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MODELLING THE DYNAMICS OF A DRIVE OF BOOM-TYPE ROADHEADER CUTTING HEADS

AT ADJUSTABLE ANGULAR SPEED

MODELOWANIE DYNAMIKI NAPEDU GLOWIC URABIAJACYCH WYSIEGNIKOWEGO

KOMBAJNU CHODNIKOWEGO Z REGULOWANA PREDKOSCIA KATOWA

The article presents a dynamic model of a drive system of cutting heads of a boom-type roadheader
equipped with an inverter system. Such roadheaders are used in underground mining for the mechanised
drilling of roadways and for tunnelling in civil engineering. If the created mathematical model takes into
account the electromagnetic effects accompanying the work of an asynchronous motor and an adjustable
source of the motor power supply (inverter), dynamic effects can be simulated in the drive system wor-
king at different, angular velocities of cutting heads with stepless adjustment. The created mathematical
model was implemented in Matlab/Simulink environment. The so established simulation model allows
to perform numerical investigations, in particular for the purpose of optimisation of the values of the cut-
ting process parameters, including the selection of cutting heads’ angular speed in the aspect of reducing
dynamic loads and minimising the energy consumption of the cutting process. The representation of the
inverter system dynamics allows to analyse the dynamic loads of all the key elements of the drive of the
cutting heads — a drive motor, the parts of the system of power transmission onto cutting heads, equipped
with a multistage transmission gear, and (allows) to examine the behaviour of an inverter system in its
different operational modes.

Keywords: roadheader, cutting system, inverter system, speed adjustment, mathematical model, dynamics
simulation

W artykule przestawiono model dynamiczny uktadu napgdowego gtowic urabiajacych wysiggnikowe-
go kombajnu chodnikowego wyposazonego w uklad przeksztattnikowy. Kombajny tego rodzaju stosowane
sa w gornictwie do zmechanizowanego drazenia wyrobisk korytarzowych oraz tuneli w budownictwie
inzynieryjnym. Uwzglednienie w opracowanym modelu matematycznym zjawisk elektromagentycznych
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towarzyszacych pracy silnika asynchronicznego oraz sterowanego zrodla zasilania silnika (falownika)
pozwala na symulowanie zjawisk dynamicznych w uktadzie napgdowym pracujacym przy réznych, regu-
lowanych bezstopniowo predkosciach katowych gtowic urabiajacych. Utworzony model matematyczny
zostat zaimplementowany w §rodowisku Matlab/Simulink. Uzyskany w ten sposéb model symulacyjny
pozwala na realizacjg badan numerycznych, migdzy innymi dla potrzeb optymalizacji wartosci parametrow
procesu urabiania, w tym doboru predkosci katowej gtowic urabiajacych w aspekcie redukcji obciazen
dynamicznych i minimalizacji energochtonnosci procesu urabiania. Odwzorowanie dynamiki uktadu
przeksztattnikowego umozliwia analizg obcigzen dynamicznych wszystkich kluczowych elementéw
napedu glowic urabiajacych — silnika napgdowego, elementéw uktadu przeniesienia napgdu na glowice
urabiajace wyposazonego w wielostopniowa przektadni¢ zgbata oraz badanie zachowania si¢ uktadu
przeksztattnikowego w réznych stanach jego pracy.

Stowa kluczowe: kombajn chodnikowy, uktad urabiania, uktad przeksztattnikowy, regulacja predkosci,
model matematyczny, symulacja dynamiki

1. Introduction

The mechanised drilling of roadways and tunnelling in underground mines is based on the
use of roadheaders. These are unit construction machines performing the main technological
operations, namely: mechanical rock excavation, loading the mined rock onto the means of
transport, transporting the mined rock from the heading face and the execution of the excava-
tion support. Rock mining is, however, the principal task of this type of machines. Mechanical
rock cutting in heading works carried out in underground mining is performed by cutting with
picks mounted in pickboxes welded to the side surface of a cutting head. Boom-type roadhead-
ers belong to the group of roadheaders mining this way (Fig. 1). A cutting system in this case
has the form of a mobile boom at the end of which one longitudinal or two transverse cutting

Fig. 1. R-130 boom-type roadheader (manufactured by Famur S.A.) on the test station at the Technology Hall
of Faculty of Mining and Geology, Silesian University of Technology, Gliwice, Poland
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heads with small dimensions in relation to the cross section field of the roadways or tunnel be-
ing drilled are mounted. Such heads are put into rotary motion around their axis of rotation by
a drive system and are additionally moved along the heading face surface as a result of boom
deflection in the plane parallel and perpendicular to the floor. Headings with any shape and
cross section size can be excavated this way. The cutting system, due to the function it per-
forms, is therefore a key component of a mining machine critical to its operational performance
and efficiency.

