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Abstract--The paper deals with the features of operation of
medium voltage distribution networks with long-distance power
transmission lines. In some cases, the length of transmission lines
may exceed hundreds of kilometers. Power supply reliability of
these lines deter mines power supply security of the region.

The paper presentstheresults of field experiments of solid and
arcing single phase-to-ground faults in an operating 35 kV
network. Based on the results, a model for transient process
simulation was developed using EMTP.

The paper gives information on the features of transient
processes at single phase-to-ground faults in the long-distance
transmission line with various neutral grounding conditions.

High overvoltage levels observed under normal operating
conditions, compensation detuning occurring with ground fault
point variation and other factors cause some features that should
be considered when developing technical solutions of the network
configuration.

Therefore, the paper presents the results of transient process
investigations in the case of solid and arcing ground faults: the
dependence of initiation of dangerous overvoltage levels along the
transmission line was experimentally defined, studied and
described; reliability of the neutral grounding system used in the
network was evaluated. The protection area was experimentally
identified for the neutral grounding system, including Petersen
coils and resistors. The developed simulation model was used for
determining the influence of network configuration on
overvoltage levels.
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throughout all components of the distribution netwoAs a
result, short circuits caused by breakdown of imgzhi
insulation occur at multiple locations [1].

It is generally accepted that, to reduce the failiate, the
ystem neutral is equipped with a Peterson coipaCiive
urrent compensation devices are designed to reduee
urrent in the fault location. From the point ofewi of

increasing the probability of arc extinction, theté&son coil

as to have resonant frequency tuning. A deviafimm

resonant frequency tuning is called compensatibumnitey.

The possibility of resonant neutral voltage stemumpthe
eutral is one of the main problems with resonaadjdency

tuning of the compensation current. If the Petersoit is
included in the network neutral, the diagram cdas@ an

nti-resonant circuit where significant voltagel@uips in coil

inductance are possible. In the case of resonaninging and

igh reactor quality factor g&/R,, the voltage across the
eutral resistor can be defined in a simple wayingus

Un=0Wnno-0ad AS the quality factor of the modern Petersen

oil is rather high (50-100), some dangerous oM&age can
ccur on the neutral point and, consequently, enptiases in

the case of even small unbalance of the network eiact
tuning of the Petersen coil (or if the Petersen twning
resonates).

In the case of fine resonance tuning, the residuaknt in

the fault point is defined by high leakages and Higher

armonic current that is caused mainly by a noalinead

which can also lead to overvoltage. In connectidh that, the
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HE power supply security in large-scale power syste

depends largely on the system's operation stalilitase
of emergency. According to international statisticsngle
phase to ground faults are responsible for up b 80failures P
in 6-25 kV networks. Both field experience and datid 9
studies show that phase to ground faults are uysua(f
accompanied by intermittent arcing that causes vol@ge
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armonic composition of the single phase-to-grodadit
urrent is an important factor when choosing theitnad
rounding mode.

To measure the neutral voltage in the normal modkta
revent arc overvoltage, a combined mode of neutral
rounding is used, where a high-value resistordded in
rarallel with the reactor.

When selecting means for neutral grounding, a wadwe
f factors affecting the performance of said mesimsuld be

taken into consideration, such as occurrence ofmadaic

istortions in the phase to ground current or gtfice of

system state variables on the overvoltage levekase and so

n [2-4]. Some results of comprehensive researchstd on

the influence that the neutral grounding mode hagansients

ccurring in case of phase to ground fault in aydescale
istribution network are presented in this paper.
In case of neutral grounding via Petersen coil, dhgng



fault overvoltage values are lower and the oveagst
condition lasts for a relatively small period ah&, not longer
than half-wavelength, which is particularly impartafor
insulation. Nevertheless, the advantage of resogeninded
systems as regards overvoltage suppression is imadnin
case of compensation detuning to an extent grehter 5%
deviation from the resonance value and practidadbught to

harmonic distortion level on the compensation airres
shown in Fig. 1. Both dependences are increasihghe
approach to the resonance value of the compensatioant,
the voltage level on the neutral increases.
TABLE |
NEUTRAL VOLTAGE, 50Hz VALUES IN 35KV BUSBAR SECTION 1 NETWORK OF
ULAANBAATAR CHPPLANT NO. 3 MEASURED FORPETERSEN COIL SWITCHED
TO TAP POSITIONSL-5

naught in case of compensation detuning to 20%hégiter. In
view of this, the task of maintaining the resontaming of the
Petersen coil becomes particularly important. luldobe

possible that in large-scale distribution netwonksing long-

distance lines a significant voltage drop occumglthe line

Neu”ial Ubias,pos.l Ubias,pos.z Ubias.pos,B Ubias,pos.4 Ubiaslpgs_s
grounding v v v v vV

mode
Resonant 139.790 205.290 229.31( 255.560 348.5[70
Combined 95.112 95.112 121.010 83.962 125.810

resulting in decompensation in the case of growndk fat the
point most distant from the main substation.

