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The objective of research is to develop a scientifically based approach to the synthesis of a positional control sys-
tem for the hydraulic drive of a roller cone drilling machine, which ensures increased positioning accuracy, stability
of transient processes, and drive efficiency under variable loads typical of the drilling process.

The study has been conducted based on: the application of differential equations of hydraulic drive dynamics
(equations describing the movement of the executive hydraulic cylinder, pressure dynamics in cavities, working fluid
flow, and elastic properties of the hydraulic line are used); linearization of nonlinear equations (for stability analysis
and controller synthesis, the hydraulic system is reduced to a linearized model in the vicinity of the operating point);
modeling using transfer functions and block diagrams; Laplace transforms are used in the formation of drive transfer
functions and controllers for system analysis in the frequency and time domains; methods of automatic control the-
ory (stability analysis; controller structure selection; synthesis of P-, Pl-, PID-controllers for positional control) were
applied; optimization synthesis methods for calculating controller parameters that allow setting the desired eigenval-
ues of the closed system and ensuring the required positioning accuracy of the drive; modeling in MATLAB/Simulink
(used to verify the obtained mathematical model and check the operation of the synthesized control algorithm).

Theoretical and experimental research yielded the following scientific and practical results: a mathematical mod-
el of the hydraulic drive for a roller cone drilling machine was developed, considering the nonlinear characteristics
of hydraulic equipment, the compressibility of the working fluid, hydraulic losses, and the dynamics of the actuating
hydraulic cylinder. The model allowed us to investigate the influence of system parameters on positioning accuracy;
we analyzed the dynamic properties of the drive and identified the main factors that limit the accuracy and speed
of the position control system, in particular: hydraulic delays, force disturbances from the drilling process, and pres-
sure fluctuations in the hydraulic lines; a synthesis of the positional control system was carried out using methods
of automatic control theory; based on a linearized model, the choice of the regulator structure was justified and its
optimal parameters were determined; an algorithm for positional feed control was proposed, which ensures stable
transient processes and high accuracy of the specified position of the actuator under variable loads; a structural dia-
gram of the control system was developed, including a feedback module, corrective links, and an executive hydraulic
drive, and its operability was confirmed by modeling; the system was modeled in MATLAB/Simulink, the results
of which showed: a reduction in drive positioning error improvement of system stability to disturbances; a reduction
in the transition process time; a reduction in feed fluctuations during drilling.

Key words: electrohydraulic feed drive, position control, control system synthesis, mathematical model, roller
cone drilling, drive dynamics, position controller, transient processes.

Xinos Bikmop, MenibHU4yk AniHa, TponaHeyb AHOpIl. CucmemMa KepysaHHs1 e/iekmpoziopas/iidyHuUm
npusooom nodayi 6yposoi MawuHu

Memoro docridxeHHA € Haykoso 06rpyHmosaHuli nioxid 00 cuHmesy no3uyiliHoi cucmemu yrpas/iHHA
eiopasniyHuM MpusoodoM Modayi cmaHka Wapowe4yHo2o OypiHHS, skul 3abesneyye MioBUWEHHST MOYHOCMI
M03UyioHyBaHHs!, cmabi/ibHicmb NepexioHuUX Mpoyecis ma ehekmusHicmb pobomu rpusody B8 yMoBax 3MiHHUX
HaBaHMaXXeHb, B/1aCMUBUX MEXHO/I02iYHOMY MPOYeCy BYpPIHHSI.