The rock cutting process being performed is causing strong vibration excitations and dynamic
loads in the cutting system, which are transmitted through a load-carrying structure onto other
roadheader subassemblies. The drive of the cutting heads and their load-carrying structure (boom)
should be distinguished in the construction of the cutting system of the boom-type roadheader.
The issue of modelling the dynamics of the roadheader boom is described, for example, in these
works: (Dolipski et al., 2014; Wang et al., 2015). The issue of the dynamics of a drive of the cutting
heads of the boom-type roadheader was already discussed earlier (e.g. (Dolipski & Cheluszka,
1999; Kessler et al., 1989; Wei & Xie, 2012)). The simulation tests performed so far — based on
the created mathematical models — covered mainly, however, the dynamic effects occurring in
the system itself of power transmission from an electric motor onto cutting heads subjected to
the activity of vibrations’ excitation from mining. A drive motor, as a torque referencing unit,
was considered here in a simplified way. A mathematical model of an asynchronous motor, used
commonly for such type of drives, was based on the use of a static characteristic linking of the
torque reached by a motor with its rotor’s angular speed (the electromagnetic phenomena exist-
ing there were omitted) (Dolipski, 1993). Such an approach has been fully sufficient until now.
The work of cutting heads in the predefined states was only investigated. The natural mechani-
cal characteristics of drive systems could be used in modelling of dynamic loads in a drive of
roadheader cutting heads also because in the roadheaders produced until now, such motors are
supplied directly from a power supply network. For this reason, cutting is carried out with one
or with one of two, for two-speed motors, angular speeds of cutting heads.

The angular speed of cutting heads should be adjusted to rock workability. It is assumed
that the less workable the rock is, the lower should be the speed. This is advantageous consider-
ing the energy consumption of mining and pick wear intensity. Mining practice has shown that
the rock workability varies. Rocks with identical properties are rarely deposited in the cross
section of the drilled heading or tunnel. Alternate configurations of rock layers, which are hard
and easy to work, exist if we look at a geological structure of the rock mass. The experimental
and simulation investigations of the roadheader mining process conducted for many years in
the Department of Mining Mechanization and Robotisation of the Faculty of Mining and Geol-
ogy, Silesian University of Technology, have led to a conclusion that freely adjustable angular
speed of cutting heads, depending on the properties of the worked rock, will be advantageous
(Dolipski et al., 2015). The most convenient method of adjusting this speed is to use an inverter.
Hence the need to develop a dynamic model of a cutting heads drive equipped with a converter
system enabling to adjust their angular speed. This work presents a dynamic model of a drive of
cuttings heads of a boom-type roadheader, R-130 (by Famur S.A.), equipped with a converter
system (experimental installation). The roadheader, with the mass of about 30 t and the cutting
system power of 132 kW, is the basic type of a roadheader used in heading works in the Polish
hard coal industry. The model was implemented in the Matlab/Simulink environment for the
purpose of simulation tests. This allows to analyse the dynamics of a converter drive of cutting
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heads: an electric motor supplied from a controlled power supply source (inverter) and a power
transmission system. For this reason, the drive of cutting heads is considered here as a class of
mechatronic facilities (Bishop, 2002).

2. Dynamic model of a drive of cutting heads
with adjustable angular speed

Two sub-systems are distinguished in the structure of a dynamic model of a drive of boom-
type roadheader cutting heads: a mechanical system transmitting power from an electric motor
onto cutting heads and an electrical converter system connected to an asynchronous double
squirrel-cage drive motor.