Il. SUBJECT OF RESEARCH

A 35 kV network of Ulaanbaatar City Central Elecity
Distribution Networks that supplies power for 1Qgiomal
substations with the total power of 14.7 MW sitdiatégthin a
radius of 140 km from the power supply center igli&d in
this paper. This network is fed from 35 kV busbarfs

Ulaanbaatar Combined Heat and Power (CHP) Plant3No.

The total value of rated ground-fault capacitiverent for the

busbar section considered is A6 This network is provided
with a Petersen coil 2BM-275/35 installed pursuant to

regulatory requirements and a protective resist@r3B00-
136-35 for overvoltage suppression. The networHistiihere

is notable for significant length of particulard®s the longest

of them extending over a distance of 140 km. The afAS-
50 (Aluminum and Steel) wire in this line results a
significant amount of line losses. While testinige tine was
loaded to 20% of the rated power. The voltage diopg the
line's length was then 1.15 kV.

The line consists of sections with single and detditcuit
transmission poles without conductor transpositat results
in voltage unbalance and, therefore, resonant geltacrease
in case of the Petesen coil tuned to resonancerdlewltage
was measured for this network in the normal opegathode
with resonance and combined modes of neutral giognd

Neutral voltage was measured with the help of the ef
the insulating rod (connected with the capacitamotage
divider (VD)) briefly touching the neutral point ofhe
transformer neutral of the Petersen coil 35 kV lns®ection
1 network of Ulaanbaatar Combined Heat and Pow&tP()C
Plant No.3. To obtain reliable data about the vahrel
harmonic composition of the voltage, the voltagmal at the
lower arm of the voltage divider was oscillograpted the
network neutral.

The voltage signal was oscillographed and the logcdams
were recorded using Yokohama DL750 digital osciiéqu.

As a result of the measurements, the dependen&@tt
neutral voltage on the Peterson coil current corsaiion was
obtained. The data is given in Table |I. Dependesic¢he

EXPERIMENTAL RESULTS

The measurements have shown that neutral voltaaghes
a value of 348.57 V in case of applying the resbnan
compensation tuning to the neutral grounded viamenh coil,
whereas the combined grounding approach impose#isant
restriction on the growth of neutral displacemeattage so
that neutral voltage reaches a much lower valu#2&f51 V
(reduced by 2.77).
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Fig. 1. Relationship between the neutral voltage the compensation current
values for 35 kV Busbar Section 1 network of Uleaatiar CHP Plant No. 3
(the neutral voltage with resonance neutral grougéi red colour, the neutral
voltage with combined neutral grounding — blue colo

The measuredignals were processed using the Mathlab
software package. As a result, the harmonic cortiposif the
neutral voltage for resonance and combined modewuofral
grounding with different Petersen tuning were atedi

TABLE Il
HARMONIC DISTORTION OF NEUTRAL VOLTAGE IN35KV BUSBAR SECTION 1

NETWORK OFULAANBAATAR CHPPLANT NO. 3 MEASURED FORPETERSEN
COIL SWITCHED TO TAP POSITIONS -5 WITH THE RESONANCE NEUTRAL

GROUNDING
Harmonic number Ubla\s/,pos.l Ub\avs,pos.z Ubla\s/,pos.3 Ublavs,posA Ubla\s/,pos.s

3 5.918 8.571 11.913 9.480 11.713
4 4.423 6.060 4.261 2.547 1.007
9 6.585 5.606 2.205 4.904 9.153
18 20.474 19.936 20.455 21.189 20.884
21 6.551 4.126 3.465 4.974 3.320
24 5.386 5.563 6.999 6.896 3.059

Total harmonic | g 457 29.399 30.586 30.848 33.393

distortion




Data for voltage harmonics exceeding 5V for th@mnasice
mode and the combined mode of neutral groundingyiven
in Table Il and Table Il respectively.