ZocnioxeHHs1 30ilcHEHO Ha riocmasi 3acmocyBaHHsI OUGhepeHyiasibHUX PIBHSIHHSI OUHaMIKU 2idpas/iqyHo20
npusoda (BUKOPUCMOBYIOMbLCSI PIBHSIHHS, WO OMUCYHOMb PyX BUKOHaBY020 2i0poyusiiHopa, OuHamiky Mmucky
B MOPOXHUHaX, sumpamy pobo4oi pidUHU ma MpyXHIi sracmusocmi 2i0posiHil); niHeapu3auyii HeNMIHIGHUX PIBHSIHb
(015 aHanidy cmilikocmi ma cuHme3sy peayasmopa 2iopas/iyHa cucmema HasooumsCsi 00 /liHeapu30B8aHoi ModesTi
B OKO/IUYSIX POBOHOI MOYKU), MOOE/IKOBAaHHSI i3 3aCMOCYyBaHHAM nepedasasibHUX (OYHKUIU ma CmpyKmypHUX CXeM;
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3acmocosyromabCsl repemsopeHHsi /lannaca rio yac ¢hopMysaHHs nepedasasibHUX (hyHKYIT puBody ma peaysimopis
07151 aHani3y cucmemu 8 HacmomHili ma 4acosili o6/1acmsix; Memoou meopii aBmoMamuyHo20 KepyBaHHS (aHasli3
cmilikocmi; BuU6Gip cmpykmypu peaynsmopa; cuHimes [1-, Il-, M|g-peaynsmopis 3a no3uyiliHo2o peaysitBsaHHs);
onmumizayiliHi Memoou cuHme3sy 0/i1s1 po3paxyHKy napamempis peayssimopa, Wo darmbs MOX/iugicms 3adamu
b6axaHi 871acHI 3Ha4YeHHS1 3aMKHymoi cucmemMu ma 3abe3neqyumu HeobxiOHy MOYHICMb MO3UYIOHYBaHHS NpPUBody.
modemosaHHs 8 MATLAB/Simulink (3acmocosyembcsi 0719 Bepucpikayii ompumMaHoi MamemamuyHol mooesi
ma nepesipku pobomu CUHME30B8aH020 a/l20pUMMY KepyBaHHS).

3a pesysibmamamu BUKOHAHUX MeOPEemMUYHUX ma eKcriepuMeHmasibHUX 00C/1idXeHb OMpPUMaHo maki HayKosi
ma npakmuuyHi pesy/ibmamu: pPo3pobsieHO MamemamuyHy Modeslb 2i0pas/liyHo20 Mpusoda Mnoodadi cmaHka
wiapowkoBo20 BypIiHHS, W0 Bpaxosye HE/IHIUHI xapakmepucmuku 2idpoanapamypu, cmuc/usicms po6o4oi piouHU,
2idpas/iyHi Bmpamu ma OuHaMiKy BUKOHaB4020 2i0poyusiiHopa. Modesib dasia Moxsaugicmb doc/iioumu Br/ius
napamempig cucmemu Ha MOYHICMb MO3UYIOHYBaHHS; BUKOHAHO aHasli3 OuHamiyHux saacmusocmel npusoda
ma Bu3Ha4eHO OCHOBHI hakmopu, siKi 06MEXYHMb MOYHICMb Ma WBUAGKOOI cucmeMu no3uyiliHo2ao KepysaHHS,
30Kpema 2i0pas/iyHi 3ampumKu, cu/osi 36ypeHHs BIO npoyecy OYpiHHSI ma KO/lUBaHHSI MUCKY B8 2iOpOJIiHisX;
MpoBedeHo CcuHmMe3 Mo3uyitiHoI cucmemu ynpas/iHHS 3 BUKOPUCMAaHHSIM Memoois meopii asmomMamu4Ho20
KepyBaHHSI; Ha OCHOBI JliHeapu30B8aHoi MOOesi 0b6rpyHmoBaHo BUbGIp CMpPyKmMypu peay/sssimopa ma BU3HAYEHO
lio2o onmuma/ibHIi napamempu, 3arporioHOBaHO a/120pumm Mo3uUyiliHo20 peay/irBaHHs noodayi, sikuli 3abesneyye
cmabi/ibHI nepexioHi npoyecu ma BUCOKY MOYHICMb BIONpaytoBaHHs 3a0aH020 MOJIOKEHHS] BUKOHaBY020 Op2aHy
B yMOBax 3MIHHUX HasaHMaXeHb; PO3PO6/IEHO CMPYKMYpPHY CXeMy CucmeMmu ynpas/iHHA, WO Mae MoOy/lb
3BOPOMHO20 3B'3KY, KOpu2yBasibHIi /laHKU ma BUKOHasqul 2i0pornpusid, ma nidmsepoXxeHo ii npayesdamHicms
3a 00MoMO20K0 MOOE/IHBAHHS, MPOoBedeH0 MoOoesoBaHHA pobomu cucmemu 8 MATLAB/Simulink, pesysibmamu
SIKO20 roKasasiu: 3MEeHWEeHHS NOXUGKU MO3UyiOHyBaHHs MpuBsooa, MoKpawjeHHs1 cmilikocmi cucmemu 00 36ypPeHb,

