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Ymounena mamemamuuna modenv KadeavH020 Gidzanyicen-
HSl Nepemeoposaua Hacmomu y Ckaaoi eiexmpomepedxnci OinvHuyi
waxmu npu oonoaznomy 3amuxanni na emaro. Modeav epaxosye
Juckpemnuil xapaxmep 6uxionoi Hanpyau ma inepyiliHicms KomMyma-
uii cunoBuUX KA04i6é ineepmopa Hanpyau y ckaaodi nepemeoprosaua.
3anpononosana memoouxa Qopmysanns mamemamuunoi mooeni
KabenvHoi MiHii 3 po3nodiieHumu napamempamu K CykKynHocmi
Jupepenyitinux pienamno cmany ma anzeOpaiiHux pieHAHb 36 ’43KY Y
Mmampuunii popmi. Ilpu yvomy xadeno pozousacmvcs na mpudasmi
enemenmaphi cexuii, 0 CYKYnNHOCMi MUNOBUX CXeM 3AMIUEHHS
aKux Gyoyemvcs epagd, po3paxosyromocs Mampuys 207106HUX nepe-
munie ma mampuuni Koeiyiecumu pieuano. Poze’szanns ocmannix
BUKOHYEMbCS uucebHUMU Memooamu. Ile do3seonsie epaxysamu xeéu-
Jb06i npouecu 6 Kabdei npu 0ii UCOKOUACMOMHOT WUPOMHO-IMNY b~
CHO MOOYIb08aHOi GUXIOHOT Hanpyeu Nepemeopro6aua “acmomu.
Taxoorc 8paxosyemvCs HecuMempis AKMUSHUX ONOPI6 i30Auii 6i0-
HOCHO 3eMJli, WO CYNPOBOOIHCYE 3AMUKAHHS HA 3EMTI0. 3ACMOCYBAHHS
MaAmMpu1HO-mMono02iun020 nioxody 00360J€ YHUKHYMU Onepauii 3
YACMUHHUMU NOXIOHUMU NO 2e0MeMPUMHUM KOOpOUHAMAam Kadenio.
Axmyanviicms 00cai0xceHb 00YMO6IEHA HEXMYBAHHAM Y 6I00MUX
MoOensax cymmesumu paxmopamu, wo 3HUNCYE MOUHICML AHAJI-
3y. 3okpema, He depymovcs 00 Yy6azu 6nUE HA MUMMEST 3HAUEHHS
cmpymy 3aMuKanHs OUCKPEmMHO20 XapaKmepy HAnpyeu Ha Guxooi
nepemeoproeaua uacmomu, po3nodiienuil xapaxmep napamempis
13021511 KabenbHOL NiNil ma nonepeuna Hecumempis 6 aeapiiiHOMy
pexcumi. B peaynvmami wucenvto20 Mo0ent08anHs 051 KOHKPEmMHoi
Mepedci 6CMan06AeH0, WO BUHUKHEHHS 3AMUKAHHS HA 3eMII0 uepe3
mino Moounu 6 KabeavHoMy 6i02aydiCceHHi nepemeoposana uacmo-
mu Xapakxmepusyemvcs Henpunycmumo GeauKor0 iMOGIPHICHIO
cmepmenvhozo enexmpoypacenns. OGrpyHmosano cnocié Koumpo-
J110 AKMUGH020 ONOPY i301Uii 6i02aNYNCEHHA eNEKMPUHOT Mepedici
3 HanienposionuKosuM nepemeoprosauem wacmomu. Peanizauis cno-
€00y 00360aUMb NIOBUWUMU eNeKmPobe3neKy Ni03eMHUX eeKmpuy-
HUX Mepextc 3a PaxyHOK C60EHACHO20 BUSIBAEHHS YUKOOHCCHHS 1307151~
uii KabevbHo20 8i02anylceHHs nepemeoprosata wacmomu i nepeoadi
cuznany Ha GIOKINOUEHHS HANPYau

Kmouogi ciosa: nepemeoprosau wacmomu, 3aMuKants Ha 3eMa0,
asMmoHOMHUIL tHEEPMOP, 3MIHHI CIMAHY, eEKMPOYPANHCEHHS
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1. Introduction

A large number of frequency converters (FC) for induc-
tion electric drives are operating as a part of underground
mine power networks nowadays. In particular, to control
the speed of belt conveyors the PChV-K U5 converters are
used, of underground lifting machines — PChV-250 U5. The
coal combines of UDK400, KDK500 types with a frequen-
cy-controlled drive are also used. The high probability of
damaging the insulation of a flexible cable, which connects
the motor to the FC, causes the risk of ground fault. This
can result in an electric injury to a person. The probability
of explosion of methane-air mixture, caused by the electric
arc, is also high.

