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Abstract—Protections based by higher harmonics absolute
measurements the zero sequence currents of the protected object
connections against single-phase earth faults in resonant
grounded cable networks of medium voltage industrial and
urban energy supply systems have been widely applied in Russia
since the late 60s of the 20th century. However, some operational
problems connected with sufficient selectivity and sensitivity of
these protection devices appeared with time. Sensitivity and
selectivity of this protection are considerably determined by the
instability degree of the higher harmonics total level in single-phase
earth fault current of the protected network. Well-known Russian
expert Kiskachi V.M. gave approximate estimate of the higher
harmonics instability degree at the end of the 60s. Nowadays due to
load changes in the main substations load in resonant grounded
cable networks of medium voltage higher harmonics fluctuations
in single-phase to earth fault current. The simulation models of
this networks application and the accumulated experimental data
about real networks allow to specify the existing estimates of
higher harmonics instability in single-phase to earth fault current
and their applicability conditions.

Keywords—resonant grounded cable networks of medium
voltage, single-phase to earth fault, higher harmonics, ground
Sfaults relay protection

L INTRODUCTION

The major part of electric power in industrial and urban
energy supply systems is distributed to consumers through
resonant grounded cable networks of medium voltage through
arc-suppression coil (ASC) (with capacitive currents
compensation). Single-phase to earth faults (SPEF) prevail in
these systems (up to 70—80% of total number [1])

In Russia, to protect cable networks from these faults they
use devices based on measuring of higher harmonics (HH)
general level in the zero-sequence current connections of the
protected object and comparing it with the setting [2—4 and
others]. This type of relay protections includes the device
USZ-2/2, developed in VNIIE at the beginning of the 60s and
serially produced by Cheboksary Electric Apparatus Plant
from the end of the 60s of the 20th century. Current protection
function by absolute measurement of HH general level is
provided for in microprocessing terminals for medium voltage
connections.

Some operational problems appeared with time when using
current protections by HH absolute measurement in resonant
grounded cable networks of medium voltage (e.g., [5]).
Therefore, the researching in limiting operation factors and
developing ways of operation improvement are a relevant
objective.

II.  APPLICABILITY CONDITIONS OF CURRENT PROTECTIONS
BY HIGHER HARMONICS ABSOLUTE MEASUREMENT

Applicability conditions of current protections by HH
absolute measurement in the 31, currents depend on offsetting
from the external SPEFs and sensitivity to internal faults.
Limited HH range, including harmonics v =5, 7, 11, 13 is
generally used [2—4 and others]. Operating frequency range of
protection devices is caused by the mentioned HH generation
in cable medium voltage networks [6]. At frequency range of
up to 650 Hz, the distribution of HH in zero sequence currents
corresponds to the distribution of capacitive power frequency
currents (50 Hz) in isolated systems [7]. The operating current
of i-th connection Iy ; should be chosen from [8]:

IOti ZI<a o5 Ici: (1)

where K, — offsetting ratio; I.; — own capacitive current of i-th
connection; a; — the highest possible level of HH current I ; in
controlled network.

Selected from (1), the pickup current should not be less
than the minimum operating current Iy, defined by the
technical capabilities of protection device:

Loci = Toti mins ()

The sensitivity ratio of protection for internal SPEF on the
i-th connection is defined as:

Ksi > (o (Ieg - Iei)oti 2> Ky mins 3)
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where I s — total capacitive current ; a, —a minimum HH level
of Iz and I.; currents; K, ., — minimum allowed sensitivity
factor.

When Iy ; = Lyt i min SEDSItivity ratio is as follows:

Ksi = amin(IcZ - Ic i)/IOti = Olnin Ic):(l - Ic i*)/IOti > Ks mins (4)
where Ouyin les = Iy min — the minimum possible HH level for
SPEF current of resonant grounded systems of cable medium
voltage networks.

