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Abstract

The efficient consumption of electric power in mining is an important task in power consumption optimization.
The use of high-performance drilling rigs requires special attention to the development of energy-saving
electric drive for open-cut mining operations. The increase of the efficiency factor and energy performance of
a drilling rig is achieved through controlling the electric drive which allows the specific resonance frequency
and limiting the current and velocity amplitudes to be regulated. The main idea of the study lies in the
application of fuzzy controllers in the systems of automatic control of processes and equipment modes
in mining production. The use of fuzzy controllers is aimed at improving the characteristics of PI and PID
controllers. The calculations and simulation of transients based on simulation models in the MatLab 7.11
Simulink software package allowed reliable analysis of modes of a swivel head electric drive operation
to be carried out. In the course of simulating the transients of swivel head velocity varying with the use
of a fuzzy controller, fuzzy variables including mismatch of rotation velocity, mismatch change speed,
velocity setting voltage were justified. The analysis allowed for the term-sets of fuzzy variables and the
membership functions for each term-set of fuzzy variable to be defined. The simulation results showed that
the control time (response) of transients of the swivel head motor torque and current change when using
the swivel head velocity control by a fuzzy controller with increasing load depending on the rock hardness
decreased by a factor of 2. Implementation of a system of automatic control of swivel head velocity with the
application of a fuzzy controller allows drilling rig vibration to be reduced and provided effective protection
of the swivel head electric (motor) drive from overload, thus increasing reliability of the equipment, and
increasing drilling productivity.

Keywords

minerals, mining, power consumption, energy performance, drilling rig, swivel head, electric drive, automatic
control, controllers, transients, fuzzy controller

For citation

Kuznetsov N. M., Morozov I. N. Behaviour of electric drive of roller-bit drilling rig swivel head with fuzzy
control. Mining Science and Technology (Russia). 2022;7(1):78-88. https://doi.org/10.17073/2500-0632-
2022-1-78-88

SHEPIETUKA, ABTOMATU3ALNA N BHEPTO3PDEKTUBHOCTD

Hay4Has cTaTbs

UccnepoBaHne gAUHaAMUKKN JNeKTponpueoAa Bpallarensd 6yposoro CTaHKa
LiapoLueyHoro 6ypeHm| C HeYEeTKUM ynpasBJieHuemMm

H.M. Ky3HenoB! <, U.H. Mopo30B?
! Konbckuii Hayunstii yenmp PAH, 2. Anamumet, Poccuiickas @edepayus
2 Mypmanckuti apkmuueckuti zocydapcmeeHHuslli yHugepcumem, 2. Mypmarck, Poccutickas ®@edepayus
< n.kuznetsov@ksc.ru