Methods of ground fault protection in networks with
grounded neutral point have proven to be effective [1]. The
neutral point of underground power grids in Ukraine is
isolated. This complicates the detection of ground fault in

the FC cable branches. The protection device AZUR-4pp
has been developed for the combined power networks of coal
mines. The disadvantage of this device consists in using the
direct current, which is overlaid on the common part of the
network, to control the isolation level of the FC cable branch.
This principle is characterized by low reliability, especially
when the FC is in pulse-width modulation (PW M) mode of
the output voltage.

The urgency of increasing the electrical safety of FC
operation is caused by the high probability of cable lines
damage in the combined underground power networks and
by the drawbacks of the existing protection devices. This
can be achieved by refinement of the mathematical model of
the FC cable branch in a network with the isolated neutral
point. The model should take into account the operation
peculiarities of the “semiconductor converter — long cable
line” system in the asymmetrical mode of single-phase
ground fault.



2. Literature review and problem statement

Studies of ground fault in the FC cable branch are most
often limited by the use of simplified models. Considering
the parameters of cable insulation by the lumped capaci-
tances is typical [2]. This does not allow to take fully into
account the influence of higher harmonics of the FC output
voltage on the state of the single-phase short circuit. The dis-
crete nature of the FC output voltage is also disregarded [3].

Methods of studying transients in long power lines in
normal and emergency modes are divided into two main
groups. The first group includes methods that involve models
with distributed parameters. The mathematical description
of the line is based on known telegraph equations. Solving
such equations of state in partial derivatives by the finite
element method for a particular time moment provides the
highest accuracy of the analysis [4]. However, these equa-
tions can hardly be solved using numerical methods over
a given time interval. The methods of the second group, in
particular, the finite section method, represent each phase of
a long cable line by the sequential connection of elementary
sections with constant parameters [5]. The scope of this
approach is limited by the case of phase symmetry of the el-
ementary sections impedance. The ground fault occurrence
violates the symmetry, which cannot be properly taken into
account. To determine the dependence of the long lines pa-
rameters on the voltage frequency, the sub-conductor meth-
od [6] can be used, which takes into account the skin effect
and the proximity effect in the core.

The “Three-Phase PI Section Line” and “Distributed
Parameter Line” Simulink blocks of the SimPowerSystems
library are used to model long power lines. The first of these
blocks represents one elementary section of a three-phase
line with lumped parameters. The second block simulates
a multiphase power line with distributed parameters. The
main disadvantage of these blocks lies in neglect of the line-
to-ground resistance of insulation. This drawback makes it
impossible to use these blocks for exploring the ground fault
in the FC cable branch because of significant errors in the
calculations.

The inability to determine the impedance of the phase-
to-ground short circuit at the FC output if the protective
device is connected in the common part of the network
complicates the construction of protection devices [7]. Er-
roneous operation of regular ground fault protection devices
can also be caused by the semiconductor converter as a part
of the mine section electrical network [8].

The consequences of electrocution significantly depend
on the frequency of the current through the human body [9].
In particular, the harmonic composition of the short circuit
current depends on the PWM frequency of the converter,
the angular speed of the motor and the parameters of the FC
output filter, as it was found in [10]. This work also found
that higher-order harmonics pose less danger to humans
than low-frequency components. The effect of polyharmonic
current on the human body in the IEC 60479-2 standard is
recommended to evaluate by a value of an equivalent current
I at industrial frequency. It is possible to estimate the elec-
trical safety of the short circuit through the human body by
the I value using the probabilistic electrical characteristics
given in the IEC 60479-1 standard.

Thus, the efficiency of the existing ground fault protec-
tion devices is reduced by the frequency converters in the
mine section electrical network [11]. Known mathematical

models are characterized by insufficient accuracy due to the
neglect of essential factors. This causes the statement of the
scientific and technical problem that consists in increasing
the electrical safety in underground combined networks. A
solution to this problem is to refine the mathematical model
of the frequency converter cable branch with a single phase-
to-ground fault. Improving the accuracy of the simulation
is possible by taking into account the discrete nature of the
voltage, distributed parameters of the cable and the signifi-
cant asymmetry that accompanies the specified emergency
mode. This will allow a more accurate probability assess-
ment of a person fatal electrocution in the underground
power network of specific configuration. It will also be
possible to determine the advisability of equipping the FC
cable branch with a protective apparatus under the specified
conditions. The simulation results can be used to ground the
requirements for advanced protection devices. In particular,
the maximum permissible time of the network protective
shutdown can be estimated.

3. The aim and objectives of the study

The aim of the study is to refine the mathematical model
of the FC cable branch with a single phase-to-ground fault,
which will enable to increase the electrical safety of under-
ground electrical networks.