Application conditions (selectivity and sensitivity) of relay
protection result from (1) — (4):

Ic i* = Ic i/IcZ < 1/(1 + Zmax Ka I<s min)a (5)
IOt i min < Olmin ICZ(l - Ic i*max)/Ks mins (6)

where Z.x = (04/0;)max — the maximum parameter value of
Z = a,/a, characterizing the instability degree of the total HH
level in SPEF current in the protected cable medium voltage
network.

From (5) and (6), it can be concluded that 2 major factors
influence applicability of current protections by HH absolute
measurement:

1) minimum level of harmonics in SPEF current (and thus,
in I.; current of damaged connection) characterized by the
value of Iyymi, and defining sensitivity requirements to relay
protections against SPEF based on HH;

2) instability degree of the total HH level in SPEF current
characterized by Z,,x value.

Evaluation of the minimal HH level in SPEF current of
Ijn min on the basis of simplified equivalent circuits of resonant
grounded cable networks of medium voltage was given by
Kiskachi V.M. and Zhezhelenko 1. V. at the end of the 60s of the
20th century. The evaluation mentioned was adjusted in [11]
using simulation models of cable medium voltage networks and
took into account more factors influencing total HH level in
SPEF current than the simplified models used in [9, 10].

Kiskachi’s work [7] also provides value Z assessment
characterizing the instability degree of HH in SPEF current.
It based on simplified analytical calculation methods, cable
6-10 kV networks models, and some experimental data:
Z =~ 2.5-3. To be on the safe side in [7] they recommend to
take Z.x = 4 value.

When K, = 1.5, K in = 1.5 and Z = 4, it can be concluded
from (5) that current protection by HH absolute measurement
is applicable at connections with own capacitive current
L<1/(1+4 1515)=0.1, it considers with
recommendations in [7].

According to [12], such connections of medium voltage
main substation (MS) buses amounts to 70 % of total number
for main step down substations (SDS) and 90% for main
cogeneration stations (MGS). However, practical selectivity
indicators of current protection by HH absolute measurement

in resonant grounded cable networks of medium voltage
installed on MS are significantly worse than would be expected
under the mentioned applicability conditions [5]. It may be
assumed that the main reason for insufficiently high selectivity
of these protections against single-phase to earth faults is
higher than accepted instability degree of the total HH level in
the SPEF current. When Z > 4, the values of I, «, with which it
is possible to provide conditions of selectivity and sensitivity of
current protection by HH absolute measurement, according to
(5) decrease, and as a result the area of possible application on
resonant grounded cable networks of medium voltage reduces
as well. Therefore, the assessment of possible variation range
of Z value is relevant both for clarification application area of
current protection by HH absolute measurement, and for
increasing their technical excellence.

I1I. ASSESSMENT OF LIMITTING Z VALUES IN RESONANT
GROUNDED CABLE NETWORKS OF MEDIUM VOLTAGE

The limiting Z value characterizing the instability of HH in
SPEF current is defined as

Zlim = amax/amim (7)

where Opax = Iy max/ Leg — maximum possible level of higher
harmonics in SPEF current in resonant grounded cable
networks of medium voltage; Ouyin = Iy min/ L — minimum
possible level of HH in SPEF current.

When assessing Zj;,, (8) only harmonics of operating range
of protection devices from SPEF based on the use of HH zero
sequence currents of v =15, 7, 11, 13 should be considered. As
mentioned above, the estimated assessment of minimum HH
level in SPEF current is given in [9—11]. In these papers, it is
assumed that the minimum HH level in SPEF current is defined
in the limiting case, only by harmonics generated by power
transformers 6-35 /0.4 kV at receiving substations. In practice,
these modes of operation of cable networks of medium voltage
can occur at daily load curves when production interruptions
are possible in night shifts and on weekends [13]. In cable
networks where the main substations are medium voltage buses
of cogeneration stations, not only power transformers can be a
HH source determining their minimum level in SPEF current
but also generators operating on busbars. Therefore, the
minimum HH level in SPEF current should be expected in
cable networks, where main substations are medium voltage
buses of step-down substations.

Under these assumptions, the level of harmonics in SPEF
current depends on the ratio of total supply transformers power
Seup to the power of receiving step-down substation transformer
ZSiee: 8 = Squp/ZSee. According to real power systems analysis
in[9] s =0.7-3.