2.1. Modelling the dynamics of the power
transmission system

A system of power transmission from a drive motor onto boom-type roadheader cutting
heads is a classical mechanical system comprising an electric motor, a coupling (usually a flex-
ible coupling), a multistage toothed gear and a working unit — cutting heads in this case. The
drive construction consists of rotating parts such as discs, in which their mass is concentrated,
connected with shafts. This allows to build a physical model with a discrete structure, which
considerably simplifies a mathematical description of motion (Bishop, 2002). The structure of
a physical model of a drive of cutting heads will mainly depend on the toothed gear construction
(the type and number of stages) distinct for the given roadheader type. A kinematic diagram of
the considered drive is shown in Fig. 2a. As it is possible to measure dynamic loads during ex-
perimental tests on a test station, the drive of the R-130 roadheader cutting heads was equipped
with an additional flexible coupling allowing to attach a torque metre (MI) between a drive motor
and a toothed gear.

The created physical model of a system of power transmission from a motor to cutting heads
has fifteen degrees of freedom (Fig. 2b). This represents a kinematic system of a three-stage,
two-way bevel-cylindrical gear applied in the above roadheader. Torsionally vibrating masses
with the moment of inertia 7, /, ,Q 1), ,Q 2),..., Ic(l), G(z) are connected with weightless viscoelastic
elements modelling elastic and damping properties of shafts, couplings and meshing of toothed
gears. Such elements are characterised by specific torsional rigidity &y, k,gl), kg ké(lc) , k(%) .
On the other hand, their damping properties are described with the damping coefficients ¢y,
c,§”, ClMlre célc) , c(,%) . The temporary location of the distinguished masses is described with the
angular coordinates: ¢, ¢ ,Q 1), 0] ,§‘ 2),..., (pc(l), (pc(z). A physical model of the cutting heads drive is
subject to the activity of vibration excitations in the form of the moment of load force of the left
cutting head (MO(};)) and right cutting head (M(%)) generated by the process of cutting a heading
face of the drilled roadways.

Motion equations in the developed discrete physical model were entered using a Lagrange
second degree equation (Hand & Finch, 1998). A mathematical model describing the movement
of masses creates a system of fifteen ordinary second-order differential equations, which have
the following form in the matrix-vector form:
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J-§+C-q+K-q=Q (1)
where:
J — matrix of inertia;
C — matrix of damping;
K — matrix of rigidity;
Q — vector of external load;
q,q,q — vectors of coordinates and their successive derivatives.

The matrix of inertia assumes the following form:

e 8 @ @ /o8 ©® o |8 0@ @ | o
0 lf((11) 0
0 14 0
0 Je 0
0 jz) 0
0 I 0
0 l 0

J=|0 1Y 0 )
0 i 0
0 12 0
0 12 0
0 I 0
0 Ig 0
0 /g) 0
@B 6 B @ 00D 8 B § @ 0@ m J

Whereas the matrix of damping and the matrix of rigidity assumes the forms designated,
respectively, as: (3) and (4).

¢y ¢, 0O O O O 0O O O 0 0 0 0 0 0
Ci1 Cpp Gz 0 O 0

0 G, Cy3 G, 0 O 0

0 0 ¢ ¢4 Cs O 0 0

0 0 0 ¢y Gs G O 0 0

0 0 0 ¢G5 G Co7 O 0 0

0 0 0 ¢ €7 G5 0 ¢y 0

c=|0 0 O ©y Gy Gy O 0 0 3)

0 0 0 ¢ Cp O 0 Gy 0

0 Coz 0 0 Coip Coun O 0 0

0 0 o C11,10 C11,11 C11,12 0 o 0

0 Cos 0 Cpu Cppp Cipgs O 0

0 0 0 Cuip Ciis Ciass Ciass

0 0 0 Cuss Cum 0
j0 0 0 0o 0o 0 0 0 O 0 0 0 Csiz 0 Cisys |
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0
0
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0 0
kyy 0 O
K4y Kis O 0
ksa Kss Ksg O 0
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0 0 Kio Kinr Kz 0 0
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0 0 Ktz Kigag
0 0 0 0 0 0 0 0 0

while the elements of the matrix of damping take the form:

1 = Cumks
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and the elements of the matrix of rigidity look as follows:

kyy = ks kyy =—kyx

kyy =~k kyp =k + ks kys=- 1(<1)

ks p = —ki); ks s =k +cps k34 ==k

kys=—~kygs kyq=kyy + ki kys= ki)

ksq= ks kss= ki + kg ks =—kk

kes=—kg1s ke = ki1 +kiz; ke7 =~k

kg6 =—kiz; kg =k + k§13) + kg)Q kqg = —kéls)Q kg0 = _kg)
kg7 = —k$3; kg = k5 + kg ko = iy

kog = —k{Y; kog = k{2 + ks ko 1y = ki

ko7 = —k33); kio10 = 3 + ks ko = k{7

k0 = _k3(421); ki = kz(i) + kfé); ko = —kfé)

kiag = —kils)Q kipg1 = —/Q(é); kiz1p = kz(tls) + kfé) +hksgy ki3 =—kse
k3,12 = —kse3 ki313 =kse + ki + ks ki34 = ks kizs = kg

— M. — 7
k14,13 = —keGs k14,14 = ke

2). .
k15,13 = _kéG)’ k15,15 = kéG)

A vector of external forces is created by the moments of forces acting on the respective
masses:

Q- [MM (1),0,0,0,0,0,0,0,0,0,0,0,0,-M) (£),-M ) (r)f (5)

where M,,(t)=M,(t) is electromagnetic driving torque reached by an electric motor, and MO(};) )
and M(%) (¢) — the moment of load forces of, respectively: the left and right cutting head being
an excitation of vibrations in the drive of cutting heads. The time curves of this excitation are
determined using an original simulation model allowing to simulate, with a computer, a process
of cutting a heading face of the drilled heading (Cheluszka, 2015).

The vector of the coordinates q has the following form here:

T
11 12 21 22 1 1 2 2 1 2
a=[ 0.0 .08 00" 08 01000, 0. 07 .07 05, 00,0008 | (©)

2.2. Modelling the dynamics of a converter system with a double
squirrel-cage drive motor and a frequency converter
with pulse width modulation (PWM)

A drive of boom roadheader cuttings heads, for which a dynamic model was constructed, is
equipped with an asynchronous double squirrel-cage AC motor. Different solutions for a simulation
model of an induction motor can be found in literature (Pedra et al., 2009), (Xiang et al., 2010).
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The most often used solution is a circumferential mathematical model of a single squirrel-cage
induction motor recorded by means of spatial vectors with simplification assumptions (Matlab
on-line documentation, 2016). This creates significant problems when determining such model’s
parameters, as it is impossible to represent appropriately the characteristics delivered by a mo-
tor manufacturer with five parameters of an equivalent circuit diagram. Much more accurate
representation is possible with seven parameters of an equivalent circuit diagram of a double
squirrel-case motor. A model of a dynamic three-phase double squirrel-cage induction motor was
formulated in a coordinate system with two axes dq rotating in the same direction as the motor
rotor. The following was used as input signals:

— temporary values of three phase voltages u,(t), u(¢), u.(t),

— temporary value of load torque;
and the following was used as output signals:

— electromagnetic moment M,(¢),
temporary values of three-phase currents of stator i,(¢), i,(¢), i(t);
angular speed of motor shaft ¢, (¢).

It is also possible to control the waveforms of other motor “internal” signals, such as:
magnetic fluxes associated with stator and rotor windings;

— electric power at motor terminals;
torques and currents of the both rotor cages.

A differential equation describing the curve of the stator flux is as follows:
.od ..
us:Rsls"'E‘Ps"'](oo\Ps (7

where:
Rg — stator resistance,
@y — synchronous speed.

The spatial vectors ug, i5, ¥y can be presented as complex numbers. Two equations are
obtained by separating the equation (7) into a real part and an imaginary part:

. d¥Yy, .
Usg = Rs Ig + Td - (DO\PSq

- ®)
. sq .
usq = Rslsq + dt + ¢0\Psd
The equations describing rotor fluxes have a simpler form:
. d
0=R i +E‘PW1 ©)
. d

where:
Ryn, Ryn — resistance of particular rotor cages.
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The dependencies between flux linkages of the windings of the stator and both rotor cages
can be recorded as algebraic matrix equations:

Y M+ 1L, M M| iy
VYoa |=| M M+L, M i an
LIIw2d M M M+ Lw2_ _iw2d
and
v, | [M+L, M M i,
W =] M M+L, M Vg (12)
¥y M M M+L,, | iy,
where:
M — mutual inductance between stator and rotor,
L, — stator inductance,
L1, L,, — inductance of particular rotor cages.