To achieve the set aim, the following objectives must be
accomplished:

— to improve the mathematical model of an autonomous
voltage inverter as the FC part, taking into account the iner-
tia of the driver circuit and the transient process of the power
semiconductor devices switching;

— to refine the mathematical model of the three-phase
power cable branch, as an object with distributed pa-
rameters, of the frequency converter taking into account
the transverse asymmetry in the case of single phase-to-
ground fault;

— to substantiate the structure of the FC cable branch
computer model in the case of ground fault;

— to formulate practical recommendations for increasing
the electrical safety of underground electrical networks
equipped with frequency converters;

— to estimate the probability of a person fatal electro-
cution based on the results of the analysis of single phase-
to-ground fault simulation in the FC cable branch for the
electrical network of a specific configuration.

4. Mathematical model of the autonomous voltage
inverter

The frequency converter with a direct current link con-
sists of a rectifier, a filter and an autonomous voltage inverter
(AVI). Further studies are concerned with the analysis of
the AVT output voltage effect on the phase-to-ground short
circuit.

The equivalent circuit (Fig. 1) is used to simulate the
AV1. The inverter is powered by an ideal source Uy of con-
stant electromotive force with internal resistance R, The
power transistors are represented by R{—Rg resistors, which
resistance changes exponentially when switching semicon-
ductor devices. The open state of the transistor corresponds
to the Ry, resistance, closed — Ry The time constant T of



the aperiodic transient of resistance change during switch-
ing is determined by the inertia of the driver circuit and the
values of the parasitic capacitances of the semiconductor
device. A three-phase resistor star R7—Rg is connected to the
output nodes 2—4 of the inverter, on which the output phase
voltages are available.

Fig. 1. Equivalent circuit of the autonomous voltage inverter

The equivalent circuit of the inverter is analyzed using
the matrix-topological method of the electric circuit analy-
sis. The algorithms [12] for constructing a graph tree of the
circuit and a matrix of major cross sections are used.

The graph of the AVI equivalent circuit is formed by
the independent source Uy of electromotive force and the
resistive edges Rg—Ryg, Ry, indicated in Fig. 1 with thick
lines. In this case, Uy corresponds to the direct voltage of
the frequency converter. The Ohm’s law in matrix form
relates the vectors of currents of resistive edges Ig,; and
chords Igy, to the corresponding voltage vectors Upgey,
Uge, as follows:

IRed = R;; 'URed; (1)
Ly = R, U @)

where R,y Ry, — diagonal resistance matrices of resistive
edges and chords, respectively, and:

R, =diag{R, R, Ry R, R}; 3
Rch=diag{R1 R, Ry R, Rs}' )

The AVI equivalent circuit is described by the system of
matrix algebraic equations, compiled according to the first
and second Kirchhoff’s laws:

{IRed = _FRed,Rch 'IRch;

©)
URch = F?",Rch : Ud + FRed,Rch : UREd’

where F, ,,, Fp,p, — the submatrices of the major cross

sections matrix of the AVI equivalent circuit graph, which
connect the independent voltage sources and resistive
chords, and the resistive edges and chords, respectively, and:

Fm=[1 1 10 0] (6)
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Red ,Rch =

Taking into account equations (1), (2) in the system (5),
the matrix equation can be obtained that allows to calculate
the voltage vector Up=[Upg,q U] " on the resistive elements
of the AVI equivalent circuit:

UR:Lj'LZ'Ud’ (8

where Ly, Ly — matrix coefficients that are:

R
L= |:_FT ‘

Red,Rch

FRdRh'R_h1
ed,Rcl @ ; 9
E (€©))

L= [Z FI;Rch ]T )

and E, Z — single and zero matrices, respectively.

Thus, the obtained matrix algebraic equation (8) is the
mathematical model of the autonomous voltage inverter. The
output phase voltages of the inverter u,, up, u. correspond to
the voltages at resistors R7, Rg, Ry, i.e. elements of the Uy
vector with numbers 2, 3, 4.

(10)

5. Refinement of the mathematical model of the three-
phase power cable branch of the frequency converter

The equivalent circuit of the cable line that connects the
load to the output of the AV1 as a part of the FC is shown in
Fig. 2. The voltage sources u,, up, u. correspond to the volt-
age system at the inverter output. The cable is represented by
a set of elementary sections K 0 and j=1,N. Each section is
characterized by the length of Al This allows to analyze the
cable line as an object with distributed parameters. The ca-
ble supplies power to the active-inductive three-phase load,
which is connected according to the “star” configuration:
Ri, L, and &={a, b, c} is the phase designation.
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Fig. 2. Equivalent circuit of the distributed cable line with
active-inductive load

The equivalent circuit of the three-phase section K; of
the cable line (Fig. 3) takes into account the resistances
(Regj) and inductances (L) of the conductors, as well
as the resistances (Rg;) and capacitances (Cgj) of the Al
long cable section insulation. The single phase-to-ground
fault at a certain point of the cable line implies a discrete
change in the insulation phase-to-ground resistance of a
given phase of the cable in the corresponding elementary
section. This resistance is supposed to be reduced to the
short circuit value, for example, to the resistance of a
human body in case of studying the corresponding emer-
gency mode.

