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MODELING TRANSIENTSIN MV RESONANTLY
GROUNDED INDUSTRIAL GRID
DURING SINGLE LINE TO GROUND FAULTS

Medium voltage distribution power grids mostly opter with ungrounded neutral
points of transformer. The philosophy about thesegr supply systems based on the
assumption that the electrical grid is more rebaltlowever the practice of operation
showed that currents of single phase or multiplat§ato ground depend mostly on the
earth capacitances of cables connected to poweragd configuration and structure in
relation to the main substation buses. Moreovés,kimd of arcing ground faults on the
ungrounded system causes transient overvoltagesatgimes than nominal value. In
the consequence, it may be dangerous for the iekgctievices connected to the power
system. The article focuses on the transient imibgcequipment insulation due to faults
in the middle voltage industrial grid with adjudtlspeed drives. The examination re-
sults of transient voltages across the system wesepted. The Matlab/ Simulink Soft-
ware was used to modeling system behavior duritggrimittent faults.

KEYWORDS: electrical grid, grounding methods, tiants overvoltage, transient
intermittent faults.

1. INTRODUCTION

Industrial plants use many types of grounding mashim medium-voltage
(MV) distribution systems which depend on theirdyonsisting cable, over-
head or both lines), operating conditions and stines. These grounding meth-
ods can be usually categorized into the following groups [1, 2]:

A. Large-current grounding:

— effective (solid) grounding,

- low-impedance grounding.
B. Small-current grounding:

— ungrounded or isolated neutral,

- high-resistance grounded,

— resonant grounded.
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Nowadays, there are two dominant grounding metdodsnedium-voltage
distribution power grids: the multigrounded metHedtensively used in North
America) and the resonant-grounded and ungroundstiaas (mainly used in
Europe). Other grounding methods, such as higlsteexie grounding, are more
popular in industrial plants where service contiyus a main consideration to
prevent costly process shutdowns.

The main objectives of system grounding includenimizing equipment
overvoltage and thermal stress, provide persorafelys reduce interference to
communications systems, assist quick detectionisoldtion of single-phase-to
ground faults and maximize system economic retussthe operating experi-
ence shows, in MV distribution systems single-oground faults are predom-
inantly observed. The persistent single-phase-ooigal arcing faults generate
high transient overvoltages, cause frequent equiprimsulation failures, and
propagate to multiphase faults. These are distigu as bolted (solidly con-
nected to ground) and arcing faults. The arcindgtdausually caused by insula-
tion breakdown, creating an arc between a phaseemmd. When a distribu-
tion overhead grid is simple, it usually runs wigblated neutral to the ground.
Because of small its distributed capacitance, siodated neutral grid has the
ability of self-extinction of arcing ground faulud to small fault current. As
a grid expands, its distributed capacitance ine®asd supports ground fault
arc burning.

When an ungrounded system contains many mileslié @nd lines, the re-
sults of system stray capacitance may be so l&aeatrcing ground faults can-
not self-extinguish. Using an inductor to ground tieutral point of the system
allows compensating the capacitive fault currente @o the complete compen-
sation condition (when the inductive reactanceggaé to one-third of the sys-
tem zero-sequence capacitive reactance), the gticb\aes parallel resonance
and the ground fault currents are normally undewaamperes (less than 25 A)
[1]. The grounding inductor, which is also calleBetersen coil after its inventor
W. Petersen, normally has several taps to tundfereht systems. Modern de-
signs of the device allow continuous tuning by posing the core of the coil.
To prevent a large neutral voltage shift, a resbgaounded system normally
operates as overcompensated and the inductiventihreugh the coil is larger
than the capacitive current. However, distributeystems are dynamic, and
cables and lines are usually switched and onestdlied several grounding coils
can be out of service for maintenance. Therefoeectinclusion is that resonant-
grounded system can run at all possible compemsédicels, as: overcompen-
sated, undercompensated and 100 percent compensaedource impedance
can therefore change from inductive to capacitivei@e versa.

