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Purpose Development of a model for a compensated 6—10 kV network and a methodology for selecting its element
parameters based on estimating the minimum level of higher harmonics in the single-phase-to-ground fault current.

Methodology. To estimate the minimum level of higher harmonics in single-phase-to-ground fault current cur-
rents, a generalized model of a compensated 6—10 kV cable network and its constituent elements, implemented in the
Matlab system with the Simulink extension package, was used. The generalized model of the compensated 6—10 kV ca-
ble network and its element parameters were obtained based on a statistical analysis of data from the power supply
systems of cities and industrial enterprises.

Findings. The main requirements for the equivalent calculation scheme of a 6-10 kV cable network for estimating
the minimum level of higher harmonics in the single-phase-to-ground fault current were formulated, and the ranges of
variation and average values of its parameters were determined. The developed mathematical model of the 6—10 kV
cable network accounts for the main factors determining the minimum level of higher harmonics in the single-phase-to-
ground fault current. Based on the results of computational experiments performed on the mathematical models of 6—10
kV cable networks, it was established that to ensure the required sensitivity, single-phase-to-ground fault protection
devices based on the use of higher harmonics must have a primary pickup current of no more than 0.1A.

Originality. A model of a compensated 610 kV network was developed, which allows clarifying the sensitivity
requirements for single-phase-to-ground fault protection systems based on the use of higher harmonics, thereby en-
hancing their operational efficiency.

Practical value. Based on the mathematical model, a methodology for selecting its element parameters is pro-
posed, which utilizes the estimation of the minimum level of higher harmonics in the single-phase-to-ground fault cur-
rents.

Keywords: compensated network; mathematical model; transformer, higher harmonics protection.

I. INTRODUTION ing.

In distribution cable networks with a voltage of 6—10 II.ANALYSIS OF LAST RESEARCHES
kV in industrial and urban power supply, which typically
operate with resonant neutral grounding via an arc-
suppression reactor (capacitive current compensation),
single-phase-to-ground faults are the main type of damage
[1], [2]. Therefore, the reliability of such networks and the
power supply to consumers depends on the technical per-
fection of single-phase-to-ground faults protection. In The primary sources of higher harmonic in 6-10 kV
compensated 6-10 kV cable networks, the primary appli- networks are thyristor (or valve) converters [10], and in
cation for single-phase-to-ground faults protection is de- their absence in the consumer load, they are the power
vices based on the use of absolute and relative measure-  transformers of the receiving substations (6-10/0.4 kV)
ment methods for higher harmonics in the zero-sequence  [11], [12]. The most pronounced harmonics in the spec-
currents of the protected object's connections [3]-[5]. The  trum of these sources are the 5th, 7th, 11th, and 13th har-
application of directional protection devices based on monics [13], [14]. To ensure stable functioning under
monitoring the direction of zero-sequence power of high- ~ conditions of higher harmonics spectrum instability, pro-
er harmonics (for example, [6]) is also considered promis- tection devices are designed to respond to the total level

The spectrum of higher harmonics in the voltages
and, consequently, in the single-phase-to-ground fault
currents of the networks under consideration is unstable
and depends on the composition of the higher harmonic
sources and their operating modes [7]-[9].
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(typically the root-mean-square (RMS) value) of these
harmonics. Therefore, when developing and designing
higher harmonic -based protection, it becomes necessary
to estimate the minimum possible total higher harmonics
level in the single-phase-to-ground fault current for the
networks under consideration at various values of the total
capacitive current to determine the requirements for their
sensitivity to the primary current and the scope of possi-
ble application. Estimates of the minimum higher har-
monics level in the single-phase-to-ground fault current of
compensated 6—-10 kV cable networks were previously
provided in the works [15], [16]. These estimates were
conducted in the late 1960s based on simplified analytical
methods and models of 6-10 kV cable networks and their
elements, which limited the capabilities of researchers and
developers. Operating experience does not always con-
firm the sensitivity and potential application scope of
higher harmonics -based protection systems, as estimated
by those studies (for example, [17]). Therefore, refining
the sensitivity requirements for higher harmonics -based
single-phase-to-ground fault protection is considered a
pressing issue [18]-[20].