The utilization of the matrix-topological method to
analyze processes in a distributed cable line arises from
the possibility of taking into account significant factors. In
particular, insulation phase-to-ground resistance, unlike
existing computer models, for example — Simulink-blocks
“Three-Phase PI Section Line” and “Distributed Parameter



Line”. This method also allows to consider the asymmetry of
the line in case of single phase-to-ground fault.
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Fig. 3. Equivalent circuit of the three-phase section K of
the cable line with distributed parameters

According to the matrix-topological method, a unique
number is assigned to each node of the equivalent circuit.
No. 1 is assigned to the “ground” contour, No. 2-5 — to the
three-phase power source (Fig.2). The node numbers of
the elementary section K; of the cable depend on the sec-
tion number j, as shown in Fig. 3. The node numbers of the
load depend on the total number N of elementary sections
(Fig. 2). The total number of nodes of the distributed cable
line equivalent circuit is 6N+9.

For the considered equivalent circuit of the cable line, a
graph is constructed and a matrix F of major cross sections
is formed. The size of the latter is determined by the number
N of cable sections. Generally, the matrix of major cross sec-
tions is equal to:

v}y 'K F

F={C,} F, F (1)
{R,} F K
{L,}| F, F

and the submatrix F, is zero due to the disconnect between
inductive edges and resistive chords.

Based on Kirchhoff’s laws, matrix equations are com-
piled to calculate the vectors of currents of resistive edges
Iz.q and voltages of resistive chords Ug:

IREd = _FS : IRL'h _FG : ILch; (12)
Uy =F - U+F; U, +F; Uy,

Taking into account Ohm’s law for resistive edges and
chords, the equation that enables to calculate the vector
12=[Ireq Izen]" of the resistive elements currents is possible
to obtain from (12):

I,=A" (A, X+A,-U), (13)
where X=[Uc¢.q I4]" — vector of state variables — voltages
on capacitive edges (Uceq) and currents of inductive chords
(Ien); U=[u, up u]" — phase voltage vector of the three-
phase power source; Aq, Ay, A3 — matrix coefficients that are:

E -F;
A= . 5; (14)
_FS .Red Rch
Z -F
A =|_. 51 15
2 [F3l Z] ( )

T

A,=[Zz F']. (16)

The system of matrix differential equations relative to

the derivatives of state vectors, compiled using the subma-

trices of the matrix (11) of graph major cross sections, is as
follows:

dI,,
ch dLgh :FZT’U-’»F/;F'UCed-’_Fg'URed-’»
d

+Fé;r : Led 'E(_FS : ILL‘h);

L

(17)

dUCed —

Ced dt

F3 'IRch - F4 'ILch'

After transformations, the matrix differential equation
of state of the cable line with the active-inductive load in
Cauchy form can be obtained from (17) as follows:

%:Bf1~(BZ~1R+B3-X+B4~U), (18)
where B;—B, — matrix coefficients that are:

B, =diag{C,, L, +F L, -F} 19)
B-| % H (20)
*|F/R, Z |

B -|Z H| 1)
LA

B,=[Z F,]" (22)

The obtained matrix equations (13) and (18) are the
mathematical model of the three-phase power cable that
feeds active-inductive load as an object with distributed
parameters. Applying the matrix-topological approach to the
analysis of dynamic processes in the line allows to take into
account the essential asymmetry that accompanies single
phase-to-ground fault.

Since the capacitances Cyj of the cable phase insulation
during the construction of the graph tree are edges, the
parallel active resistances Ry of the insulation are chords.
This prevents the formation of closed contours in the graph
tree, which is prohibited. This circumstance determines the
need to change the value of the corresponding element in the
matrix R, of resistances of chords when ground fault occurs.

The ground fault current is defined as an element of the
resistive elements currents vector I that corresponds to the
current through the insulation phase-to-ground resistance
of the elementary section in the damaged cable.

6. Substantiation of the computer model structure of
the frequency converter cable branch when ground fault

The block diagram of Fig. 4 explains the model structure
of the FC branch cable. Block 1 generates modulating volt-
age u, u,, u, of the AVI with amplitude U and frequency f.
The sawtooth reference voltage u,; of frequency f.s is
formed by generator 2. The three-phase system of modu-
lating voltages and the reference voltage are supplied to
the PWM subsystem 3, which generates the control signals



V..V for the power semiconductor devices. These signals
come to the subsystem 4, which calculates the resistances
Ry...Rg of the power transistors. Defined resistances that
correspond to the current state of the semiconductor devices
are the inputs of the AVI model 5. The latter implements the
matrix equation (8) and distinguishes the vector U of the in-
verter output phase voltages from the calculated vector Ug.
Block 6 solves the matrix differential equation (18) of the
cable line state, taking into account the capacitances Cg of
the cable insulation. The specified block calculates the val-
ue of the vector X of the cable state variables for the current
point in time. The said vector comes to the input of block 7
that calculates the resistive elements currents vector Iy of
the line according to (13). Block 8 detects instantaneous
values of ground fault current from Iy and calculates the
equivalent operating current I across a human body at
industrial frequency.