5th and 7th harmonics predominate in magnetizing currents
of power transformers and consequently in SPEF currents [6—
11]. Table 1 shows the values of the minimum levels of these
harmonics in SPEF current in resonant grounded cable network
where Icx =25 A (for cable 10 kV networks Ics min =20 A, for
6 kV networks — Ics min = 30 A), at the average value of s = 1.5
received by calculation results given in [9-11].

S03.2



TABLE L. EVALUATION OF MINIMUM LEVELS OF HIGER HARMONICS
IN SPEF CURRENT IN RESONANT GROUNDED CABLE NETWORKS OF 6—10 KV

Data Source Is, % | Is, % | Ominy %0
Calculations based on simplified equivalent
circuits of cable networks [9, 10] 2.65 2.0 ~3.37
Calculations on simulation models of 1.0 05 112
networks [11]

The harmonic composition of SPEF current and zero
sequence currents of damaged and undamaged connections is
determined with sufficient accuracy by harmonic composition
of voltage of damaged phase at the site of grounding [7].
Therefore, the maximum level of HH in SPEF current o, can
be approximately estimated for networks 6-10 kV by the
maximum permissible (GOST 13109-97) non-sinusoidal
voltage factor Kismx = 0.08 and maximum permissible factors
Kuvmax Of separate harmonic components v=5, 7, 11, 13
defined as by Kyy max = 1.5 Kpy norm (table II).

TABLE II.  VALUES OF NORMAL AND MAXIMUM PERMISSIBLE NON-
SINUSOIDAL FACTORS FOR VOLTAGE HARMONICS OF OPERATING FREQUENCY
RANGE

v 5 7 11 13
Koy norm, %0 4 3 2 2
Kuy maxs %0 6 4,5 3 3

Let’s assess Kps max at Kyy max Values specified in table I1:

Kns max Sqrt (EKZUV max) = Sql’t ((K2U5 max + I<2U7 max +
+ K011 maxt K013 max)/100) = 0.0862,

that is more than the maximum allowable value of K. =
0.08.

To fulfill K4 pnax < 0.08 for harmonic of minimum order
v =15 it is necessary to assume Ky, max = 5.1% < Kyy max- Then
according to assumed relative levels of voltage harmonic
components, the total relative level of HH in SPEF current
will be equal to:

Omax o = 100% sqrt (Z1,«) = 100% sqrt(Z((v - Kyy max/loofz =
= Sql't ((5 KUS rﬂax) + (7 I<U7 max) + (1 1 I<U11 max) +
+ (13 I<U13 max) ) = 65%‘

The value of Zj, = 65/1.12 = 58 corresponds to the
obtained oy, = 65% value and the most conservative
assessment [11] o, = 1.12% value.

Measurements of harmonics in SPEF currents of real cable
networks of medium voltage show that this assessment of o,
is more likely underestimated, because the influence of several
additional sources of higher harmonics (system, ASC and
others) were not taken into account during calculation.
According to [15] the minimum level of HH in SPEF current as
a rule is not less than 4% in resonant grounded cable networks
of medium voltage as a rule.

In [16] based on measurements in real cable networks of
medium voltage it is shown that the maximum level of
harmonics in SPEF current can reach over 35-40%. It is

evident that the experimental assessment (O, =40% and
more) is relatively close to the mentioned above limiting
assessment O, = 65%. Assuming that o, =4%, and
Olmax = 65%, then Zy;,, = 65/4 ~ 16.

For a particular cable network of medium voltage the value
of Z< Zlim-

IV. THE MAIN FACTORS AFFECTING INSTABILITY LEVEL
OF HIGHER HARMONICS IN SINGLE-PHASE EARTH FAULT
CURRENT

In a particular cable network of medium voltage the value of
the Z parameter depends on many factors. The main ones are:

1) composition of higher harmonics sources in complex
load of MS in cable network of medium voltage;

2) daily MS load curves;
3) operating modes features of the main HH sources;

4) parameters of cable network elements (the ratio of
supply transformer power to total power of receiving
substations transformers, supply system resistance, cable lines
resistances connecting MS medium voltage buses with
receiving substations and others).