The emergence of modern simulation systems for
electric power systems (EPS) and power engineering fa-
cilities, such as the Matlab system with the Simulink ex-
tension package, provides the opportunity to use more
complex and, consequently, more accurate models of
compensated 6—10 kV networks to refine the minimum
higher harmonics level in SPGF currents and the resulting
sensitivity requirements for the protection systems based
on them.

III. FORMULATION OF THE WORK PURPOSE

Development of a model for a compensated 6-10 kV
network and a methodology for selecting its element pa-
rameters based on estimating the minimum level of higher
harmonics in the single-phase-to-ground fault current.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The harmonic content of the fault current at the point
of the single-phase-to-ground fault and the zero-sequence
currents (310) of the faulted and unfaulted connections is
determined with sufficient accuracy by the harmonic con-
tent of the voltage of the faulted phase at the point of the
ground fault [5], [8]. When determining the minimum
level of higher harmonics in the phase voltages of the
network and, consequently, in the single-phase-to-ground
fault current, it is assumed in [5] that the EMF of the
power source is purely sinusoidal (the total harmonic dis-
tortion coefficient KTHD = 0), and the main source of
higher harmonics is the non-linearity of the magnetization
curve of the 6-10/0.4 kV transformers installed at the
receiving transformer substations (TS) or distribution
transformer substations (DTS) of 6-10 kV cable networks
in industrial or urban power supply. This assumption is
acceptable for industrial consumers with a shift-based
daily schedule, where during the night-time load drop or
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on weekends, all major technological installations, and
consequently, the main higher harmonics sources (primar-
ily thyristor/valve converters), except for the transform-
ers, can be almost completely switched off. Theoretical
information must expand, and not repeat, stated in the
introduction and review of literature information.

In [5], the equivalent circuit of the network shown in
Fig.1, a is used to estimate the minimum level of higher
harmonics in the single-phase-to-ground fault current.

JCor

g

b)

Figure 1. Calculated equivalent circuits of the 6-10 kV
network for estimating the minimum higher harmonics
level

In the equivalent circuit according to Fig.
C =3Cyy

1,
is the total capacitance of the three phases of

the network to ground; e is the equivalent EMF of the
power source; L is the total inductance of the supply
transformers of the power center (PC); L, is the total

inductance of the magnetization branches of all connected
load transformers; R, is the total load resistance of the

transformers.

For the purpose of simplification, the calculated
equivalent circuit (Fig. 1, a) does not take into account the
influence of several factors on the voltage higher harmon-
ics level at the point of the single-phase-to-ground fault:
resistances of the lines connecting the Power Center (PC)
to the receiving substations; system impedance; winding
resistances of the load transformers; interphase capaci-
tances of the network; complex nature of the load imped-
ance; differences in magnetization currents for transform-
ers of different ratings; the arc-suppression reactor (ASR),
and others.

The minimum higher harmonics level, determined
by the equivalent circuit in Fig. 1, a, is significantly influ-
enced by the ratio of the ratings of the supply and receiv-
ing transformers,

S supy.,

SrecZ

S = , (D
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which was assumed in [5] to be §=1.5 to 3.The mini-
mum level obtained in [5] using the equivalent circuit in
Fig. 1, a, for one of the most pronounced harmonics—the
Sth harmonic—which primarily determines the sensitivity
of higher harmonics -based protection under the condi-
tions considered, is <2.6\% of /.y when the parameter

S = 1.5. The corresponding current values for the 5th
harmonic for networks with various / .y values are pre-

sented in Tab. 1.