Fig. 4. Generalized block diagram of the model of frequency
converter cable branch in case of single phase-to-ground
fault

Simulink tools are used to implement the proposed
structure of the FC cable branch model. The formation
of modulating voltages (Fig. 4, block 1) is carried out by
three sinusoidal generators, the output signals of which are
connected to the bus (Fig. 5, item 1). The generator (Fig. 4,
block 2) of sawtooth reference voltage is implemented by
the integrator Integrator1 (Fig. 5, item 6). The following

elements are used to generate PWM control signals (Fig. 4,
block 3): null detector (Fig. 5, item 2), which specifies the
state of three pairs of corresponding semiconductor de-
vices of the inverter in multiplexed form; inverse elements
(Fig. 5, item 3), which divide the control signals into two
channels for each pair of semiconductor devices; delay
unit (Fig. 5, item 4), which prevents short circuits during
switching of each pair of power transistors. The subsystem
for calculating the resistances of power transistors (Fig. 4,
block 4) sets the resistance value of each of semiconduc-
tor devices at the level R,;—=1 MQ in the closed state and
R,,=1 mQ in the open state (Fig. 5, item 5). The switching
inertia of each power device is taken into account by the
first-order transfer function (block TF1) with a time con-
stant of 7=0.2 ps.

The AVI model (Fig. 4, block 5), according to (8), per-
forms the following operations (Fig. 5, item 7). Subsystem1
is used to form diagonal matrices (3), (4) of resistive edges
and chords values. Inv blocks provide the calculation of
inverse matrices to the specified ones. Subsystem?2 performs
the formation of the matrix coefficient L; according to (9).
The value of the matrix coefficient Lo (10) is given by the
block L2. The Ud block specifies the voltage U, value of the
FC direct current circuit. The matrix multiplication unit
Matrix Multiply, according to (8), calculates the voltage
vector Uy on the resistive elements of the AVI equivalent
circuit. The Selector block distinguishes the phase output
voltages of the AVI.

Numerical solution of the matrix differential equation (18),
performed by block 6, Fig. 4, is provided by the subsystem
of the Simulink model of the distributed cable line with
active-inductive load (Fig. 6, a). Blocks B1-B4 set the ma-
trix coefficients Bj—By, according to expressions (19)—(22).
Integrator2 integrates the right side of equation (18). A zero
vector comes to the input xq of initial conditions. The output
of the subsystem shows the calculated values of the X vector
for the current point in time.
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Fig. 5. Simulink subsystem of the autonomous voltage inverter, compiled according to equation (8), with the subsystem of
PWM control signals generation



in the elementary section with the N, number.
[zeros(Nchh,Nfcijf e b ] Inv < The TrueRMS block provides the calculation
Muliply [ of the equivalent current I value through the
B1 human body at industrial frequency.
m—rn L X Thus, the proposed subsystems (Fig. 5, 6)
zeros (N_Ced, N_Red) -F3 . .
[ F6Tuned zeros (N_Leh, N_Reh) | _ e Soip of the Simulink model of the frequency con-
B2 My % verter cable branch make it possible to deter-
(Rl ) > n mine the ground fault current.
Integrator2
zeros (N_Ced, N_Ced) -F4 N_Ced+N_Lch,1 . . . .
[ F1' zeros (N_Leh,N_tch) | o SRl 7. Practical recommendations for increasing
atrix .
B3 Multiply [—>1* the electrical safety of underground
x> electrical networks equipped with frequency
+ converters
|: zeros (N_Ced,NEg)' ] N . (- ) ] ) ]
Matix It is possible to increase the operational
{ .
Ly o ol PY electrical safety of FC cable branches of pow-
er networks with isolated neutral point by
o applying the method of insulation resistance
monitoring of the power network branch
eye(N_Red) equipped with the semiconductor frequency
L ila converter [13]. The principle of control is
i explained by the diagram in Fig. 7. The power
switch 1 supplies FC 2, which includes recti-
M P21 u(NRIa) fier 3, capacitance filter 4 and AVI 5. To the
Red > o [ output of the frequency converter 2 using ca-
o (12 Al Matrix LI g ble 6, the insulation of which is characterized
_ A "\ by resistors 7, the load 8 is connected. Each
fm v Goo3  phase of the latter is characterized by induc-
- o el e u(Ng) tance 9 and resistance 10.
fme Subsystem3 The device 11 that implements the mon-
Matrix Switch itoring method includes a measuring circle,
[zeros(N_Red,N‘Ced) LRI > o which consists of: inductor 12; sensor 13 of
£3' mezosiN Reh/l Toht Matrix instantaneous values of the measuring cur-
» A2 [ Moty v rent; additional source 14 of constant mea-
i K = suring voltage; ground connection 15. Sensor
- TrueRMS 16 fi 1 f th .
3 of instantaneous values of the measuring
[ Feros tirea i) ] L, l voltage, applied to the branch, is also used.
Matrix Analog-to-digital converters 17, 18 and digi-
A3 Multiply .
U] > B tal filters 19, 20 are connected to the outputs
of sensors 13, 16, respectively. The latter dis-
b tinguish a constant component of the signals