The harmonic composition in SPEF current is determined
by harmonic composition of phase voltages [7]. Sources of
HH in cable networks of medium voltage are (Fig. 1): supply
system S, supply transformer Ty, power transformers of
receiving and distribution transformer substations T, non-
linear load NL, electric motors M. When an earth fault
happens an additional source of HH in SPEF current is also
ASC.

s Ty — MSG6-10KV T

Figure 1. The HH sources in resonant grounded cable networks
of medium voltage

In the considered networks, the main sources of HH are
nonlinear load [6]: controlled and uncontrolled valve inverters
(VI), electroheat installations (EI), electric welding
installations (EWI), and in case their absence (for example,
outage) — receiving substations transformers. In average,
relative values of HH currents generated by nonlinear valve
inverters in load currents are: ~20% for 5-th harmonic; ~14%
for 7-th harmonic; ~9% for 11-th harmonic; ~8% for 13-th
harmonic [6]. Electric welding installations with AC to DC
converters also generate similar HH levels. Among electroheat
installations, the main sources of HH are different types of
electric furnaces (electric arc steel-smelting, ore-smelting,
ferroalloy and others). The harmonics source generated by
electric furnaces is non-linear electric arc but in DC electric
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furnaces, it is brushless AC to DC converters. The HH level in
load currents generated by electric furnaces compares with
harmonics level generated by the nonlinear converters [6]. The
harmonics level in load currents generated by power
transformers is usually some percentage [6, 9—11]. The
relative values of harmonics generated by an equivalent
system, supply transformer, electric motors, non-liner lighting
load together do not exceed some percent in load currents, and
the influence of these sources on the total HH level is
negligible [6].

Non-linear load primarily exists in power supply systems
of industrial enterprises. Table III shows a typical composition
of complex load with the main HH sources for different
industries [13].

TABLE III. TYPICAL COMPOSITION OF COMPLEX LOAD WITH MAIN HIGHER
HARMONICS SOURCES [13]

Consumers composition, %
Industry sector

SM IMH | IML EL EI wI | NC
Non-ferrous 10 |5 275 | 1,5 |10 |- |46
metallurgy
Chemical industry 3547 | 1546 | 2948 | ~2,4 | ~3 ~1 | ~12
Coal mining 4 7 67 15 - - 7
Ferrous metallurgy 25 8 29,5 | 2,5 22 3 10
Automobile industry | 9 10 48 5 19 3 6
Machine building 8 5 52 5 13 14 |3
Electric motion - - 5 5 - - 90

Notes to table III: SM — synchronous motors, IMH — high
voltage induction motors, IML — low voltage induction
motors, EL — electric lighting, EI — electroheat installation,
WI — welding installation, NC — nonlinear AC to DC
converters.

The share of the main sources of higher harmonics (non-
linear load) as part of the total load of MS cable medium
voltage specified in table III in average amounts to 15-50%,
and for some industries can reach 90% (for example, electric
motion, rolling production, powerful electric arc DC furnaces
on metallurgic plants, ferroalloy industries and others). The
change in modes or complete deactivating (disabling) of the
main HH sources are the main cause of significant changes of
the total harmonics level in voltage and consequently in
single-phase to earth fault current in cable networks of
medium voltage.

The relative values of harmonics in load currents
substantially depend on daily MS load curves. Typical daily
load curves [14] for industries considered in table 3 are shown
in Figure 2.
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Figure 2. Typical daily load curves for different industries:
a — non-ferrous metallurgy, b — chemical industry,
¢ — ferrous metallurgy, d — automobile industry

Large fluctuations of general HH level within 24 hours and
weeks should be expected first of all in enterprises working in
shifts with weekends, when a significant decrease of the total
load accompanied by partial or complete blackouts of the main
HH sources are possible (for example, ferrous metallurgy,
automobile industry). A more stable level of HH should be
expected in continuous production enterprises (non-ferrous
metallurgy, chemical industry).