TABLE IV
HARMONIC COMPOSITION OF CALCULATED SINGLE PHASE TOROUND
CURRENT FORPETERSEN COIL TUNED TO RESONANCE I85KV BUSBAR
SECTION 1 NETWORK OFULAANBAATAR CHPPLANT NO. 3

TABLE IIl Harmonic number rds A
TOTAL HARMONIC DISTORTION OF NEUTRAL VOLTAGE IN35KV BUSBAR 1 14.910
SECTION 1 NETWORK OFULAANBAATAR CHPPLANT NO. 3 MEASURED FOR > 0.226
PETERSEN COIL SWITCHED TO TAP POSITIONE-5WITH THE COMBINED :
NEUTRAL GROUNDING 3 0111
. 5 0.294
Harmonic
number Ubias,pos.V | Ubiaspos2V | UbiasposaV | UbiasposaV | Ubiaspos.sV 7 0.101
2 2.158 2.158 6.841 2.833 6.324 11 0.172
3 7.164 7.164 13.735 9.107 8.866 13 0.172
5 3,100 3.100 5147 ey 1.816 Total harmonic distortion 0.480
5 4.002 4.002 5.885 3.526 1.800 A phase voltage transient oscillogram for post phas
18 19.558 19.558 19.084 19.518 17.641 ground fault condition (CH1_1 is for phase(blue), CH1_2
24 5.584 5.584 5.511 6.818 7552 | for phaseB (green), and CH1_1 for pha€e(red) is shown in
Total Fig. 2. After ground fault clearance, the recovefuase
harmonic 27.398 27.398 30.169 27.996 27779 voltage had beats and reached a level of 18 Uhe
distortion transient period was 950 ms.
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In this research, a solid single phase-to-groundt feest
has been carried out using the method of artifa¢tlieect”
phase to ground short circuit with oscillography grbund
fault current and phase voltages. This method iecti it
makes it possible to most reliably measure thes&datalues of {w 1A Yy ¥ : f \
single phase-to-ground faults and other values. o M/ MW[(MNWMWWWWMWM Mdb

To study changes in transient processes in the ofse u\) J /\\ AR ALALA
moving away from the fault location, two observatipoints
were set up. The first point was located in thdtflacation,
the second one — at the distance of 140 km. Thaseanset of
high voltage divider in each point. VD were coneecto the | | =
busbars in the breaker compartment to the studietios with 2=
high-voltage wires. A digital storage oscillographas
connected to the VD low-voltage arm terminals vl
measuring cable to register phase voltage. The mamiange In order to estimate the effectiveness of combinedtral
of operating frequencies with bandpass flatness006dB is grounding, a test with parallel connestion of aePsn coil
20 - 2 18 Hz which ensures the required signal determinatiemd a resistor has been carried out. Fig. 3 shophase
precision for further processing. voltage transient oscillogram. After ground fadéarance, the

To oscillograph single phase-to-ground fault protec recovered phase voltage had no beats and reacteaalaof
current, a current transformer (CT) was additignaicluded 1. 65 unax The transient period was 150 ms.
in the fault circuit; to oscillograph the Petersmil current, a [=
current transformer was also included in the grouetsvork of
the Petersen coil.

When making a short artifactual single phase “riidallt-
to-ground, current signals through the single pliasground m S oy, S
fault location via the Petersen coil, phase-to-gtbwoltage | / W\MMA [\ “X/%M\ f\,(\/wmm QP\U\\[
and the neutral voltage were oscillographed abtigbars. U

The obtained values of 50Hz capacitance current g
harmonic distortions are given in Table IV. The o
prominent harmonic distortions are in the odd row: fifth
eleventh and thirteenth, as well as the second wigh ==
testifies to possible existence of a 35 KV transfer with a Fig. 3 — Oscillogrgphy of phase voltages at therbvegg of a long line in 35
“ " . . . T kV Busbar Section 1 network of Ulaanbaatar CHP [8o.(Petersen
broken” coil flux guide in the distribution netwar The .. odicion
measurement data showed significant undercompensaf
ground fault current which is also confirmed by theve form
in Fig. 2.
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Fig. 2. Oscillography of phase voltages at the fr@igig of a long line in 35
kV Busbar Section 1 network of Ulaanbaatar CHP 3(Petersen coil)
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The test data confirm the efficiency of using thpédance
neutral grounding in the 35 kV network of UlaanlaaaCHP
No. 3. even in the case of significant network cegensation.



IV. TRANSIENTS IN DISTRIBUTION NETWORK

To investigate the effect of the neutral groundiaglities,
the authors developed a mathematical model of tailison
network that included components listed below:

- Equivalent power source;

- Distribution network (cable and overhead lines);

- Power and voltage transformers;

- Substations (load centers).