AHHOTauusa

[IpuMeHeHMe BBICOKOIIPOM3BOAUTEIBHBIX OYPOBBIX CTAHKOB TpeOyeT 0co60ro BHMMAHMSI K pa3paboTke
sHeproc6eperaolnero J1eKTPOIPUBOAA NPy A06bIUe I0/Ie3HBIX MCKOIIaeMbIX OTKPBITBIM crioco6om. ITo-
BbIllleHMe KO3 dUIMeHTa IMOJe3HOr0 AeiCTBMUS M 3HeprodGeKkTMBHOCTM OYpOBOTO CTAHKA AOCTUraeT-
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€ TIpU yIpaBIeHUM SIeKTPOIPUBOLOM, MO3BOISOIINUM pPeryaupoBaTh YAEeJbHYI0 PE30HaHCHYIO 4acTo-
Ty M OTPAaHMYMBATH aMIUIUTYbI TOKA U CKOpocTu. OCHOBHAs upaes paboThl 3aK/IIOYAETCSI B IPUMEHEHUN
HEUeTKUX PETY/ISITOPOB B CUCTEMAX aBTOMATUYECKOTO PETYJMPOBAHUS PEKMMAMU PAOOTHI IEKTPOIPU-
BOZA Bpaimaress 6ypoOBOrO CTaHKA IIAPOIIEYHOro OypeHwMs. VICronb30BaHMe HEUETKUX PEeryyisiTopoB Ha-
MIpaBJieHO Ha yiayduieHue xapakrepuctuk [MW- n ITU]J-perynsitopoB. PacyeTsl 1 MomenupoBaHue mnepe-
XOIHBIX MPOIECCOB C MPMMEeHeHMeM MMUTALVOHHBIX MOJe/ell B MporpaMMHOM KomIiekce MatLab 7.11
Simulink mo3BomMIM MPOBOOMUTH NOCTOBEPHBIN aHAIM3 PEXMMOB PabOThI MEKTPOIPUBOLA BpallaTess
6ypoBOTO cTaHKa. [I[py MOIeIMpOBaHUY MTePeXOLHBIX ITPOLeCCOB M3MEHEeHMsI CKOPOCTHM Bpalartesst 6ypo-
BOTO CTaHKA C MPUMEHEHMEM HEeUeTKOTO PEry/asTopa 0O0CHOBAHbI HeUeTKMe IMepeMeHHbIe: Paccoraaco-
BaHMe CKOPOCTU BpallleHMsI, CKOPOCTb M3MEHEeHUsI pacComIacoBaHMs, HallpsbKeHe 3aJaHus 10 CKOPOCTH.
[IpoBeeHHBIN aHAIM3 MO3BOIMI YCTAHOBUTH TEPM-MHOXKXECTBA HEUeTKUX MepeMeHHbIX ¥ (QyHKIUU MPu-
HaJJIEKHOCTU KakKAOMYy TepM-MHOXECTBY HEUYeTKOJ) IepeMeHHOJ. Pe3ynbTaTsl BBIMOJHEHHOTO MOJeNN-
pOBaHMS MOKa3bIBAIOT, YTO BpeMs PerylypoBaHMs IIepexXOJHbIX MPOLIeCCOB M3MEeHeHMsI MOMEeHTa U TOKa
JIBUTaTess BpallaTess [py NPUMEHEeHUM PEeryImMpoBaHMsI CKOPOCTU BpalllaTessi HEUeTKUM DPeryiasiTopoM
C yBeJIMYeHMeM Harpy3Kku B 3aBMCUMMOCTM OT KPellOCTU ITOPOAbI yMeHblllaeTcsl B 2 pa3a. BHenpeHnue cucre-
MbI aBTOMATHYECKOTO PEeTyIMPOBaHNSI CKOPOCTH BpaliaTessi 6ypoBOro CTaHKa C MPUMeHEeHeM HEeUueTKOTO
peryjisiTopa Mo3BOJISIET CHU3UTh BUOpALMI0O OGYPOBOTO CTaHKa, 06ecrneunTh 3QGeKTUBHYIO 3al[UTy IBUTA-
TeJIsl BpallaTessl OT MMeperpysky, MOBbICUTh HAAEKHOCTb PaboThl 060PYIOBAHMS Y TTPOM3BOAUTENLHOCTD
Tpu GypeHun.
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Introduction

In order to create intelligent systems for predicting
electricity consumption at mining enterprises, energy
and technological indicators must be monitored and the
effect of the indicators on electricity consumption ana-
lysed. Modes of process facility operation also need to
be simulated

When developing mathematical models of po-
wer consumption process, methods and approaches of
predictive modeling of power consumption must be
applied which take into account the specific features
of organizing, planning, and conducting mining [1, 2].
Analysis of geological, technological, and organiza-
tional factors which influence mining operations in
coal mines [3, 4] allows for dynamic and predictive
models of power consumption to be developed while
taking into account the basic temporal tendencies
and additive components within the limits provid-
ing stable level of power consumption. The model for
determining the processing plant’s ball mill power
consumption [5] for intelligent predicting system al-
lows the efficiency of electricity consumption by the
mill electric drive to be assessed. It also allows for the
control system quality indicators to be determined,
including controlling the load schedule, predicting
production cycles and power consumption peaks, re-
distributing loads and analyzing changes in the mill
operating mode. The implementation of automated
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systems of monitoring and control of production pro-
cesses of mining enterprises with the use of frequen-
cy-controlled electric drives allows for a significant
reduction in power consumption, as well as equipment
maintenance and repairing costs [6]. Efficient power
consumption in minerals mining and processing sec-
tor is an key objective in power consumption optimi-
zation [7]. The application of high-performance drill-
ing rigs requires special attention with regard to the
development of energy-saving frequency-controlled
electric drive for open-cut mining operations. The in-
crease in the efficiency factor, power quality, and en-
ergy performance of a drilling rig is achieved through
controlling the electric drive. This allows the specific
resonance frequency and restricting the current and
velocity amplitudes to be regulated using simulation
of transients with a PID controller [8, 9]. Frequen-
cy-controlled electric drive used for swivel head ve-
locity control provides for high-quality mechanical
characteristics in the entire range of electric motor
velocity controlling.