The level of harmonics generated by uncontrolled valve
inverters is determined by the current load value. The level of
HH generated by the controlled valve inverters varies
significantly when the delay angle o and switching angle y
chan%e [6]. For example, when these angles change from

= 0" to a=30° y=600, the relative values of
fundamental harmonics in load currents in this type of
converter are reduced in 3-5 times [6].

Welding installations have cyclic operation causing
fluctuations of the HH level. According to [17] the level of
fundamental harmonics generated by welding installations with
AC to DC converter, depending on the operation mode can
change 3-6 times. Therefore, when assessing of HH level
instability in load currents, caused by valve inverters and EWI,
it can be assumed that their level varies depending on their
operating mode from 3 to 5-6 times. In the operation cycle of
different furnaces there are some periods connected with their
load and metal unloading when the electric furnace is not a HH
source. This fact should also be taken into account when
assessing HH instability degree in SPEF currents.

The largest instability HH degree in voltages and
accordingly in SPEF currents should be expected in cable
networks of medium voltage fed by electrotraction substations
due to the large share of non-linear load and its abruptly
variable load. However, application of current protections by
HH absolute measurement against SPEF was never
recommended, and they are not considered below.
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V. INVESTIGATION OF TOTAL HIGHER HARMONICS
INSTABILITY IN SPEF CURRENT ON SIMULATION
CABLE NETWORKS MODELS OF MEDIUM VOLTAGE

The account of influence of the mentioned above factors on
higher harmonics level in voltage and single-phase earth fault
current is not possible without using simplified networks
equivalent circuits. Therefore, the simulation models of cable
networks of medium voltage allowing the maximum number of
influence factors were used in this paper to assess the possible
harmonics fluctuations in SPEF current.

Simulation models calculations are performed for MS cable
network of medium voltage for industries, the daily curves of
which are shown in Figure 2.They are characterized by a large
share of non-linear converters, electric welding installations,
electrothermal plants in the load composition. The simulation
model for assessment of HH instability degree in SPEF current
in cable networks of medium voltage of power supply systems
for the specified industries is shown in Figure 3.

s T,  MS6-10kV

Cable Line Trec

Figure 3. Calculation model of resonant grounded cable networks of medium
voltage for industry power supply system to assess of higher harmonics
instability degree in SPEF current

Complex MS load composition varied depending on
industry in accordance with Table III. Simulation scheme
parameters were defined by means of statistical data analysis
for cable networks of medium voltage of various industries
power supply systems (Table IV).

TABLE IV. CALCULATION SCHEME PARAMETERS FOR ASSESSMENT
OF HIGHER HARMONICS INSTABILITY IN SPEF CURRENT

Parameter Value
Total capacitive current network Ics, A 25
Short-circuit current at buses of MS 1% v, kA 10-20
Power of supply transformer on MS Sg,,, MVA 25-100
Receiving substations transformer load factor Kjeug, pu 0.7
Cable length L, km 0.3-2.5
Average length of the cable line Ly, km 0.8
S = Squp/ZSrec, pU 0.7-1.5
Factor for non-linear load s, = Sy/ZS;cc, pu 0.1-0.9
average factor for non-linear load Sy aer, pu 0.3
Maximum system voltage Us max, V 6300
Minimum system voltage Us min, V 6000

In maximum higher harmonics level simulation in SPEF
current the following assumptions were made:

e An industrial enterprise has on-peak operating
conditions according to its daily curve;

e All main higher harmonics sources are switched on
(in operation);

e  main harmonics sources are operating providing the
mode of the maximum HH level in load currents
mode;

° MS buses voltage equals Uy pay-

In minimum higher harmonics level simulation in SPEF
current the following assumptions were made:

e An industrial enterprise has off-peak operating
conditions according to its daily curve;

e  The non-linear load share decrease proportionally to
decreasing the total power load;

e  clectroheat installations can be completely switched
off as a HH source;

e the minimum HH level generated by non-linear
converters and electric welding installations is 2-3
times less than the maximum one;

° MS buses voltage equals Uy .

