Khilov V.S. 2004).  

To compensate action of the additional transfer function is neces-

sary to each basic classic controller, an additional regulator connect 
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or in series with the generalized transfer function having the form 

W’ɩ(s) = Σbmns
m/Σamns

m or in parallel with the transfer function Wɩ(s) 

= 1/(sTOTWokn(s)) (Σbmn-amn)s
m /( Σamns

m ), which has the parameters 

according to the control loops. 

With such compensation, we obtain regulators additionally dis-

tributed along the contours with the polynomials of the numerator 

and denominator, which are equal to the sixth degree - in the current 

loop of the drive of lowering-lifting and feeding operations, and the 

fourth degree - in the loop of the rotation frequency of the drive mo-

tor of the lowering-lifting drive and the current of the drive rotation 

of the drill string, which creates difficulties when regulators imple-

mented in the classical form. 

If the output signals of all other regulators reduce to the output of 

the inner regulator, then instead of several connected in parallel to 

each contour regulator come to the single concentration regulator, 

which the classical regulators cover in parallel. In this case, get one 

regulator that has concentrated in the inner-loop controller, and its 

work algorithm becomes more complex than the work algorithms of 

the each distributed controllers. 

 
Fig. 6. Generalized block diagram of the control object 

We solve the problem of compensating for elastic vibrations in control 

loops by applying the principles of fuzzy control of complex objects. In-

stead of classical corrective controllers, we introduce fuzzy controllers 

into each loop (Fig.7) or bring the action of all additional controllers to the 

output of the internal classical controller (Fig.8). 

In the additional fuzzy corrective controller, there are no a priori 

assumptions regarding the number and relative position of member-

ship functions, therefore, the synthesis of the fuzzy controller is car-

ried out in two stages. At the first stage, we find the number of mem-

bership functions based on the cluster analysis of the input signal 

vector of the fuzzy controller, and at the second, we adjust the dy-

namics of its operation on the artificial neural network. 
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Fig. 7. Control system with additional parallel fuzzy corrective controllers, 

which are distributed in the loops 

 
Fig. 8. The control system with additional parallel fuzzy corrective regulators, 

which concentrated in the inner loop 
 

For a quantitative comparison of the quality of transient processes 

(Fig. 9), the introduced integral estimates, which take into account 

the decay rate and the value of the coordinate deviation in aggregate. 

 
Fig. 9. Vector control system of the rotation drive with hysteresis current regula-

tor, PID speed controller WSC(s), flux linkage WCL(s), current WCC1(s), PD-fuzzy 

correction FR0 (a); transients in the system (a) without the fuzzy correction (b), and 

fuzzy correction (c) where MКɊ - drive torque, which is turned by phase in angle in π 
radians, M0 - reactive resistance moment at roller cone bits, Wad - frequency shaft 

rotation of AD, Wш  - speed of roller cone bit, U3 - reference signal to an external 

speed loop (all variables are given according to their rated values and in relative 

units are expressed) 
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The deviation was calculated not only from the given level, but also 

the deviation of the motor current and the deviation of the rotation speed 

to the second and third derivatives, respectively (Yager & Filev 1984, 

Zadeh 1976, Pivnyak 2004, Khilov 2011, Khilov & Glukhova 2004, 

Terekhov 2001, Terekhov 1996, Leonenkov 2003, Medvedev V.S. 

2002). 

These estimates Iш, Iɫ characterize the approach of transient to ex-

tremals, due to the solution of the differential equations of the character-

istic polynomials of the optimized circuits of the rotation frequency and 

motor current. As follows from the analysis of the values Iш, Iɫ of the 

integral estimates of the indicators of the transient process, the greatest 

deviation from the optimally tuned control system is observed when 

using a PI-fuzzy controller, and least of all - a PD-fuzzy controller. The 

PID controller has intermediate indicators of control quality. Therefore, 

in the algorithms for the operation of a fuzzy current and speed control-

ler, it is enough to limit ourselves to two components - proportional and 

differential (Pivnyak G.G & Khilov V.S. 2004). 

The use of classical systems with the correction distributed over 

the loops makes it possible to effectively limit the current and limit 

values of the coordinates that are controlled, and the use of fuzzy laws 

effectively compensates for the actions of the elastic properties of the 

transmission in the control loops. Thus, we obtain the adaptation of con-

trol systems for electric drives of rotation, lowering-lifting and feed opera-

tions to the operating modes of the DRG and parameters of the control 

object, which allows the proposed energy and resource-saving control 

method to be applied in the process of drill blast holes. 