By knowing the values of fluxes [V, ¥,,] T I 10 Pt ql T I, 00 ‘I’wzq]T, the components
of currents of stator windings iy, iy, and rotor windings i,,14, iw2a> Lwig» iwog generating them can
be determined.

Electromagnetic moment is determined based on the values of stator fluxes and currents
(the values which are easiest to access or restore in a measuring and control circuit) according
to the formula:

M= [ 01 0~ ¥,y 01y 0] (13)

where: p, — pairs of motor poles.

In order to simulate a model of a motor formulated with dg coordinates, a control signal,
that is phase voltages abc being an output signal from a frequency converter, has to be transferred
into such an input circuit. This is done by successive Clarke (Clarke, 1943) and Park (Park, 1929)
transformations.

A frequency converter with the spatial vector method (Zhou & Wang, 2002) was used for
the purpose of angular speed adjustment of cutting heads. It was modelled as a source of three
symmetric three-phase voltages with adjustable amplitude and frequency. A two-phase descrip-
tion of a three-phase voltages circuit was applied with the use of a spatial vector defined with
a Clarke transformation (Clarke, 1943):

| v (@) (14)
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A complex spatial vector of voltage V is defined as:
V(O)=v, @)+ jvs(0) 15)

This method is commonly used for describing rotating AC electrical machines, as it decreases
the number of differential equations and enables to use complex numbers (if the real part is as-
signed to o component, and an imaginary part to f component).

In case of a symmetric circuit of three-phase sinusoidal voltages (e.g. supply voltage) with the

effective (interphase) value U, the end of a spatial vector V draws a circle with the radius \/%U .

However, in case of a transistor frequency converter (Fig. 3), a circuit of three-phase output volt-
ages may only assume 8 discreet values. Any spatial vector (from the range within a hexagon
determined by the ends of vectors V...Vy) can be generated as a sequence of impulses with an
appropriate average value. The following can be recorded for the vector V,,4 between the vectors
V, and V, presented in Fig. 4 (by designating the period of modulation as 7,,):

T T. T;
Vyg =Vi -+ V, -2+ VL (16)
where:
V, — means one of two zero vectors V5 or Vj.
T\,T,,T, — means output voltage pulse duration corresponding to output voltage vectors V,V,

and V.

T3

4@&T1 4@&TZ 1 3
%3 R K3

Fig. 3. Symbols of inverter transistors with pulse width modulation

Ve

<

3. Implementation of the simulation model of the drive
system of the boom-type roadheader cutting heads
in matlab/simulink environment

A simulation model of a drive system of roadheader cutting heads comes as an integrated
system: the converter system — asynchronous double squirrel-cage motor — power transmission
system — cutting heads (Fig. 5+8). The dynamics of a roadheader cutting system equipped with a
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converter system in the established mathematical model are described with twenty-two differential
equations — seven equations of the first order (inverter-asynchronous motor) and fifteen equations
of the second order (power transmission system). In order to solve this system of equations, the
simulation modules reflecting its particular elements create a structure of a programme created
in Matlab/Simulink environment. The equations describing the motion of masses in a model and
the time curves of characteristic parameters of a frequency converter — drive motor system, are
integrated numerically with the Dormand-Prince method with a variable step. Voltage signals
from the inverter output (apart from other signals — e.g. of angular speed) become input signals
for a electric engine model (marked as dark grey in Fig. 5). Scalar frequency converter control is

B-axis
V;[010]
S Vo [110]
[ Vaad .
V4[0,1;’1]v7[0001 ~ . V4[100]
Vg1 11] - o-axis
V5[001] Vg [101]