Table V shows the assessment results of cable networks
simulations parameter Z for harmonics v = 5, 7, 11, 13, and
their amounts used in protections against earth faults based on
HH. The calculations are performed for the following
conditions:

° system nominal voltage Us ,om = 6 kV;

e  system total capacitive current [cy =25 A;

e the supply transformer power Sq,, = 31.5 MVA (63/2);
e parameter s = Sgp/XS,c = 1.5;

° Kioad = 0.7.

TABLE V. CALCULATED VALUES OF INSTABILITY LEVEL
Z, AND Zs FOR HARMONICS v=35,7, 11, 13 IN SPEF CURRENT

Industry sector Zs
v=35 v=7

Non-ferrous metallurgy 3,36 2,77 1,25 0,85 2,01

Chemical industry 5,29 5,11 3,96 3,44 4,38
Ferrous metallurgy 9,22 7,57 3,98 2,98 4,99
Automobile industry 11,1 8,61 49 2,59 5,87

Table V shows that HH instability level in the SPEF current
is predictably higher in cable networks of medium voltage of
supply systems for enterprises working in shifts. The obtained
Z values is higher than it is recommended in [7] for using in
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current protections based on HH calculations, but it is
significantly less than the above mentioned limiting values.

If Z.x = 6, it was founded from (5) that current protections
with absolute HH  measurement can be applied for
connections, the own capacitive current of which does not
exceed values: I+ < 1/(1 + Zjpax Ko Kgin) = 1/(1 +6 7 1.5 1.5)
= 0.07. The share of such connections on cable networks of
medium voltage MS according to [12] does not exceed 65—
70%, which considerably limits the possible application area
of current protections by HH absolute measurement.

Additional limits of this protection are related to the
approximate method of pickup current selection that leads to
increasing K, in (5). For example, it is recommended in [15] to
assume K, = 3—4 because of impossibility to find maximum
and minimum HH levels. For these values of K, current
protections with absolute HH measurement don not practically
apply to cable networks. Therefore, in developing protective
devices based on HH, they should prefer methods providing
selectivity in spectrum instability and harmonics level in SPEF
current, such as directional or adaptive current protections.

VI. CONCLUSIONS

1. The possible application area of current protections by
HH absolute measurement is considerably limited by instability
degree of total harmonics level in SPEF current.

2. The main factors affecting HH instability levels are
determined: composition of harmonics non-liner load sources
of MS cable network of medium voltage, daily load curves,
operation modes of main harmonics sources and parameters of
cable network elements.

3. It is shown that the most HH instability should be
expected in resonant grounded cable networks of medium
voltage for power supply systems for enterprises, which have a
significant share of nonlinear converters and electro-thermal
installations working in shifts with weekends.

4. Based on simulation models, the values of instability
parameter for enterprises with continuous load curve Z,, = 4.5,
for enterprises with fluctuating load curves Z,,,x = 6 are defined.
When Z,.« 6, current protections with absolute HH
measurement can be applied only for connections with their
own total capacitive current not more than 7% Ics.

5. According to results, preference should be given to
development of protections with independent of Z selectivity
and sensitivity conditions, for example, directional and adaptive
current protections.

REFERENCES

[1] F.A. Likhachev, “Zamykaniya na zemlyu v setyakh s isolirovannoy
neytral’yu i s kompensaciey emkostnykh tokov” [Earth faults in
networks with isolated neutral and compensated capacitive currents],
Moscow: Energiya, 1971.

[2] V.M. Kiskachi and Yu.G. Nazarov, “Ustroystva signalizacii zamykaniy
na zemlyu v kabel’nykh setyakh 6-10 kV” [Signaling devices earth
faults in cable networks 6-10 kV], Signalizatsiya zamykaniy na zemlyu
v kompensirovannykh setyakh, Moscow: Gosenergoatomizdat, 1962,
pp. 39-66.