Such approach to the action suppression of additional fraction-

rational functions of high order in the control loops allows imple-

menting the proposed concept of object-oriented automated electric 

drives of rotation and lowering-lifting DRD of career DRGs of the 

new generation. In which to improve the quality of regulation the 

DRD natural torsional vibrations and elastic vibrations in hydro and 

rope-polyspast systems are suppressed by introducing into laws of 

the loops classical regulators additional fuzzy control laws. 
 

4. Conclusions 
As a result of the research, the following results were obtained.  
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1. Analysis of dynamic properties of automated driving systems 

and frequency characteristics of transmission mechanisms of rota-

tion, lowering-lifting and feed DRD of DRGs allowed to put forward 

the idea of building automatic control system, which concentrates the 

flow of mechanical power in the area of the bottomhole by suppress-

ing forced transverse vibrations of rotating and natural torsional os-

cillations, which minimizes the dynamic load on the nodes of DRGs 

and provides energy and resource efficiency when drill blast holes. 

2. The analysis of the methods of automatic control of the process 

of rotating drill of blast wells at the modern level of technological 

advances has shown that it is rational to carry out drill on the basis of 

the energy criterion, according to which the bit has the greatest dura-

bility at a uniform energy load, i.e. when supporting the linear 

growth of the mechanical energy of rock destruction or by keeping 

the mechanical power at a constant level, which is released in the bit-

bottom hole contact zone. In this case, depending on the strength of 

the rock, it is necessary to form a mechanical characteristic on a bit 

with variable or constant stiffness. 

3. It has been established that the most important for the devel-

opment of the theory of automated drives of rotation of the drill 

string are such revealed patterns of drill of blast holes: 

• in drill modes with a fully assembled string of 33 m long, trans-

verse natural low-frequency vibrations with a cyclic frequency of 

1.05 Hz are generated in the SBSHS-250N rigs (for the ɋȻШ-

250Ɇɇ- 32 rig -2.48 Hz with a string length of 24 m), which do not 

directly affect on the dynamics of the drive system, but lead to the 

appearance of additional loads on the units of DRGs, the suppression 

of which is possible only by reducing the frequency of the rotation of 

the string, which leads to a decrease in the productivity of mining 

operations; 

• when drill with the string with three or more rods, the angular 
frequencies of natural torsional vibrations in the SBSHS-250N rig 

are less than 186 1/s and fall into the passband of the transistor AC 

drive system with a cutoff frequency of the external loop of 200 1 / s, 

which significantly worsens the quality indicators control of the elec-

tromechanical system. It is advisable to compensate for such fluctua-

tions by means of the control of the drive system; 
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• low-frequency torsional oscillations of the drill string contribute 

to the emergence of additional fractional-rational functions of a high 

order both in the loop of the frequency rotation and in the loop of the 

current of the rotation electric drive, which, when using classical 

PID-Controllers, leads to the need to reduce the speed of the entire 

control system; 

• the zeros and poles of additional transmitting functions in the 

control loops, which are caused by elastic vibrations in the DRD, are 

repeated in adjacent control loops and, when the added masses in the 

drill string, shift relative to the loop cutoff frequency. 

4. On the basis of the established regularities during drill of blast-

ing wells, the scientific foundations for the construction of automated 

electric drives for rotation of the drill were further developed, ac-

cording to which the proposed and studied object-oriented drive sys-

tems for rotation of the DRG with a power flow regulator in the zone 

of rock destruction with nonlinear correction in the feedback channel 

were proposed and investigated. These systems implement a method 

for controlling the drill process based on an energy criterion, which 

provides for the formation of hard mechanical characteristics of an 

electric drive when drill rocks with a strength factor less than10-13 

points on the scale of M.M. Protodyakonov and a transition to soft 

mechanical characteristics when drill in harder rocks, which will en-

sure resource saving of roller cone bits.  

5. It was found that for the development of the theory of automat-

ed electric drives for lowering-lifting and feed DRD to the face, the 

following revealed regularities are most important: 

• to implement an energy and resource-saving drill method, it is 

necessary to control, in addition to the shaft rotation frequency and motor 

current, also the pressure in the hydraulic system, the rotation frequency 

of the hydraulic motor shaft and the linear velocity of the drill string; 

• from the elastic properties of hydraulic and rope-polyspast systems in 

the loops of control objects the oscillations appear, which quantitatively 

defined by the additional fraction-rational function of the sixth order in the 

current loop and the fourth - in the loop of frequency rotation; 

• in additional dynamic links of adjacent contours, repeating zeros 
and poles appear, which are excited by elastic vibrations in hydro- 

and rope-polispast systems. Repeated zeros and poles are shifted rel-
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ative to the cutoff frequency of the control loop when changing the 

added masses in the drill drill string. 