Medium voltage distribution power grids with resohgrounded can nor-
mally operate under a single-ground fault conditeord due to such idea the
service reliability is high. It has been found tlating ground faults can cause
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high transient overvoltages several times thamtirenal voltage [3, 4], which
may be dangerous for the equipment connected teubstation buses. A result
is the overall system cost is high because of egeig and devices which have
to be line-to-line voltage rated. Moreover, thisikiof system grid has to be
monitored because of capacitances which continugdignges as feeders are
switched on and off [5]. Therefore, the variabildglthe compensating inductor
should be high and provide the inductance of dijgarger to avoid a true reso-
nant condition. Otherwise, there can appear canditto transient overvoltages.

The present paper deals with the modeling and sisalpf transient
overvoltages in industrial MV cable grid operatedthwresonant neutral
grounding in case of single line to ground faug& GF). The comparative tran-
sient analysis has been carried out between thétsesf the examined supply
system with several Petersen coil tunings. To aealthis phenomenon the
Matlab/ Simulink Software has been chosen becduwee tire known limitations
in the field testing with respect to the power grmhdition and the number of
times that the test can be carried out.

2. DISCRIPTION OF THE INDUSTRIAL GRID

The one-line diagram of MV power grid presentedrigure 1 was examined
for the estimation of some transient overvoltagexhanisms associated with
the intermittent faults. The power supply systekMais operated by two indus-
trial substations: A - three-section and B - foact®on, and is connected to HV
110 kV bus supplying by means of three step-dowmwegpdransformers TS of
31.5 MVA, having a Yd11 connection group of the airgs. All sections of the
MV units are connected by intersection reactor@@ff0 A rated current having
percentage reactance of 10%. The sections supg@srliand nonlinear loads via
cable lines (CL) in series with line reactors (LRhe substation A of the indus-
trial grid is connected to 6 kV buses of the suiimaB by three parallel cable
lines (CO-L) and line reactor (LR). The rated cutref the cable lines is 2500 A
and the line reactor inductance is between: (0.0428) mH. Four turbogenera-
tors TG of total capacity 37.5 MVA is connectedthe MV substation B and
supply the industrial loads too.

The analyzed grid is a very extensive industriadtay, therefore due to
complexity of connection topology of middle and lowltage cable lines,
MV/LV transformers, induction and synchronous mstand the relation be-
tween A and B substation it can operate in vartop®logies. Damaging of the
cable insulation in this power supply system walse the intermittent electric
arc, that can lead to high amplitude of the tramsteervoltage up to 6-8 times
of the phase voltage. This high amplitude overgdtaan damage the sensitive
equipment, even if the system has the overvoltagegtive devices. All cables
are represented by their resistances, inductamuksapacitances. In the Table 1
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and 2 are shown the main parameters and equiprpenifisation of the ana-
lyzed industrial grid.
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Fig. 1. One line diagram of the power supply indakgrid
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Table 1. Equivalent parameters of the industriel.gr

Paramete Unit Value
Rated voltage, , kV 6.0(
Inductance of system, mH 0.3¢
Line-to-ground capacitance, C pF 76.70
Line-to-line capacitance,,C pF 28.30

Table 2. Specification of the grid reactors.

Type of reactor Rated voltage | Rated current Resistoance Inductance
U, [kV] In [KA] R [U] L [mH]

Load reactor 6.00 0.60 0.35 0.45

System reactor 6.00 1.00 0.27 1.10

The above MV power grid is operated with neutralhpeonnected to the
ground by Petersen coils installed at each neptiait of grounding transform-
ers of the grid substations A and B. The each gtmgntransformer has the
Petersen coil connected to the MV transformer wigdieutral and the coil is
equipped with 8 manually changed taps. During analysis the growqndbils
were set to the'3tap of the coils. In Table 3 there are shown themeters of
the resonant grounding system.

Table 3. Specification of the grounding transforiawed coil.