Table 1. Calculated values of the 5th harmonic current
15 = 026[02

Calculated val- | Value of the 5th Harmonic Current /5, A

ues of the 5th
harmonic  cur-
rent I~ =
I5=0.261,5 >

250A

ICZ =
100A

ICZ =
50A

ICZ =

25A
Current /5

In the single-
phase-to-ground
fault current

0.65 1.3 2.6 6.5

In the zero-
sequence cur-
rent 31y faulted
connection

0.585 2.34 5.85

The pickup
current (or op-
erating current)

0.95 1.4 2.5 4.85

In [8], it is shown that the selectivity and sensitivity
conditions for instantaneous overcurrent protection (max-
imum current protection) based on absolute measurement
of higher harmonics can only be ensured on connections
(feeders) with relatively small values of their own capaci-
tive current:

I
[*ciown = ;fown <0.1. ()
cx
At values of 7*. ,,,= 0.1, the 5th harmonic cur-

rent /5 in the faulted connection will be equal to 0.9 of
the Isvalue at the point of the single-phase-to-ground

fault (Tab. 1). For comparison with the 5th harmonic cur-

rent in the faulted connection with /*, ,, = 0.1, Tab. 1

also provides the pickup current values for the 5th har-
monic for the USZ-2/2 type current protection device,
which is the most widely used in compensated 6-10 kV
networks [1], [2].

An analysis of the data in Tab. 1 shows that, given
the minimum calculated level of the 5th harmonic ob-
tained in [5], the required sensitivity (minimum sensitivi-
ty factor K 1.5) of the USZ-2/2 type protection is not

ensured (or: is not provided).

. >
min —

In [6], a calculation method for determining the
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higher harmonics of the single-phase-to-ground fault cur-
rent in 6-10 kV cable networks of industrial power supply
systems are proposed. The equivalent circuit shown in
Fig. 1, b is used to calculate the k-th harmonic in the sin-
gle-phase-to-ground fault current. In the equivalent circuit
of Fig. 1, b, as in the equivalent circuit of Fig. 1, a, sever-
al factors that can significantly influence the higher har-
monics level in the single-phase-to-ground fault current
are not taken into account, namely: the resistance of the
lines connecting the power center (PC) to the receiving
substations; interphase capacitances; the ratios between
the network capacitances at the ends of the lines; the
winding resistances and the load of the transformers; the
arc-suppression reactor (ASR); and others.

To determine the equivalent EMF of the Ey, [6] uti-
lizes data on the harmonics of transformer magnetization
currents [9]. Calculations performed in [6] using the aver-
age values of Ey transformers and the parameters of other
elements in the equivalent circuit shown in Fig. 1, b
yielded the following levels for the 3rd, 5th, and 7th har-

monics in the SPGF current: [7;=0.1A, [5<0.75A,
1;,~0.62A for a 6 kV network with /.y = 40A and a

parameter value of S = 0.75. If it is assumed that the
percentage ratio of the fundamental (1st) and higher har-
monics does not change with a change in the total net-
work capacitive current /.y = 25A, the calculated value

I5=0.47A. This value is noticeably lower than the one
obtained in [5] (Table 1).

The calculated data obtained in [5], [6] show that the
higher harmonic level in single-phase-to-ground fault
(SPGF) currents can be small. Therefore, inaccuracies (or
errors) in the models of the 6-10 kV network and its con-
stituent elements can lead to imprecise conclusions when
assessing the sensitivity requirements for higher harmon-
ics -based SPGF protection and the conditions for their
applicability. The use of modern simulation systems, such
as Matlab, makes it possible to create more accurate mod-
els of 6-10 kV networks for calculating higher harmonics
in single-phase-to-ground fault currents and to obtain
more precise estimates of the minimum higher harmonics
level in single-phase-to-ground fault currents in compen-
sated 6-10 kV cable networks, which determine the re-
quirements for protection against this type of fault based
on higher harmonics.

The influence of the accuracy of the magneti-
zation curve approximation on the assessment of the
higher harmonic spectrum generated by transformers.

In calculating the higher harmonics generated by
power transformers, [5] assumes that the magnetization
curve of the transformers is approximated with acceptable
accuracy by a fifth-degree polynomial:

3

Craou
L, ~a-y .