CKOPOYEHHST Yacy rnepexioHo20 npoyecy, 3HUKEHHS KosluBaHb 1odadi rid yac 6ypiHHS.
Knrouosi cnosa: cucmema kepysaHHs, 6yposuli cmaHoK, esiekmpoziopas/iiyHul npusio nooaul.

Introduction. Roller-cone drilling machines are
widely used in the mining industry for drilling holes
and drilling holes in rocks of various types. The
efficiency of their work is largely determined by the
accuracy and stability of the drilling tool feed, while
this very parameter affects the energy efficiency
of the rock excavation process, the life of the tool
and versatility of technological operations. In most
industrial designs, the feed functions are imple-
mented using an additional hydraulic drive, which,
regardless of high energy consumption and power
output, is characterized by the following charac-
teristics: non-linearities, dynamic movements and
sensitivity to changes in direction [1].

Traditional hydraulic feed control systems typ-
ically use simple control schemes that provide
limited ability to accurately position the actuator,
especially in conditions of varying rock hardness
and operating pressure fluctuations. As a result,
the systems lose accuracy, increase transients,
and cause oscillations, which reduces drilling pro-
ductivity and increases wear on drive components.

In this regard, the synthesis of a modern posi-
tional control system for the hydraulic feed drive
is relevant, which would ensure stable operation
of the drive, increased positioning accuracy and
resistance to external disturbances. To solve this
problem, it is necessary to create an adequate
mathematical model of the hydraulic drive, ana-
lyze its dynamic properties and develop an effec-
tive control law considering nonlinearities and the
specifics of the drilling technological process.

The article presents the results of the synthe-
sis of a positional control system for the hydraulic
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drive of a roller cone drilling machine, provides
a mathematical model of the drive, justifies the
choice of the regulator structure, and demon-
strates the effectiveness of the proposed approach
using computer modeling.

Research material and method. The automa-
tion of technological processes for SBShS-250N
roller cone drilling machines used in explosive
drilling operations at Kryvbas quarries requires
the development of automated control systems for
feed and rotation mechanisms [2].

The feed mechanism is designed to create and
regulate the axial load and speed of the bit when
the drill rod needs to be moved along the length of
the rod.

During drilling, the axial force and speed of the
drilling tool on the SBShS-250N machine are con-
trolled by a hydraulic drive using distribution spools
and hydraulic throttles installed in the injection and
discharge lines. The spools and hydraulic throttles
are controlled by electromagnetic coils, in which a
proportional dependence of the thrust force on the
coil rod on the control current supplied to the coil is
implemented [3].

The hydromechanical feed drive with an elec-
trical control system is divided into two parts: the
control object and the control device. By the con-
trol object we mean the executive hydromechani-
cal device with the observed coordinates: pressure
in the cylinders, linear speed of movement, path of
movement of the rod. The electrical control device
controls the coordinates of the control object. The
input of the control system is fed with influences
that determine the required amount of movement.
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The control device, based on information about
the processes in the control object, influences
the hydraulic drive in order to transfer the con-
trol object from the initial state to the final state,
in accordance with the restrictions imposed by the
drilling technological process.

The drilling process is characterized by low lin-
ear speeds of movement. If it is necessary to build
up the rod to the length of the next drilling rod, the
rotator carriage rises at a speed that exceeds the
drilling speed by three orders of magnitude [4; 5].

To solve the problem of synthesis and analysis
of the control system, we will build a mathematical
model of a hydromechanical drive, which includes:
control signal amplifiers Uv, Un, electromagnets
EMv, EMn, hydraulic systems GSv, GSn (where the
indices “v” and “n” denote the upper and lower cavi-
ties of the cylinders), inertial masses of the piston of
the rod Mc, rope-and-pulley system KP, Fig. 1.