Fig. 6. Simulink model of the distributed cable line with active-inductive
load: a — subsystem that solves the matrix differential equation (18) of
state; b — subsystem that calculates the vector I of resistive elements

currents according to (13)

The subsystem of Simulink model, shown in Fig. 6, b,
performs the calculation of the I vector according to (13)
and the equivalent current Ig through the human body
(Fig. 4, blocks 7 and 8, respectively). The Rch1 and Rch2
blocks correspond to the resistivity chord matrices before
and after the point ¢, in time (given by the time_g block),
when the ground fault occurs. The value of the resistive
chords matrix, which corresponds to the current point in
simulation time, is taken into account in the matrix coef-
ficient Ay (14) by the Matrix Switch. The coefficient A is
formed by Subsystem3. The matrix coefficients Ay and As,
according to expressions (15) and (16), are given by blocks
A2, A3. The instantaneous values of the I, vector are formed
at the output of the subsystem. Block u(Ng) distinguishes
from I the instantaneous values of the ground fault current

that are proportional to the instantaneous
values of the measuring current and voltage.
The obtained values come to the inputs of the
block 21 that calculates the insulation resis-
tance of the cable branch. The obtained value
is compared by the block 22 with the set-
point of the branch isolation resistance, which
comes from the block 23. The signal from the comparison
block 22 output is transmitted to switch off the branch of
the electrical network. The specified signal equals a log-
ical “1” if the actual insulation resistance is less than the
specified setpoint. The signal equals a logical “0” if the
actual insulation resistance exceeds the specified setpoint.

Thus, the possibility of detecting the insulation resis-
tance decrease is achieved by distinguishing the constant
components of the measuring voltage and current and by
controlling their ratio. The result does not depend on the
operation mode of the frequency converter. The signal to
deenergize the power network branch is generated in case
of emergency mode detection. This increases the electrical
safety of the frequency converter cable branch.



Fig. 7. Circuit diagram of the electrical network with the FC
and device for insulation resistance monitoring of the power
network branch

8. Discussion of the results of single phase-to-ground
fault simulation in the frequency converter cable branch

A fragment of the 660 V power network of coal mine sec-
tion is selected for numerical analysis. The neutral point of
the secondary winding of the power transformer is isolated.
The starting unit, equipped by the FC of PRCh-400M type
is utilized. The latter is equipped with the Danfoss VLT Au-
tomation Drive FC-302 N400T7 frequency converter with a
400 kW power output. An induction motor VAO5P560S6,
rated power 400 kW, is connected to the FC using a 300 m
long BiTmining NSSHCOEU 3x150+3x70/3 cable. The
cable line was conditionally divided into N=100 elementary
sections. The frequency of the inverter output voltage is
/=50 Hz, the PWM reference frequency f,./~5kHz. The
voltage of FC direct current circuit U, =3v6U,, /n=935 V
is determined according to the phase voltage Ulg 400V at
the rectifier input in the idle mode.

The graph of the equivalent circuit of the cable branch
with active-inductive load has the following quantitative
characteristics: branches — 1.209; nodes — 609; independent
voltage sources — 3; capacitive edges — 300; resistive edges —
303; inductive edges — 2; resistive chords — 300; inductive
chords — 301. The parameters of the A/=3 m long cable ele-
mentary section of the accepted type are: R¢j-3.96-10 % Q;
Le=8.70-10 77 H; Ry;=3.33-108Q; Co=1.35-109 F. The
parameters values of the active-inductive load with a pow-
er of 400 kW at a power factor of 0.9 are: Ri:=1.086 Q;
Li(=1.7 mH. The case of phase A ground fault in the elemen-
tary section N,=50 of the cable through a human body with
resistance of 1 kQ was considered. Numerical simulation is
performed in Simulink using the trapezoidal interpolation
method (ode23t solver), and the integration step does not
exceed 110> s. Dynamic processes in the system for 50 ms
are simulated.

As aresult of the ground fault simulation in the FC cable
branch under the given equipment parameters, the following
graphs are obtained. The graph of the instantaneous val-
ues of AVI output phase voltage is illustrated by Fig. 8, of
instantaneous values of the load phase current — by Fig. 9.
The graph (Fig. 10) of instantaneous values of ground fault
current through the human body in case of such emergency
at the point #4=11 ms in time was also obtained. Fragments
of these graphs (Fig. 7-9), corresponding to the time inter-
val from ¢9=25.6 ms to ¢3=26.6 ms, are shown in Fig. 10-12,
respectively, at a large scale.

ia, V.