Fig.2 shows, for comparison, the magnetization



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHKA» Ne4 (2025)

Po3ain «EjxekTpoeHepreTuka

characteristic of E330 steel, which is widely used for
manufacturing the magnetic cores of power transformers,
and its approximation by a fifth-degree polynomial.

0 25 Lo

1 —initial curve; 2 — approximation by a fifth-degree polynomial

Figure 2. Magnetization curves of E330 Steel (in p.u.)

An analysis of the obtained data (Fig. 2) shows that
the approximation of the magnetization curve for electri-
cal steel used in [5] can lead to noticeable errors com-
pared to the actual curve and, consequently, to errors in
estimating the harmonics of the magnetizing current. An
assessment of these errors was performed using models of
transformers with a non-linear magnetic core, developed
in the Matlab system. The first model used the real mag-
netization curve of E330 steel, while the second used its
approximation by a fifth-degree polynomial. A compari-
son of the simulation results showed that replacing the
real magnetization characteristic with its approximation
by a fifth-degree polynomial yields an error in estimating
the level of the 5th harmonic of up to 10% or more, and
for the 7th harmonic, up to 40% or more (Figure 3).

Calculations using models of 6-10/0.4 kV trans-
formers with the real magnetization characteristic for
electrical steels E42 and E330 also showed that the aver-
age ratios of the root-mean-square (RMS) values of the
5th and 7th harmonics to the total magnetizing current are

within the following ranges: 15* =0.086 —0.154 and 17*

= 0.024 — 0.053. For comparison, it can be noted that
when assessing the minimum level of higher harmonics
generated by transformers, [6] assumed these ratios to be

]5* =(0.22 and ]7*:0.1.

Model analysis showed that the greatest accuracy in
estimating the higher harmonics generated by transform-
ers is provided by approximating their magnetization
curve with an arc-tangent function (fig. 4):

B=a- acrtg(ﬁH) +H" 4)

Taking into account the obtained results, models
were developed in the Matlab simulation environment for
all major types of 6-10/0.4 kV transformers at receiving
substations, ranging in power from 630 to 10,000 kVA
with winding connection schemes Y/A-11 and Y/Y-0, as
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well as for the 110-220/6-10 kV supply transformers,
ranging in power from 25 to 100 MVA, installed at the
power centers of the 6-10 kV cable networks.

5

| 3 9 11 15

1 —model using the real magnetization curve of E330 steel; 2 — model
using the approximation of the E330 steel magnetization curve by a
fifth-degree polynomial

Figure 3. Magnetizing current spectrums obtained from
transformer models in the Matlab system at U = U,om

T ooe
.

0 04 1:% 2.4 IS5 glLoe

1 — real magnetization curve, 2 — approximation by an arc-tangent
function

Figure 4. Magnetization curves of E330 Steel

The Influence of higher harmonics generated by
arc-suppression reactors.

In calculations of higher harmonics in single-phase-
to-ground fault currents, it is often assumed (e.g., in [5,
6]) that the arc-suppression reactor is not a significant
source of higher harmonics because it has a practically
linear magnetization characteristic across the entire range
of compensation current regulation. However, experi-
mental data, provided, for example, in [10], [11], show
that the degree of linearity of the ASR's voltage-ampere
characteristic (magnetization characteristic) significantly
depends on its operating mode. Therefore, the level of
higher harmonics generated by the ASR will vary depend-
ing on the operating mode of the arc-suppression reactor.

The highest degree of non-linearity in the voltage-

ampere characteristics (magnetization characteristics)
and, consequently, the highest level of generated harmon-
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ics for step-regulated ASRs [11] occurs when operating in
modes with maximum values of voltage and compensa-
tion current (Fig. 5).