6. On the basis of the analysis of the regularities in rotation sys-

tems, lowering-lifting and feeding systems  of drill string on bottom 

delivery , the scientific concept of constructing automated electric 

drives for DRGs was further developed, according to which, in order 

to energy and resources save, depending on the strength of the rock 

that is being drilled,  on the roller cone bit is formed mechanical 

characteristic with constant or variable stiffness and limitation of 

lateral and torsional vibrations of the drill string, as well as vibrations 

in hydraulic and rope-polyspast systems. This concept differs in that 

the forced transverse vibrations of the drill string are limited by in-

fluencing on the signal of setting of the rotation speed of the rotation 

mechanism, and natural torsional vibrations and elastic vibrations in 

hydro- and rope-polispast systems - by introducing additional fuzzy 

laws into the control laws of classical loop regulators control with 

simultaneous control and limitation at the permissible level of tech-

nological parameters: in the rotation drive - mechanical power flow 

in the area of the work face; in the drive of lowering-lifting and feed 

operations of drill string to the bottom - the linear velocity of move-

ment of the drill, the frequency of rotation of the hydraulic motor and 

the pressure in the hydraulic system.  

7. Within the developed scientific concept of building automated 

electric drives:  

• the behavior of the characteristic frequencies of closed control 
loops was investigated and it was found that they cross the cutoff 

frequency and fall into the pass band from the attenuation band of 

frequency-controlled asynchronous motors in new generation 

SBSHS-250N rig both in the rotation drive - in the current and rota-

tion frequency loops, and in the drive of lowering-lifting and feed of 

the rod - in the current loop when the maximum number of connect-

ed rods in the drill string. It has been established that the lowest low-

frequency oscillations, which are due to lateral frequencies generated 

by oscillations of the drill string, hydro - and rope-polistpast systems, 

fall into the fastest-acting internal current loop; 

• for effective suppression of elastic vibrations in the control 

loops both in the rotation drive and in the drive of lowering-lifting 

and feed of the bit to the rock face, the established need for the use of 
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additional fuzzy controllers distributed along the loops or concentrat-

ed in the inner loops. It is proved that fuzzy controllers, which are 

concentrated or distributed outside the loops, should be applied in the 

loops, in the passbands of which additional fractional-rational func-

tions have fallen, which are due to the elastic properties of the trans-

mission, the characteristic frequencies of which are lower than the 

cutoff frequency of the contour with the maximum number of con-

nected rods in the drill string; 

• a method for calculating the training set for neuro-fuzzy control-

lers has been developed, which differs in that to find the training set, 

transfer functions are used in the form of high-order fractional ra-

tional functions, which are due to the properties of the control object. 
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Abstract  

Purpose. Substantiation and the development of principled schemas, acceptable 

to the existing technique, methods of production and transportation of natural gas of 

the offshore fields of gas or gas hydrates. Improving their efficiency by way maxi-

mum reduction of the energy consumed is the result of complex consideration of 

thermal properties and parameters of interaction of the components system within 

the deposit what is developing. 

Findings. The technology of gas hydrates withdrawing with the productive res-

ervoir without energy consumption for the phase transition is proposed. The ques-

tion of enrichment directly in situ of rocks what containing gas hydrates is consid-

ered. Dissociation of residue of the gas hydrates in the rock must be implemented at 

the expense low potential energy of sea water. The expediency of a compatible de-

velopment of gas hydrate and gas fields, by way binding of free gas in gas hydrates 

at the expense of presence of necessary temperature and pressure conditions at pass-

es it through the thickness of sea, is proved. Expediency combination into one a chain 

of the proposed technology of the development of the offshore fields of gas and gas hy-

drate with technology of gas transportation in hydrate form and its storage in terrestrial 

storages is proved. 

Originality. Ability to extract gas hydrates from the productive reservoir without 

the energy consumption for the dissociation, by creating conditions of its recrystalli-

zation as a result compatible actions of flooded streams of sea water in a mixture 

with an abrasive material and pressure fluctuations, is proved. Ability to extract 

natural gas from residue of gas hydrates in the pulp at the expense of low energy of 

seawater and changes of its pressure with depth is proved. 