T iy

-500 1

=]

. \‘\ HHJ 'M%MIQEMLI’L

10 l‘l

Fig. 8. Graph of the instantaneous values of AVI output
phase voltage as a function of time ¢, obtained from
simulation
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Fig. 9. Graph of instantaneous values of the load phase

current in FC cable branch as a function of time ¢, obtained
from the simulation
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Fig. 10. Graph of instantaneous values of ground fault
current through the human body as a function of time ¢,
obtained from the simulation

As can be seen from the graphs, a single side PWM volt-
age is applied to the cable (Fig. 8). The discrete voltage form
(Fig. 11) is smoothed out by the reactivity of the cable and
the form of load current approaches the sinusoidal (Fig. 9).
The higher harmonics amplitudes of the load current curve
are significantly smaller than the amplitude of the first har-
monic (Fig. 12).

The resistance of Rg,s is discretely reduced to a value of
the human body resistance, 1 k€, if the insulation damage
of the elementary section N,=50 occurs at point # in time.
Accordingly, the current through the specified resistance
increases (Fig. 10). This current corresponds to the ground
fault current through the human body. The current has a
polyharmonic composition and consists of fragments, each
of which corresponds to the conduction intervals of the AVI
power keys pair of the damaged phase (Fig. 13). The peak
values of the current through the human body reach 2 A.

The calculated equivalent value of current at industrial
frequency through the human body is I3=0.51 A. According
to the TEC 60479-1 standard, the probability P, of ven-
tricular fibrillation occurrence depends on the magnitude
of Iy current and ¢ duration of its flow. For the obtained
Ip value at t3<200 ms, the probability P, is about 0.05. At
500 ms<t¢zp<200 ms, the probability P,~0.5. If the current
flow time ¢5>500 ms, then P,>0.5.

The obtained data illustrate that the occurrence of
ground fault through the human body in the FC cable
branch of a given network is characterized by an unaccept-
ably high probability of ventricular fibrillation. The calcu-
lated probability value of 0.05 with a current duration of up
to 200 ms significantly exceeds the maximum permissible
probability (1-1076) of the specified state. Such circum-
stance emphasizes the necessity of applying the proposed
method to increase the electrical safety of underground
electrical networks with isolated neutrals equipped with
frequency converters.

The results of the study were obtained by ignoring the
insulation parameters of the cable that connects the FC to
the substation. Also, the dependence of the body resistance



on the applied contact voltage and the skin capacity at the
point of contact were not taken into account.
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Fig. 11. Graph of the instantaneous values of AVI output
phase voltage over the time interval (&, #;) according to
Fig. 8
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Fig. 12. Graph of instantaneous values of the load phase
current in the FC cable branch over the time interval (%, #)
according to Fig. 9
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Fig. 13. Graph of instantaneous values of ground fault
current through the human body over the time interval (%, #)
according to Fig. 10

Follow up studies will be focused on analyzing the mode
of single phase-to-ground fault in the power network of the
mine section, which includes several frequency converters
with cable branches.

9. Conclusions

1. The mathematical model of autonomous voltage in-
verter in the frequency converter as a part of the mine
section power network is improved. The model differs from
the known ones by taking into account the discrete nature
of the converter output voltage and the inertia of the power

semiconductor devices switching, which specifies the shape
of the voltage curve at the converter output.

2. The method for forming a mathematical model of a
three-phase cable line with distributed parameters as a set of
differential equations of state and algebraic equations in matrix
form is proposed. There are no restrictions on the number of
three-phase elementary sections that are distinguished in the
cable line during the analysis. The method allows to take into
account the wave processes in the cable under the effect of
high-frequency pulse-width modulated voltage. The asymme-
try of insulation phase-to-ground resistances that accompanies
the ground fault is also taken into account. The use of the
matrix-topological method for analysis improves the efficiency
of numerical simulation by avoiding operations with partial
derivatives with respect to geometric coordinates of the cable.

3. The structure of the computer model of the FC cable
branch in case of ground fault is substantiated. The model
enables dynamic processes to be analyzed in the long cable
branch of the frequency converter. Numerical interpolation
trapezoid method is used to integrate the differential equa-
tions. This takes into account the distributed parameters of
the cable and the significant transverse asymmetry that ac-
companies the single phase-to-ground fault. This approach
allows to obtain instantaneous values of the ground fault
current at an arbitrary point of the cable line and to estimate
the probability of fatal electrocution.

4. The method of insulation resistance monitoring of the
power network branch equipped with the semiconductor
frequency converter is substantiated. The implementation of
the method will improve the electrical safety of underground
electrical networks by timely detection of isolation damage
in the FC cable branch and transmission of the signal to
deenergize the electrical network.