Fig. 1 shows: Tv, Tn, T — pressure in the upper
and lower cavities of the cylinders, total pressure
on the drive piston; Vp, Vc — linear velocities of the
piston and rod; Lp, Lc — linear displacements of the
piston and rod.

The initial diagram, Fig. 1, corresponds to the
mathematical model of the positional system con-
trol object, Fig. 2.

—>!
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The structural diagram, Fig. 2, indicates: Kuv,
Kun, Kemv, Kemn, Kgsv, Kgsn — transmission
coefficients of amplifiers, electromagnets, hydrau-
lic systems of the upper and lower cavities of the
cylinders; Tuv, Tun, Temv, Temn, Tgsv, Tgsn —
time constants of amplifiers, electromagnets and
hydraulic systems; Mp, Ms — masses of pistons
and the rod; C — rope stiffness coefficient; d,
B — coefficients that determine the viscous friction
force of the pistons in the cylinder and the braking
friction force in the rope; Kc — proportionality coef-
ficient of the rock destroyed by drilling; Kp — cou-
pling coefficient between linear velocity and piston
movement; S — locking switch; n — rotation speed
of the rod.

In the drilling mode, the difference in forces
in the upper and lower regions of the cylinders
is applied to the inertial mass of the pistons, part
of the force is compensated by viscous friction
when the pistons move inside the cylinders of the
hydraulic system. In the structural diagram, the
rope-pulley system is taken into account as a link
with finite stiffness. The elastic force in the rope is
proportional to the difference in linear velocities of
the pistons and the rod, applied to the inertial mass
of the rod. The elastic force as drilling is balanced
by the force of resistance to rock destruction.
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Fig. 1. Functional diagram of the hydromechanical feed drive
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Fig. 2. Structural diagram of the control object
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When transporting the rod, there is no force to
resist the destruction of the rock. The switch S is
open in this mode of operation.

The task of the control system is to move the
bit in the rock massif, considering the restrictions,
which include limiting the axial forces on the bit,
limiting the speed of transporting the rod, limiting
the travel path by the length of the rod.

The control object includes three observed
coordinates: the difference in forces applied to the
pistons T, their linear velocity Vp, and the distance
traveled Lp. According to the number of controlled
coordinates, the control system must contain three
control loops: pressure, linear velocity, and dis-
placement.

Fig. 3 shows a three-loop sequential con-
trol system with active correction of the dynamic
characteristics of the controlled object. The figure
shows: WPP(s), WPS(p), WPD(p) — transfer func-
tions of position, linear piston speed, and pressure
controllers; KD, KS, KSP — transfer coefficients of
pressure (SD), speed (SS), and position (SP) sen-
sors; TD, TS, TP —time constants of sensor filters;
RBP, RBD — referent blocks position and pressure
in the delivery line of the hydraulic system; P1, P2,
P3, P4 —inverting relay elements.

The need to introduce relay elements is related
to the peculiarities of the hydraulic system. The
pressure on the piston is formed as the difference
in pressure in the upper and lower volumes of the
hydraulic cylinders. One of the volumes is con-
nected directly to the pressure line, and the pres-
sure in it is not regulated, while the pressure in the
other volume is controlled by a pressure regulator.

Each loop has a separate controller that is
adjusted according to the transfer function of the con-
trolled object. Since the loops of the system are con-
nected in series, their time constants increase from
the inner loop to the outer one. The input of each
controller receives signals of the setpoint and actual
value of the controlled parameter, with the previous
controller generating a setpoint signal for the next
controller. With such a cascade connection of control
amplifiers, it is quite easy to limit the controlled coor-
dinates of the control system [6; 7; 8].

Pressure regulator. The internal control loop in
the control system is a loop that controls the pres-
sure difference in the hydraulic cylinders, which
is applied to the cylinder pistons. Connecting the
pressure difference regulator ensures control of
the resulting pressure. Transfer function of the cir-
cuit control object.