Rated N
Grounding Rated voltage Short-circuit Inductance
unit Snpf’ll’\"/e/{] U | U, Xﬂtf})%]e L [mH]
[kv] | [kV]
Transforme 34¢ 6.C 0.4 4.7: 15.67
Petersen cc 34¢ 6.C 0.4 15.0( 258.2:

The two adjustable speed drives (ASD) with totgdamty of 500 kW are
connected to the 6 kV bus of B industrial substatia MV switchgear. The
ASDs are supplied by line reactors (LR) and caiplesl| (CL) with rated current

1000 A. The ASD circuit diagram for this kind of top capacity is presented in
Figure 2.
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Fig.2. Adjustable speed drive circuit in the exagdipower supply system
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The capacitor of the ASD provides smoothing DCagdt and links the ASD
rectifier and inverter. The PWM inverter unit ugee G capacitor voltage to
create a variable frequency voltage to controlgpeed of the inductor motor.
The reactor | of ASD is used to reduce the rate of the curriset due to recti-
fier is switching-on and provides the reductiortloé overvoltage generated on
the capacitor.

3.MODELING TRANSIENTS UNDER
INTERMITTENT FAULTS

Numeric simulation of the transients caused byt$aptoduced in medium
voltage networks is the most efficient method fioalsizing that phenomenon. In
order to describe the behaviour of the networkrdusingle-line to ground fault
simulation model was made using the Matlab SimP8w&tem Software. The
software provides component libraries and analggits for modeling and simu-
lating electrical power systems. The numeric sinaulallows to analyze the
transient behaviours caused by faults such asitiesgrounding type, no ma-
ter how the neutral point of the medium voltagenmek is grounded and what-
ever are the functioning conditions of the eleat@twork.

This paper considers three phase simulation moa#lded equivalent pa-
rameters of the system sources, power transforriees reactors, cables and
ASD circuit. All the components of the model weraplemented from the
Matlab libraries and have standard equivalent @&scand specifications. The
model was created to simulate transients in thasm@l power grid having a
grounding transformer with Petersen coils to corspéng cable capacitive
currents at ground faults. In the course of stualyehbeen described transients
within the substation during single-line to grodadlt and the impact of various
compensation degrees of the capacitive fault ctiroanthe level of occurring
overvoltages.

Transient temporary overvoltages during the intdemi arc faults may be
dangerous for insulation of the substation equignaem can cause its failure.
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Intermittent arcing fault at the cable grids hast@hastic nature and was mod-
eled with subject to the most influencing factobsatned from practical experi-

ence [6]. The developed arc model presents a safrisgccessive arc ignitions

and breaks in the faulted phase. Figure 3 showsrémsient behavior during

single line to ground fault under intermittent atstained by the analyzed grid
model when grounding transformers are off. The lmground voltages on the

buses of the substation B are presented in therd=ig4, fault currentlg scis

presented in the Figure 3B, and voltages at the ARffifier valves are present-
ed in the Figure 3C. The line to ground voltagemarked in the Figure 3 by
solid (phase A), dotted (phase B) and dashed (pbabees.

The arc ignitions and breaks occur at the 1 arich points respectively, as
they are shown in the Figure 3B. Successive reesaofjthe grid phase capaci-
tance after each arc break cause the rise of timeneocial frequency voltage on
the faulted phase with adding to it the grid ndtfirequency transient voltage
component. The grid natural frequerfoyuring intermittent arcing SLGF can be
estimated for a grid through using values of thphase short circuit curretff’
and the steady SLGF currdfit at the fault point [7]:

| (©)
f=fo) g (1)
where thd, is the power system frequency.

The grid natural frequency allows estimating theiegjent resistor frequency de-
pendence in the equivalent circuit to proper actinogrthe damping rate in the transient
simulations. For the examined grid the value of ésémated natural frequency is 850
Hz. Using the value of the frequency, the modelivedant resistances were calculated

by the next formula:
_ f
Mt =fo\J 5 2)
0

where thery is the resistance at power system frequency ¢iistandr; is the
resistance at the grid natural frequency.

4. RESULTSOF SIMULATIONS

In the course of computer simulation of the anadymetwork, the influence
of network parameters, which vary depending onedéifit production require-
ments, and the degree of compensation of the st@a@F current of the indus-
trial grid on transient overvoltages on the ASDtifier valves was studied.