Effect of the key process parameters in unstable
drill bit rotation mode on the energy performance is
shown in [10].

The application of common harmonic filters
[11, 12] and resistivity bridge harmonic filters [13] al-
lows the quality of electric power to be improved. The
use of fuzzy controllers in automatic process control
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systems of mining enterprises is expanded [14]. Librar-
ies of fuzzy control in modern programming systems
have convenient graphical interface and allows for cor-
rection of the type of fuzzy output membership func-
tion that greatly simplifies the setting up of fuzzy con-
trollers automatic control systems and improves the
characteristics of PI and PID controllers [15]. The com-
putation and simulation of dynamic drilling processes
is a complex task which makes it difficult to automate
drilling process and requires the use of human resourc-
es to control and manage the process. Therefore, the
development of drilling process control systems with
the use of fuzzy control seems urgent.

Description of swivel head electric drive
The velocity control of swivel head drive (of
self-propelled rotary drilling rigs (BSSh-1M, BSSh-2M,
2SBSH-200) was achieved by changing the generator
excitation in the generator-motor system with the
use of generator voltage feedback and rotating mag-
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netic amplifier [16]. The swivel head electric drive of
BASh-320 self-propelled roller-bit drilling rig was
powered by a three-phase power magnetic amplifier.
The swivel head electric motor drive of SBSh-250 MN
self-propelled roller-bit drilling rig is provided by the
thyristor converter, a direct current motor system with
automatic bit velocity control, when changing drilling
parameters. A voltage and velocity sensor is used in the
swivel head motor control and excitation circuit. After
applying voltage to the control and excitation circuit of
the swivel head motor drive, the velocity and feed force
are set depending on rock hardness. The required axial
force applied to the bottom hole is set with the control
knob of the pressure controller.

Model parameters
Parameters of the main drive links of the swiv-
el head electric motor drive control system were de-
termined pursuant to the traditional method and are
shown in Table 1.

Table 1
Parameters of swivel head electric motor drive control system with different types of standard controllers
Parameter, model element Function Value
Current elements
p 42.07
Transfer function W W(p) = —_—
ransfer function W(p) (p) +Tp 140,066
Modulus of rigidity of linearized mechanical _2M,
- . B Ser 42.07
characteristic of electric motor, 8 wy
Breakdown torque M, Nm - 309
Critical slip, s, - 0.144
. 2rn,
Angular rated motor velocity o, ¢! Oom = g9 102
Equivalent electromagnetic time constant of T = 1
S e 0.066
motor stator and rotor circuits T, @, S,
Angular velocity of electric motor o _ 2nf 104.7
electromagnetic field ,, . rad/s Octnom :
Supply frequency f, Hz - 50
Number of pole pairs, p - 3
Mechanics
Transfer function W W(p)=— !
ransfer function p)=—— —
) BT, p 0.13p
L J
Electromechanical time constant of motor, T, T,= 5 0.003
Mass moment of inertia reduced to motor shaft, 0.126
J,kg-m’ '
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End of Table 1

Parameter, model element Function Value
Frequency transformer (pole zone f; <f, =50 Hz)
Transfer function W, W, (p)= bor 05
ransfer function W,(p) or 14T, p 1+0.001p
Transfer factor k Boy _ 2, 0.3
ransfer factor = = .
pr AU, pAU,
Integration constant T, , s Ty =Toy+ Ty 0.021
PI controller of velocity
AU 0.008p +1
Transfer function W, W (p)=—" =k, +— Yep+1
ransfer function W,.(p) (D) v, ety 0.09
Integration constant T, Tye = ke Kpmkpran Ty 0.09
T
Transfer factor ky, kye = T 0.09
pc
PI controller of current
Transfer function W. W () AU, e oo ! 0.06p +1
ransfer function = =
pm(P) pm\P AU, " p 0.03p
Integration constant T, ¢ Tym = Ko.tkpran Ty 0.3
T01
Transfer factor k, Ky = T 0.2
pm
Feedback circuit
i AUf c
Transfer function W (p) W, (p)= — =k,
. Ao .
Up
Velocity feedback factor k, k, = w—m 3.7
U
Current feedback factor k, k.= I— 0.03
Rated control signal us,,,, V - 380
Rated velocity w;om, rad/s - 102
Asynchronous motor
W (p) = An 1
Transfer function Wy(p) a\P)= Aw, - T, ol + T p+l
1 1
W, (p)=
>
at Ty, > 4T, d (Ty,p+1)(T,p+1) (0.008p +1)(0.02p +1)
11 4T,
Small uncompensated constant Ty, s —= I+ [1-— 0.008
TOl 27’:3 Tm
11 4T,
Small uncompensated constant Ty, S —= 1- 1-— 0.02
T,, 2T, T,
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Simulation of transients with PI controller