K K
W, (S) =Wy, (S)W,, (5) =K, ——E4— =65 K
o 3]V (I, (5) -1, H Ko

1 1
T,s+1 TDs+1J' @)

where W,, (s), W,, (s) — transfer functions of the
compensated and uncompensated parts of the
control object (the uncompensated part is indicated
in brackets). The indices of the upper- and lower-
cylinder volumes are omitted.

Transfer function of the pressure regulator

1 (Toe +Toy,)s+1
WPR (S) — — GS EM , (2)
STOIWkl (S) SaD (TU + 7—D),<U’<EMl<GS,<D
where T, — pressure loop integration time

constant; a, —loop tuning coefficient (a, =2 when
tuning the loop to the modular optimum).

Transfer function of a closed optimized pres-
sure loop

The latter volume of the hydraulic cylinder is con- W, (s) = 17K, @)
nected to the drain line. @ a,c,s+1’
RBI > p1 | W
RBE>Q>| Wor(s) > Q> Wps(s) > P4 Wop(s) Ly P2 | %2
Kp
—| P3 |« < T
Kq Tps+1
Tes + 1 Vn
Ksp L
Tgps+1 |7 L
oy

Fig. 3. Structural diagram of the control system
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where o,=T,+T, sum of small-time constant
pressure loop.

Linear speed controller. External to the pres-
sure difference control loop in the cylinders is the lin-
ear speed control loop for the pistons. Transfer func-

tion of the linear speed control loop control object

Woz (S) = sz (S)an

1 1 1 1

(s)= KiE,KS MPs+d(aDchs+1 Tss+1]' 4)
ne W,(s).w,,(s) — transfer functions of the
compensated and uncompensated parts of the
control object (the uncompensated part is indicated
in brackets).

The object control does not consider the influ-
ence of elastic force in the rope-pulley system.

Transfer function of the speed regulator
1 Kod(1+5sM, /d)

Wsr (S ) = (5)

CSTW,, (s)  sag(a,o, +Ts)Ks '

where T, — integration time constant of the speed
loop; as — loop tuning coefficient (as= 2 when
tuned to the modular optimum).

Transfer function of the closed optimized speed
loop
Wer (5)= 4o iop (6)
where og =agos sum of small-time constant speed
loop.

To obtain a sign-changing characteristic VP(T)
at positive pressures in the upper and lower areas
of the hydraulic cylinders, four relay elements P1,
P2, P3, P4 are introduced into the control system,
which are switched according to the sign of the
output voltage of the speed regulator. At a posi-
tive output voltage, the relay elements transmit
control signals from the input to the output directly,
and when the sign of the voltage at the output of
the speed regulator changes, the control signals
invert the sign to the opposite by switching on the
inverter relay elements.

Linear motion controller. The outer contour of
the control system is the contour for controlling the
movement of the rod. Transfer function of the con-
trol object of the movement loop

_KPKD[ 1 1

Woa (8) =Wia (5) Wi (5) K, css+1TPs+1j' 7

where W,,(s), W,,(s) — transfer functions of the
compensated and uncompensated parts of the
control object (the uncompensated part is indicated
in brackets).

Transfer function of the position controller

1 K

W, (s) = - s ,
" (S) STosWis (S) ap (ascs + TP)KPKSP ®

where a, =2 — position loop tuning coefficient.

To verify the correctness of the technical deci-
sions made and to evaluate the effectiveness of the
synthesized hinge position control system, mathe-
matical modeling of the parameters of the SBSh-
250MN drilling coil machine was performed (hinge
weight 3 t; piston weight 0.9 t; fourfold rope-block
system; rope 19.5-G-1-N-O-170 with a diameter of
19.5 mm with stiffness coefficients C = 1000 and
dissipative forces (3 = 100, breaking force 20 t; pres-
sure in the hydraulic system supply system 30 t; vis-
cous friction coefficient of piston movement d = 2.

Based on the initial data of the hydromechan-
ical system, the parameters of the control object
were calculated and, according to the given meth-
odology, the transfer functions of the pressure,
speed, and position regulators were synthesized.