The calculation scheme is shown in Fig. 4.

Fig. 4. Calculation scheme for the investigatiortrafsients in the network in
the event of a single-phase earth fault in 35 k\él&wr Section 1 network of
Ulaanbaatar CHP No. 3.

As the most difficult loading case, the ground faatl the
end of a long line has been selected. To substantie
model's adequacy, the actual values of voltage dfopg the
line have been used as reference data. Then, éofdevalue
equal to 80% of the rated power value was used
calculation. Raising the load resulted in a sigaifit increase
of voltage drop. According to calculation, the egie drop
value was 4.72 kV. If the coil tuned as per ratettirsgs is
located at the beginning of the line and a shodudi
condition occurs at the end, it results in congitkr
compensation detuning even if the coil is precidelyed to
resonance. The residual value of rated currenthé@ws in
Fig. 5.

1.Amp
75

/ \\ / ‘\\
\\/ \/ \\//

"0.40 0.2 0.84 0.6 048

Fig. 5. Model-derived oscillography pattern of gndufault current at the end
of the line for Petersen coil tuned to resonanc®5irkV Busbar 1 network of
Ulaanbaatar CHP No. 3

In order to additionally specify the model paramgte
nonlinear characteristics of power consumers haen liaken
into account. The technique and the algorithm fotutating
loaded electrical devices with elements of eleatriteel are
described in some published papers [5-7].

As a result, a final network model describing tisewrence
of ground fault in a network with resonant groundesltral
has been obtained. Fig. 6 shows a model-deriveitloaggam

for steady-state phase to ground fault current.
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Fig. 6. Model-derived oscillography pattern of gndufault current at the end
of the line for Petersen coil tuned to resonanc&5rkV Busbar Section 1
network of Ulaanbaatar CHP No. 3.

The frequency spectrum conforms to the field meament
data in terms of both quality and quantity (Table V

TABLE V
HARMONIC COMPOSITION OF CALCULATED SINGLE PHASE TOROUND
CURRENT FORPETERSEN COIL TUNED TO RESONANCE I85KV BUSBAR
SECTION 1 NETWORK OFULAANBAATAR CHPPLANT No. 3

Harmonic number ds A
1 421
2 0.150
3 0.201
for 5 0.314
13 0.221
Total harmonic distortion 0.458

If the neutral and network grounding mode has oerta
parameters, a transient arises in case of grountl (fag. 7).
The overvoltage value reaches 1.96;Jwhen the short-circuit
condition arises and has its maximum at 1.84;@fter fault
clearance. The transient period is 650 ms.
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Fig. 7. Model- denved oscnlograms of phase voltageé the beginning of a
long line for resonant grounded neutral in 35 k\sBar Section 1 network of

Ulaanbaatar CHP No. 3
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Fig. 8 shows a model-derived oscillogram for coredin
neutral grounding (the neutral includes an instaliesistor
RZ-3000-136-35). The overvoltage value reaches -WUQ3
when the short-circuit condition arises and hasniggimum at
1.41-Umpafter fault clearance. The transient period isr$0
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Fig. 8. Model-de'rived oscillograms of phase volage the beginning of a
long line for combined neutral grounding in 35 kidbar Section 1 network
of Ulaanbaatar CHP No. 3

V. CONCLUSIONS

The experimental studies of transients in caseingles
phase to ground faults (steady-state solid phageotnd in 35
kV Busbar 1 network of Ulaanbaatar CHP No. 3 fdfedént
neutral grounding modes) have shown that the combin
neutral grounding via parallel-connected Peterseits and
resistors RZ-3000-136-35 or similar has the folloyveffect:

. Normal operation voltage recovery rate reduction
from 0.95st0 0.15 s;

. Overvoltage reduction from 1.8§,,t0 1.68) g

. Resonance suppression in the network with Petersen

coil;

. Limitation of neutral displacement voltage in these
Petersen coil is tuned to resonance.

Computer-aided investigation has shown
impossible to ensure precise resonant tuning focades of
single phase to ground faults, particularly if fhelt occurs at
a considerable distance from the power supply cefitee
ground fault current has a significant residualueatausing
overvoltage. Compensation systems should be iedtaibd
provide for automatic compensation current constddject to
distance to the ground fault location.

Results of experimental and theoretical investigati
suggest that the combined neutral grounding mettaod be
efficiently used on the 35 kV network of Ulaanbaa@HP
No.3.
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