Transient design and calculation was carried out
using MatLab 7.11 software by means of simulating the
system in Simulink program (Fig. 1).

The simulation was performed for the follow-
ing modes of the swivel head velocity change: start-
up; velocity change according to the setpoint at the
5th second; velocity change at the 10 second, intro-
ducing variable load at the 15" second. The load ap-
plication mode is a sharp change in static torque on
the motor shaft. The simulation results are shown
in Fig. 2.

0.008s + 1 0.065 + 1 0.3
_’ [ —
j <+;> 0.09 © 0.35 0.001s + 1
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Simulation of transients with PID controller

When performing the system control with a
PID-controller. In MatLab 7.11, it is possible to au-
tomatically determine PID controller parameters for
a given system using the tune (tune, adjust) button
available in the PID controller parameters. Entering
the tune block allows for the parameters to be adjusted
manually. By comparing the characteristics obtained
by automatic tuning and manual tuning, we select the
most favorable PID controller control for the given
system. The control of the PID controller parameters
is shown in Fig. 3.

42.07 N 1
0.066s + 1 '{>_ '<+—>' 0.13s

=

U3 PC PT Pf D.T3 K D.M3 —>
Scope
0.005 |<
K1
0.03 I:
Kt
3.7 I:
Ke

2

Fig. 1. The system model in the MatLab environment
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Fig. 2. Plots of transients with PI controller
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L1 Function Block Parameters: PID Controller @

PID Controller A

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button
(requires Simulink Control Design).

Controller: |PID
Time-domain:
(& Continuous-time

O Discrete-time

Main | PID Advanced | Data Types | State Attributes

Controller settings

Controller form:  Parallel v

Proportional (P): | 0.294694357484981

| |
( |
Integral (I): |0.0175336024648417 j
l |

Derivative (D): 0.138946233395508 Filter coefficient (N): |7.0037087697092

Initial conditions

Source: ‘inhernal vJ
Integrator: |0 \
Fiter: |0 B
External reset: lnone ~

[ 1gnore reset when linearizing

Enable zero-crossing detection v

< >

H Cancel H Help I Apply

2 PID Tuner: (untitled1/PID Controller)

® @HE‘ a = | % D Designmode: Form: Parallel  Type: PIOF
Plot: Response: ‘ Reference tracking V‘ Show block response Show parameters =

14 T T T T T

Ampltude

Block response
Tuned response

Time (sec)

Interactive tuning
Response time: 0,286 sec
-
[ v )

Slower Faster

) s ) oo o )

0 [] Automatically update block parameters [ OK

Fig. 3. PID controller parameters control
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The simulation was performed for the following
modes of the swivel head velocity change: startup, ve-
locity change according to the setpoint at the 5th sec-
ond, load change at the 10th second, introducing vari-
able load at the 15" second (Fig. 4).

The load application mode is represented by a
sharp change in static torque on the motor shaft. The
simulation results are presented in Fig. 5.

The graphs of transients when using PID con-
troller show the change in swivel head velocity,
change in torque, change in current at the preset
values. The graphs show that the use of a PID veloc-
ity controller has a much better effect on the change
in velocity, torque, and current characteristics. The
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control time (response or transient period) decreas-
es. The use of such a controller is most advantageous
for this system.

Synthesis of fuzzy controller for automatic control
of swivel head velocity

In order to simulate the transients of a swivel head
velocity varying with the use of a fuzzy controller, the
fuzzy variables were set, including mismatch of rotation
velocity, mismatch change rate, velocity setting voltage.
The term-sets of fuzzy variables were determined, and
the membership functions were set for each term-set of
fuzzy variable. All these membership functions were im-
plemented in the MatLab function editor (Fig. 6).