Fig. 4. Graphical interpretation of the method of restoring the set value of the output voltage vector

as a weighted sum of neighbouring vectors
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ich
nap fazowe Controller
[ ow
mu_n kat] Ikat
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‘9 f_zad napiecieL Uban
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>
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Moce
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i mechan
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Fig. 5. Block diagram of a model of a drive system of roadheader cutting heads with scalar control
of the converter system implemented in Matlab/Simulink environment
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carried out in this model while maintaining a constant voltage-to-frequency ratio (U/f = const).
This ensures, within the considered range of angular speeds, the stabilisation of stator flux val-
ues. The established simulation model was tested in a system working without feedback and in
a system with feedback and with a PID controller ensuring angular speed stabilisation for load
variations. The equations of motion of masses in a power transmission system are implemented
from the “Toothed gear” block (Fig. 6). The differential equations describing a vibrating motion
in a model of this system create the structure of fifteen blocks linked by signals (Fig. 7), in which
their numerical integration is performed (Fig. 8) and a block in which an external load (Moment
of load forces) is applied.

U_abc @ @1 Toothed gear
o "
teta | tf!
U_s dq }
Uabc u_dg J L+ omega PSi_S_‘gq N @
L Psi_s_| —_s dq || D
Theta U_alfa_beta I_s_dq Mom_elektr
Clarke plus Park | Rs I’CE
@ =G
Rs

I
LPs_s_dq . o - ’——E>—’CZ)
Mi_d_qr Psidqr Psis rM_r2 D Psi_s r_r2 Di_s ri_r2 D . obr_min
I—» Psi_r1_dq
K

—1_d_q r2 Psi_d_qr Psi s r_r2 Qp—Psisr r2 Qsrir2Qn

Psi_r2_dq
kat__el_theta@
M_e_r_r2_r2
f
L 1abe L—-
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Fig. 6. Block diagram of the “Double squirrel-cage motor” section in Matlab/Simulink environment

One of the essential elements decisive for the correct work of a simulation model is a block
of selection of an inverter output voltage vector sector (Suresh et al., 2014). It was carried out with
a number of standard logical operations (comparison and conjunction). The so obtained sector
number, ranging between 1 to 6 (Fig. 9a), next becomes an index in a selection table of vector
control signals fundamental for the sequence of making and breaking inverter transistors. The
duration of particular voltage pulses is determined in a modulator block. Output pulses (Fig. 9b)
are generated using a synchronisation block generating a sawtooth signal (Fig. 9c) with frequency
equal to PWM modulation frequency. The pulses are generated by blocks performing relevant
comparisons during one period. An output filter of the inertial character is placed at the inverter
output. It corresponds to LC filters incorporated in output circuits (limiting overvoltages in cable
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Fig. 8. Structure of numerical integration modules of differential equations of motion in a physical model
of the system of power transmission onto cutting heads in Matlab/Simulink environment

line). Its task is to smooth the voltage waveform (Fig. 9d). This makes it easier to simulate the
phenomena occurring in a double squirrel-case motor by allowing to considerably increase the
simulation speed (extend an integration step of differential equations).
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The set frequency to be reached by a frequency converter f,,, during simulated drive start-up
is determined in a function of the set angular speed of cutting heads, at which a cutting process
is to be performed, with the following proportions:

¢)G re
fro = 1n = z (17)

Gn

where:
f, — rated frequency of supply network (f,, =50 Hz),
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9Grr — set value of angular speed of cutting heads,
9o, — nominal angular speed of cutting heads (for the applied drive and toothed gear in
a cutting system of the studied roadheader ¢, = 9.24 rad/s).

4. Examples of the results of computer simulations

Figures 10 and 11 show the results of a simulation of a driver system start-up of cutting
heads for two different values of supply voltage frequency f.,: 50 Hz and 25 Hz. Upon the driver
system start-up, the inverter works with the minimum frequency off,,;, = 10 Hz (Fig. 10aand 11a
— green line). As the drive start-up is done at idle run, a drive motor upon start is loaded mainly
with the forces of inertia of the accelerated masses of the system. As a result, after sudden growth
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Fig. 10. Time characteristics obtained while simulating the start-up of the cutting heads drive for f,.,, = 50 Hz:
a) curve of the torque on the motor shaft (blue line) and angular speed of a motor rotor (red line), b) curve of
temporary values of supply current in particular phases, c) curve of temporary values of phase voltage
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Fig. 11. Time characteristics obtained while simulating the start-up of the cutting heads drive for f,,r = 25 Hz:
a) curve of the torque on the motor shaft (blue line) and angular speed of a motor rotor (red line), b) curve of
temporary values of supply current in particular phases, c) curve of temporary values of phase voltage