EU' KV
j»
' 7
6 4
5 —— for Tk=25.5A
1 for Tk=47.8A
/ —Un
3 /-
} — Umax, kV
2
0 Ik, A
0 10 20 30 40 50 60 T
a)
8 U.kV
/}
' 7
6 4
5 —— for Ik=25.5A
i for Ik=47.8A
/ —Un
3 /
/ — Umax, kV
2
0 Ik, A
0 10 20 30 40 50 60 70
b)

a — for a continuously regulated reactor of RZDPOM type; b — for a
step-regulated reactor of ZROM type

Figure 5. Voltage-ampere  characteristics  of

suppression reactors

arc-

The results of calculations for the harmonics gener-
ated by plunger-type and step-type arc-suppression reac-
tors, performed using models with the magnetization
curve approximated by equation (1) for various levels of
operating voltage on the ASR and the maximum compen-
sation current, are presented in Table 2

Table 2. Calculated values of higher harmonics
generated by ASR at various levels of operating voltage
and maximum compensation current

Harmonic Ly, % at Us,

number, v | 0.9y, Uy, 11U,
1 100 100 100
3 0.655 1.097 1.888
5 0.157 0.294 0.565
7 0.009 0.042 0.109
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An analysis of the data in Table 2 shows that, in
contrast to other sources of higher harmonics in 6-10 kV
networks (thyristor converters, transformers, etc.), the 3rd
harmonic is the most pronounced in the higher harmonics
spectrum generated by the arc-suppression reactor. The
total level of significant harmonics (3rd, 5th, and 7th)
generated by the arc-suppression reactor in the operating
mode under consideration is approximately 1.13%.

Model analysis of the ASR also showed that when
the ASR operates with compensation currents lower than
the limit (rated) current, the degree of linearity of the
voltage-ampere characteristics significantly increases, and
the level of harmonics generated by the reactor sharply
decreases. Specifically, for step-regulated ASRs operating

with 1

tap.nom  OF for continuously regulated (plunger-

type) ASRs operating with minimum compensation cur-
rent, the level of harmonics they generate, as the model
analysis showed, is practically zero. Given that such ASR
operating modes are possible in service, the ASR can be
excluded from the 6-10 kV network calculation scheme
when assessing the minimum level of Higher Harmonics
in the Single-Phase-to-Ground Fault current.

Considering the above, the calculation model of a
compensated 6—10 kV cable network should take into
account the following main factors influencing the mini-
mum level of higher harmonics in the single-phase-to-
ground fault current: short-circuit power at the system
buses; rating (power) and parameters of the supply trans-
former installed at the power center; the varying number
of transformers of different ratings installed at the receiv-
ing substations, which generally have different parameters

(magnetizing current [ p in p.u., short-circuit voltage

Usc >

tween the RS (lengths and total cross-section of the cable
lines); the loads of the receiving transformers. In a gener-
alized form, the calculation scheme for a 6-10 kV net-
work, which takes into account the influence of these
main factors, can be presented as shown in Figure 6.

etc.); The difference in coupling impedances be-

CP 6-10kV s
$=25-100 MVA F=70xm]l S=630 x nl
L=0.2-2.5km snil
-] <)

F=95 x m2 S—1000 x n2
L=0.2-2.5km Qe sn2

F=120 x m3 $=1600 x n3
L=0.2-2.5km 4 >_ 323

Ksc

F=150 x m4 S=2500 x n4

= L=0.2-2.5km 4 - Snd

Figure 6. Generalized 6-10 kV network diagram for es-
timating the minimum level of higher harmonics in the
single-phase-to-ground fault current
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The parameters of the elements in the calculation
scheme (Fig. 6) and their ranges of variation were deter-
mined based on a statistical analysis of data from 6-10 kV
cable networks of power supply systems for enterprises
across a range of industries (metallurgical, oil refining,
pulp and paper) and urban power supply systems (Table
3)

Table 3. Parameters of the elements of the calculation
scheme for estimating the minimum level of higher
harmonics in the single-phase-to-ground fault current

ICZ , 3) L, S, p.u.
A Ik. sup Ssup £ km ls(”bs
m
kA ] mva
20- 20-40 25-100 0.3- 0.8 0.7-1.5
100 2.5

Table 3 lists the values of the following parameters
of the elements in the calculation scheme /.y is the total

(3)

.. 3 .
capacitive current of the network; /7, sup 15 the values of

the three-phase short-circuit current at the buses of the

supply system; S is the rating (power) of the supply

sup .tr

subs the

length of the cable lines (CL) connecting the PC with the
receiving substations; S is the ratio of the power of the
supply transformer to the total power of the receiving
substation transformers.

transformer installed at the power center; L

Table 4 shows the distribution by the rating (or
magnitude of unit capacity) of the transformers installed
at the receiving substations.