0.06s + 1 0.3 42.07 R 1
j E;) PIDG) 03s | °]0.001s+1 0.0665 + 1 '{>_ E;P 0.13s ]
_’
U3 PID Controller PT Pf D.T3 K D.M3
| Scope
0.005 |1
| K1
0.03|1
Kt
3.7 I:
Kc j
Mc
Mcl
Fig. 4. System model in MatLab
w, rad/s 150 T T T T T T T T
100 [ .
50 -/\/\——/\/\ - \/\' 7
0 i
-50 i i i i i i i i t,s
M N*m 1500 T T T T T T T T
1000 + -
0t 4
-500 .
1000 ] ] ] ] ] ] ] ] t,s
I, A 600 T T T T T T T T
400 [ 7
200 W
(IR 4
-200 I I I 1 1 I 1 1 t,s
0 2 4 6 8 10 12 14 16 18 20

Fig. 5. Graphs of transients with PID controller
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The signals of mismatch of rotation velocity and
speed of the mismatch change were set at the input of
fuzzy controller, and attained the velocity setting volt-
age signal at the output.

Designing transients with fuzzy controller

Transient design and calculation was carried out
using MatLab 7.11 software through simulating the
system in Simulink program (Fig. 7).

Transients modes for simulating swivel head's ve-
locity automatic control system with fuzzy controller
were set as the same for the simulation with PI and PID
controllers. The results of transients with fuzzy control-
ler simulation under the given modes are shown in Fig. 8.
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The results of the transients simulation for the set
modes with different controllers are shown in Table 2.

Mode 1: Transient at startup under load (t = 0 s).

Mode 2: Transient at increasing setting signal
(t=55).

Mode 3: Transient at increasing load (t = 10 s).

Mode 4: Transient at uneven load (t = 15 s).

A comparative analysis of the transients quality
indicator based on the results of simulating the drilling
rig automatic control systems at the set modes showed
that using swivel head's velocity control system with
fuzzy controller significantly reduces the current
change of transient response (time).

0.06s + 1 0.3 42.07 1
j I_"ZXX&— 0.3s _’0.0013 +1 0.066s + 1 t{>__’@_' 0.13s i’ I:I
U3 J’ Fuzzy Logic PT Pf D.T3 K D.M3 -
du/dt Controller R
Derivative 0.005 |: Scope
K1 !
0.03 }47
Kt
)
Kc

Mcl

Fig. 7. Model of the system with fuzzy logic controller in MatLab
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Fig. 8. Graphs of transients with fuzzy controller
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Table 2
Transients control time
Control (response) time, s
Operation modes Controller type . . (resp )
swivel head velocity torque current

PI controller 2.3 2.5 2.4
Mode 1 PID controller (three-term 273 23 25

controller)

Fuzzy controller 2.3 1 1

PI controller 2.8 2.4 2.5
Mode 2 PID controller (three-term 2.4 3 3

controller)

Fuzzy controller 1.4 1.1 1.4

PI controller 1.4 1.7 1.9
Mode 3 PID controller (three-term 1.8 1 2

controller)

Fuzzy controller 1.1 0.7 0.7

PI controller 1.9 2.1 1.8
Mode 4 PID controller (three-term 9 9 2.9

controller)

Fuzzy controller 1.3 2 1.3

Conclusions

The study substantiated the feasibility of suc-
cessful applying simulation modeling for investigat-
ing the operation of swivel head electric drive, using
the MatLab software environment. The results of the
swivel head operation modes simulation with the
standard controllers and the fuzzy controller showed
that transients response (time) for the set modes of
the automatic control system with the fuzzy control-
ler decreased. The simulation results showed that
the transient control time of the swivel head motor

torque, and current change when using the swivel
head velocity control with a fuzzy controller with
increasing load depending on the rock hardness, de-
creased about two times. Implementation of the sys-
tem of automatic control of the swivel head velocity
of the drilling rig with application of the fuzzy con-
troller will allow drilling rig vibration to be reduced.
It will also provide effective protection of the swivel
head electric (motor) drive from overload, increase
the reliability of the equipment and productivity
while drilling.
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