in a dynamic load on the motor shaft up to 900 Nxm, rapid load decrease is seen (blue line). As
voltage frequency rises, thus the angular speed of rotating masses, dynamic moment oscillations
on the motor shaft decrease quickly. After the time of 0.8 s, the values of this load stabilise at the
level of 90 Nxm. After reaching the set angular speed value (Fig. 10a — red line) — after 1.7 s of
simulation — a motor load falls to values near zero, resulting only from the assumed resistance
of the motion of rotating parts.

Upon drive start-up, the current in particular phases reaches even up to 1200 A (Fig. 10b).
As the angular speed of cutting heads rises, the current-carrying capacity of the supply voltage
falls quickly. After about 0.6 s of simulation, the peak values of supply current in the particular
phases reach the level of 125 A. As angular speed adjustment of a motor is carried out with the
constant value of U/f, the peak values of phase voltages rise proportionally to the frequency of
the set characteristic of the referencing unit in the range of about 80 to 400 V (Fig. 10c¢).
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If voltage frequency was reduced to the half of the rated value (f,.,= 25 Hz), the start-up
time was about 0.7 s. This time was, however, too short to extinguish torque vibrations on the
motor shaft and the angular speed of the rotor. The load on the motor shaft was therefore stabi-
lised already during a steady-state motion of a drive at idle run (Fig. 11a). After reaching the set
angular speed, the peak values of current in particular phases reach the level of 115 A (Fig. 11b),
with the peak value of phase voltage of about 200 V (Fig. 11c¢).

The character of the curve and the magnitude of excitation of vibrations in a drive of work-
ing units of mining cutting machines have a decisive effect on the dynamic load in this system.
Figures 12 and 13 show the time characteristics obtained from a computer simulation of dynamics
of the cutting heads’ drive when performing the cutting process. The simulations covered time
intervals lasting about 5 seconds, corresponding to seven — for f,,,= 50 Hz and about three — for
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Fig. 12. Time curves of: a) torque on the motor shaft (thick line) and angular speed of motor rotor (thin line),
b) effective value of current in phase A, c) mechanical power (continuous line) and electric power
(intermittent line), obtained from the simulation of cutting process for f,.,= 50 Hz
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Jrer= 25 Hz revolutions of the cutting heads. The cutting of the rock with the average compres-
sive strength of R, =55 MPa with cutting heads equipped with 40 picks was simulated here. The
cutting of a layer with the height of 2 = 0.15 m and the web of z = 0.14 m was considered with
the advancement speed of the cutting heads in the plane parallel to the floor of vy, = 0.05 m/s.
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Fig. 13. Time curves of: a) torque on the motor shaft (thick line) and angular speed of motor rotor (thin line),
b) effective value of current in phase A, c) mechanical power (continuous line) and electric power (intermittent
line), obtained from the simulation of cutting process for f;,,= 23 Hz

For the angular speed of the cutting heads of ¢ = 9.24 rad/s (for f,,,= 50 Hz), the drive
motor is loaded with variable torque with the average value of 468 Nxm (Fig. 12a — thick line).
The average load is therefore 60% of the motor’s nominal torque (M,, = 851 Nxm). The ampli-
tude of torque vibrations on the motor shaft (understood as the variability range of this load)
exceeds 2000 Nxm here. A peak value of this load reaches here up to 1635 Nxm. This value for
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the modelled drive motor is much lower than the critical value My (My/M, = 3,5), as a result
of which the working point is situated on the stable part of its mechanical characteristics. The
average angular speed of a drive motor rotor is at the level of 156 rad/s (thin line), whereas its
vibration amplitude is 14 rad/s.