Mathematical modeling of the hydromechanical
drive with an electric positioning system showed a sig-
nificant impact on the dynamics of the system of elas-
tic forces arising in the rope-pulley system. To elimi-
nate increased variability, negative flexible feedback
on the linear speed of the piston was introduced at the
input of the speed regulator. This measure effectively
eliminated the influence of rope compliance on the
dynamics of the entire hydromechanical drive.

Oscillograms of developing pressures in the
upper Tv and lower Tn areas of the cylinders, as
well as the resulting force applied to the pistons of
the T cylinders, are shown in Fig. 4. Fig. 5 shows
oscillograms of the linear velocities of the piston VP,
the rod VC, and the linear displacement of the LC.

Tt T=Tv-Tn

N A s
20 //
sl y
ol A

i [\

5

Tv

| _— Tn

=
0 2 4 6 8

0

Fig. 4 Oscillograms of pressure changes
in hydraulic cylinders

Lp,Vp

Lo

o

Fig. 5 Oscillograms of piston speed changes
(rod), linear displacement of the rod
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The process of transporting the rod to the bot-
tom of the hole with a subsequent transition to the
drilling process was modeled. From the point of
view of the dynamic loads that arise, the selected
operating mode is the most unfavorable, since
during free movement of the rod, it accumulates a
large amount of kinetic energy, which, after the rod
hits the bottom, must be effectively damped by a
hydromechanical drive with an electric positioning
system.

As follows from the curves describing the tran-
sition process in the hydromechanical drive, in
the process of transporting the pond to the face,
acceleration is carried out with a limitation of linear
speeds due to the saturation of the position con-
troller. The pressure in the upper and lower cavi-
ties of the cylinders differs slightly, which provides
the necessary effort to move the inertial masses
of the pond and pistons. Some fluctuation in the
linear speed of the pistons is explained by the sig-
nificant influence of the elastic connection of the
rope between the inertial masses. When reaching
the face pond (t = 4 s), an elastic impact of the bit
on the rock being drilled occurs. Fluctuations in the
speed of the pond indicate that the pond rebounds
from the face after the impact. The linear speeds of
the pistons and the pond after reaching the face bit
decrease to the drilling speed. The pressure differ-
ence in the upper and lower regions of the hydrau-
lic cylinders increases sharply, which ensures the
power drilling mode. The maximum pressure on
the pond and bit is limited by the control system by
controlling whether the maximum output voltage of
the linear speed controller is exceeded.

Thus, the synthesized electrical control system
for the hydromechanical drive of the rod feed of the
roller drilling machine ensures its optimal operating
modes with control of the pressure on the face, the
speed of the rod movement, and the given path.

Conclusions

1. A mathematical model of the hydraulic feed
drive has been developed, which considers the
nonlinear characteristics of the hydraulic system,
the compressibility of the working fluid, the dynam-
ics of the hydraulic cylinder and the influence of the
load from the drilling process. The model provides
the ability to adequately reproduce the dynamics
of the drive under conditions of variable operating
modes.

2. The analysis of the dynamic properties of the
system was performed and the key factors limiting
the accuracy and speed of positional control were
identified, including hydraulic delays, pressure
fluctuations, power disturbances and nonlinearity
of the flow through the throttling elements.

3. A positional control system for a hydraulic
feed drive was synthesized, for which the choice
of the regulator structure was justified, and the
optimal parameters were determined. The pro-
posed control law provides the necessary indica-
tors of stability, accuracy and quality of transient
processes

4. A structural diagram of a control system using
position feedback has been developed, which pro-
vides compensation for external disturbances and
stabilization of the actuator movement during drilling.

5. A computer simulation of the system opera-
tion has been carried out in MATLAB/Simulink, the
results of which confirm the effectiveness of the
developed system. A reduction in positioning error,
a reduction in the transient process time, and an
improvement in drive stability compared to tradi-
tional control schemes have been obtained.

6. The practical significance of the research lies
in the possibility of applying the proposed approach
in drilling rig automation systems to increase feed
accuracy, reduce drilling tool wear, and improve
the overall efficiency of drilling operations.
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