Table 4. Share of transformers of various unit ratings in
the network and the magnitudes of cross-sections of
communication lines between the power center and
receiving substations

for transformer with rated
Parameter power, kKVA"
630 1000 | 1600 | 2500
Share in the total
power of load trans- 25 64 7 4
formers, %
Average cross-
section of the cable
line from the power 70 95 120 150
center to the TS
(DTS), mm?

Results of calculations for harmonic levels during
single-phase-to-ground fault on a 6-10 kV cable net-
work model. The mathematical model of the 6-10 kV
cable network for the calculation scheme shown in Fig. 6
was realized in the Matlab system environment.

Based on calculations performed on the model, the

62

minimum levels of the S5th harmonic (which mainly de-
termines the overall minimum level of higher harmonics
in single-phase-to-ground fault currents) were determined
for compensated 6—10 kV networks for various values of
the total network capacitive current / 5y and the parame-

ter S (1).

Table 5 also provides, for comparison, the pickup
current values of the USZ-2/2 device and the calculated
estimates of the minimum level of the 5th harmonic in the
single-phase-to-ground fault current [5], [6].

Table 5. Calculated Values of the S5th harmonic in the
single-phase-to-ground fault current

5th harmonic Current value Is, A
current at the
single-phase- Iy Iy Iy Iy
to-ground 1 _»su | _sop | =100A | =250
fault location
Calculation 0.2- 0.56- 1.55- 4.73-
for S=0.7 0.23 0.65 1.78 5.44
Calculation 0.33- 0.88- 2.43- 6.46-
for S=1.5 0.38 0.98 2.67 7.11
Calculation 0.65 1.3 2.6 6.5
for S=1.5,
according [5]
Calculation 0.47 0.94 1.88 4.7
for S=0.75,
according [6]
Operating 0.95 1.4 2.5 4.85
current USZ-
2/2

The minimum level of higher harmonics was deter-
mined for the minimum operating voltage value in the
network Uy,=0.95U,om. During the calculations, the pa-
rameters of the network elements were varied within the
limits presented in table 3 and table 4.

An analysis of the data presented in Table 5 shows
that the estimated minimum levels of higher harmonics
(in single-phase-to-ground fault currents for compensated
networks, obtained from model calculations, are 2-3
times lower than similar estimates obtained in [5], [6],
and 3—4 times lower than the minimum pickup current of
current-based single-phase-to-ground fault protection
devices using higher harmonics, such as the USZ-2/2.

For single-phase-to-ground fault protection based on
higher harmonics, a sensitivity factor of no less than 2—
2.5 is recommended [8]. To ensure this level of sensitivity
in operating modes of 6-10 kV cable networks where the
higher harmonics level is minimal, the minimum primary
pickup current of existing and developing single-phase-to-
ground fault protection devices based on higher harmon-
ics should be reduced to values of approximately 0.1 A.
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V.CONCLUSION

The main requirements for the equivalent calculation
scheme of a 6-10 kV cable network for estimating the
minimum level of higher harmonics in the single-phase-
to-ground fault current were formulated, and the ranges of
variation and average values of its parameters were de-
termined.

The developed mathematical model of the 6-10 kV
cable network takes into account the main factors deter-
mining the minimum level of higher harmonics in the
single-phase-to-ground fault current.

Based on the results of computational experiments
performed on mathematical models of 6-10 kV cable
networks, it was established that to ensure the required
sensitivity, single-phase-to-ground fault protection devic-
es based on the use of higher harmonics must have a pri-
mary pickup current of no more than 0.1 A.
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