The average value of the effective value of a current curve in particular phases is at the level
of 145 A (Fig. 12b). It, thus, accounts for about 77% of rated current. Peaks with the value of up
to 440 A are, however, visible in the current load curve (about 2.3-time the value of rated cur-
rent). This is a result of the reaction of the motor power supply system to dynamic loads, subject
to which is the drive of cutting heads during the simulated rock cutting for the set parameter
values of this process. The average electric power drawn from a supply network in the analysed
case is 76.1 kW (about 60% of the motor rated power) — intermittent line in Fig. 12c. Temporary
values reach, however, even 420 kW (nearly 3 times the nominal value). The variability range
of the electric power curve is high here. The average mechanical power reached by the driver
motor equals 73 kW (continuous line in Fig. 12¢). The peak values of the curve of this power in
the analysed time interval account for nearly 250 kW. The time curves of electric and mechani-
cal power are distinct for a clear phase shift. The average drive motor efficiency is high in this
case and accounts for 95.4%. The average energy consumption of cutting, understood as the
quotient of the power consumed for the implementation of the cutting process and its efficiency,
is 20.0 kWh/m? here.

The character of a dynamic load curve of a cutting heads drive is clearly different in case
of the second of the considered set frequencies of motor supply voltage in the cutting system
(frer = 25 Hz). Considering the load condition of the converter supply system of the motor of the
studied drive, the supply voltage frequency has decreased to /= 23 Hz. As a result, the simu-
lated cutting was performed for slightly lower angular speed of cutting heads than assumed. The
average angular speed of the cutting heads was, however, 4.28 rad/s here and was 8% smaller
than the defined value. The average value of torque on the motor shaft represents here a nominal
level of the considered electric motor (Fig. 13a — thick line). Peak values are very high though,
as they exceed 3700 Nxm. Similarly, a dynamic load amplitude on the motor shaft is high, as it
is as much as 6040 Nxm. Nevertheless, the motor is not stalling, the angular speed of its rotor
has only decreased. This is a result of the working control system of the inverter. The average
angular speed of the motor rotor in the analysed case is 70.6 rad/s, whereas its vibration amplitude
is nearly 4 times higher than the case considered earlier (thin line).

The effective value of the current in particular phases is changing in the range of 103 to
about 440 A (Fig. 13b). The peak values of this current are 2.3 times higher than the rated supply
current value of the considered motor. The average value is 24% higher than the nominal value,
as it is 233 A. The average mechanical power determined on the drive motor shaft, necessary to
perform cutting with the set parameter values of this process, is 55 kW (Fig. 13¢ — continuous
line). The average electric power on the other hand is 64 kW (intermittent line). It reaches the
level of the rated power developed by the drive motor for the considered supply voltage frequency.
The dynamics of the electric power curve are different here (the electric power curve amplitude
is clearly smaller here than the mechanical power curve amplitude). The motor efficiency is
slightly lower in this case, as it is 90.2%. The average energy consumption of cutting equals
to 16.4 kWh/m’.

The presented examples of computer simulations clearly show how large is the effect of the
cutting process parameters values on the dynamic load of a cutting heads drive, its supply system
and process energy consumption. The stereometry of cutting heads (the number and manner of



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

arranging picks and its side surface) is also important here. If the angular speed of the investigated
cutting heads was reduced by a half, the resulting energy consumption of cutting has decreased
by nearly 20% while maintaining the values of other cutting process parameters. The dynamic
loads of their drive were largely increased as a result, however, in a particular vibration amplitude.

5. Conclusions

A dynamic model of a drive system of boom-type roadheader cutting heads presented in this
work provides broad investigation possibilities to analyse the dynamic phenomena accompanying
the execution of the cutting process. While developing the model, the cutting system was ap-
proached as a whole — as a complex mechatronic object. An asynchronous double squirrel-cage
electric motor supplied from a controlled power supply source (frequency converter), a power
transmission system in the form of a multistage toothed gear and a working unit (cutting heads)
were considered in its structure. The work of a drive system for different angular speeds of cutting
heads can be simulated by modelling a converter system. This is a starting point for optimising,
for the given conditions of executing the cutting process, the values of the parameters of the
process, including the angular speed of cutting heads. At a later stage, the model will be extended
to include, in particular, a vector control of the converter system.

The results of the comparative analysis of dynamic characteristics, obtained from the
computer simulations and measurements performed on a test station created for this purpose
(Fig. 1), indicate that the model developed is helpful for simulation tests. Once the adequacy of
the presented model is confirmed (verified), it will be employed for simulation tests aimed at
the determination of adjustment characteristics of a cutting system of a boom-type roadheader.
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