As it has been shown in the previous section ofpaper, the intermittent
arcing SLGF causes oscillating overvoltages onAB® rectifier valves when
grounding transformers with compensating coils diseonnected from the grid
busses. From the Figure 3C it can be observedthibadvervoltage peak on the



72 Jurij Warecki, Michat Gajdzic

faulted phase reaches 1.74 relative to the magnitidhe valve steady voltage.
Such level of the overvoltage can trigger the fiertivalve protection and trip-
ping the ASD from the buses.

2600 A

Isior

Fig.3. Transients in the grid when grounding Fig.4. Transients in the grid at complete
transformers are off compensation of the SLGF steady current

Figure 4 shows the grid transients, when groundiiagsformers with com-
pensating coils are connected to the substatioseshand setting up of the com-
pensating coils provides almost complete compemsatif the SLGF steady
current. Currentl . in the Figure 4B is the equivalent compensatingsccur-

rent. In this operating state, the compensatints éotrease the rate of discharge
of the grid capacity after each arc pulse, andefioee the transient voltage does
not rise to levels as in the previous case witlommpensation. As one can see
from the Figure 4B the magnitudes of the intermittarc current pulses in the

grid with installed compensating coils are sigrifidy less comparing to the

uncompensated grid. The peak of the line to growadsient voltage in these

conditions does not exceed 2.23 of the steady g®ltaagnitude. As a result, the
maximum rectifier valve overvoltage ratio in thigse does not exceed 1.32 of
the valve steady voltage magnitude.
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Fig.5. Transients in the grid at Fig.6. Transients in the grid at overcompensa-
undercompensation of the SLGF steady tion of the SLGF steady current
current

Figure 5 and 6 present the grid transients, whers#tting up of the Petersen
coils in the industrial grid provides undercompédimsaof the SLGF steady cur-
rent by 30% and overcompensation of the currenB@¥% respectively. Such
conditions may occur as a result of operationahgkeof the grid configuration.

Undercompensation of the grid capacitive single-fia ground fault current
leads to some residual value of the fault capaxitirrrent. As can be seen from
Figure 5B, the nature of the arc pulses changésisncase due to the change in
conditions for ignitions and breaks of the arcspite of this, the magnitudes of
the intermittent arc current pulses in the grid sigmificantly less comparing to
the uncompensated grid. The values of the linegdard overvoltages and recti-
fier valve overvoltages in this case are closéntoprevious case (see Figure 5A
and Figure 5C). The transient voltage of the damigd®se A on the substation
buses in this case is significantly damped comgaidrthe uncompensated grid.

Transient within the overcompensated grid undeglsitine to ground fault
determines changes in the currents and voltagesvihas can be seen in Fig-
ure 6. The inductive nature of the total groundtfaurrent in this case causes
more intensive transient voltages on the busesaasnd result at the rectifier
valves compared to the previous cases of the cosapiens.
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Despite of some difference in the transient behavan the analyzed grid
under different compensation degrees, it can berebd the similar impact of
the Petersen coils on the transient voltage: theyeahse the transient overvolt-
age magnitudes on the grid buses and rectifieregalkegardless of the compen-
sation degree of the grid SLGF capacitive current.

5. CONCLUSIONS

Transient overvoltage magnitudes across the sudstaguipment in the
middle voltage ungrounded industrial power suppiyg gontaining adjustable
speed drives during single phase to ground faudteevinvestigated by simula-
tion. A comparison of the transient behaviourshia ¢rid with compensation by
a Petersen coil of the capacitive ground faultentrivas carried out.

The results of simulating transients in the indastgrid have shown that
compensating Petersen coils reduce the transieatvolages under arcing
SLGF compared to an uncompensated grid with isdlagutral. Varying net-
work parameters, which depend on operational cleogethe grid configura-
tion, can change the degree of compensation dithestrial grid SLGF capaci-
tive current. Studying transient overvoltages ia ¢ghid with different degree of
compensating SLGF fault capacitive current has shawminor impact of the
Petersen coil tuning at the overvoltage levelstha examined power supply
system, comprising ASD, one can see the similauaigoh of the transient
overvoltages at different Petersen coil inductances

Podzekowania. Badania byty finansowane z subwencji badejwnr 16.16.210.476.
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