5. The unacceptably high probability of ventricular
fibrillation is established for the network of specified config-
uration as a result of numerical simulations in case of ground
fault through a human body in the FC cable branch. The cal-
culated probability value of 0.05 with a current duration of
up to 200 ms significantly exceeds the maximum permissible
probability (1-10~6) of the specified state.
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IIposedero nopisnanrvHull ananis pesyaomamis OuiHIO6aH-
Hsa 6i0nosionocmi npozpammozo 3adesnewenns (I13) ons sacooie
sumiproeanvioi mexuixu (3BT). /[na nopisnanvnozo oyintoean-
Ha obpano eicim 113 3BT 3 emonmosanum ma ynieepcanvHum
xomn’tomepamu. Oopani 113 3BT nonepednvo npotiwau oyinro-
GAHHS 3a MEMOOUKAMU MA AJL20pUMMAMU, AKI OaA3yombCs Ha
BUMO02aX HAUIOHAILHUX CMAHOapmMie ma 00KYMeHmie MidicHa-
POOHUX | PezioHANbHUX Op2aHI3auiil 3aKoH00as4oi Mempooeii
OIML ma WELMEC. 3a pe3ynvmamamu npoeedenozo ananizy
eumoez nacmanosu WELMEC w000 eunpooysanns I13 3BT 6yau
sudineni y3azaavHeni ma 4acmKo6i NOKAZHUKU O OUTHIOBAHHSL
axocmi 113 3BT. Cpopmosano supasu 0ns ompumanis wuceio-
H020 3HAYMEHHA KOXHCHO20 HACMK06020 NOKASHUKA 30 KONCHUM Y3a-
2abHEHUM NOKAZHUKOM.

Jlnsa nopieHanvbH020 0UiHIOBAHHA 00PAHO Memoo aHaLimuy-
noi iepapxii (MAI), ocxinvku 6in 00360151€ nopieHsmu i 6uUKo-
Hamu KilobKiCHY OWIHKY AJbMEePHAMUGHUX 6apiaHmie piuleH-
HA. 3 Memolo penesanmnoz0 NOPiGHAHHS N0 4AC OUIHIOBAHMHSL
xonkpemnozo II3 3BT 6yau epaxoeani eéci nopisniosani ege-
Mmenmu. Ocmanni Oyau 32pynosani 6 y3azaivHeHi NOKAZHUKU,
KOJiCeH 3 aAKux ouineno oxkpemo. Ilonapni nopisnanns i yci inwi
emanu ouintoeanus 3 euxopucmannam MAI euxonyeanuce na
OCHO6I Y3az2anvHeHux nokasuuxie. /[nsa nonapnozo nopieHanns
6CIX KINbKICHUX Ma AKICHUX NOKAZHUKIE 3 NOOAHHAM Pe3yiomamy
3PIBHANNA Y KINbKICHIU hopmi, 6ya0 suxopucmano wxany Caami.
Excnepmnum memodom usnayeno xoediuicnmu 6éazu KoyicH020
UACMK06020 NOKAIHUKA.

Busnaueno ocnoeni noxasnuxu ons 113 3BT 3 emonmosanum
MayHieepcanbHuM KoMn 1omepom, ki Maromo HAUOIILUUNL 6NIUG
Ha pe3yavmamu ouiHIO8aHHs 6i0nosionocmi. Bcmanogsaeno, wo
0e3 npedcmasaenns doxymenmauii ma idenmucpivauii 113 3BT
3 6MOHMOGAHUM MA YHIGEPCANLHUM KOMN IOMepamu HeMOodic-
JUBO POINOUUHAMU NPOUEOYPY OUIHIOBAHHS 8I0N06IOHOCMI 3210~
Ho 3 eumoeamu. Iloka3nux nepesipxu 3anam’samoeyrouux npu-
cmpoie ma cneyianvhuil noxkasnux nepegipxu I13 0ns neenozo
3BT € o0numu i3 6azomux nokasnuxie. Y moil jxce 1ac nokasHu-
KU nepeesipxu 3uumyeanns ma nepesipxu pienie posodisenns I3
NPaKmuuHo He 3aCMOCOBHI i HUMU MONCHA 3HEXMYBAMmU

Kmouosi caosa: npoepamue 3abe3neuenns, 3acié eumipio-
8abHOT MEXHIKU, OUIHIOBAHHS AKOCML, MEMOO AHANI3Y IEPapXiil
u =,
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1. Introduction

The requirements of the Measuring Instruments Direc-
tive 2014/32/EU (MID) [1] form the basis of the legislation
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of Ukraine on conformity assessment of measuring instru-
ments (MI). According to the new version of the Law of
Ukraine “On metrology and metrological activity” (came
into force on 01.01.2016), MI intended for application in