(3]

(4]

(3]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[13]

[1e]

[17]

S03.2

V.M. Kiskachi and Yu.G. Nazarov, “Signalizatsiya odnofaznykh
zamykaniy na zemlyu v kompensirovannykh kabel'nykh setyakh 6—
10 kV” [Signaling of single phase earth faults in 6-10 kV cable
networks with resonant grounding], Trudy VNIIE, vol. 16, Moscow:
Gosenergoizdat, 1963, pp. 219-251.

V.M. Kiskachi, S.E. Surtseva and N.M. Gorshenina, “Ustroystva
signalizacii zamykaniy na zemlyu v kabel’nykh setyakh 6-10 kV”
[Signaling devices earth faults in cable networks 6-10 kV],
Elektricheskie stantsii, 1972, vol. 4, pp. 69-72.

V.A. Borukhman, “Ob expluatacii selektivnykh zaschit ot zamykaniy na
zemlyu v setyakh 6-10 kV 1 meropriyatiyakh po ih
sovershenstvovaniyu” [About the operation of selective protection
against earth faults in networks 6-10 kV and activities for their
improvement], Energetik, 2000, vol. 1, pp. 20-22.

1.V. Zhezhelenko, “Vysshie garmoniki v sistemakh elektrosnabzheniya
prompredpriyatiy” [Higher harmonics at industrial supply systems],
Moscow: Energoatomizdat, 2000.

V.M. Kiskachi, “Selektivnoct’ signalizacii zamykaniy na zemlyu s
ispol’zovaniem vysshikh garmonik”™ [Selectivity of signaling earth fault
using higher harmonics], Elektrichestvo, 1967, vol. 9, pp. 24-29.

V.A. Shuin, O.A. Sarbeeva and E.S. Shagurina, “Informacionnyye
parametry elektricheskikh ~ velichin perehodnogo processa dlya
ispolzovaniya v zaschitakh ot zamykaniy na zemlyu v setyakh srednego
napryazheniya” [Information parameters of electrical quantities of the
transition process for use in protection against earth faults in medium
voltage networks], Sbornik dokladov Mezhdunarodnoy nauchno-
tehnicheskoy konferencii SIGRE “Sovremennye napravleniya razvitiya
system releynoy zaschity i avtomatiki energosisem”, St. Petersburg,
2011, PS1-S3-04.

V.M. Kiskachi, “Raschet minimal'nogo urovnya vysshikh garmonik pri
odnofaznykh zamykaniyakh na zemlyu v setyakh s izolirovannoy i
kompensirovannoy neytral'yu” [Calculation of minimum level of higher
harmonics in case of single phase earth fault at ungrounded networks
and networks with resonant grounding], Trudy VNIIE, vol. 26, Moscow:
Energiya, 1966, pp. 89-105.

1.V. Zhezhelenko and O.B. Tolpygo, “Chuvstvitel'nost’ signalizacii
zamykaniy na zemlyu s ispol’zovaniem vysshikh garmonik v setyakh
promyshlennykh predpriyatiy” [Alarm sensitivity earth faults using
higher harmonics in the network of industrial enterprises],
Elektrichestvo, 1969, vol. 10, pp. 32-39.

T.Yu. Vinokurova, E.S. Shagurina and V.A. Shuin, “Matematicheskaya
model’ dlya ocenki minimal’nogo urovnya vysshikh garmonik v toke
odnofaznogo zamykaniya na zemlyu v kompensirovannykh setyakh 6—
10 kV” [Mathematical model for evaluating of minimum level of higher
harmonics in the current single-phase earth fault in compensated
networks 6-10 kV], Vestnik ISPEU, vol. 6, 2013, pp. 35-41.

E.S. Shagurina, “Povyshenie effektivnosti funkcionirovaniya v
perehodnykh rezhimakh ustroystv releynoy zaschity na osnove vysshikh
garmonik” [Improving the functioning in transient regimes of relay
protection based on higher harmonics], PHD thesis, ISPEU, Ivanovo, 2012.

Rukovodyashchie ukazaniya po raschetu tokov korotkogo zamykaniya i
vyboru elektrooborudovaniya [Guidelines for calculation of short-circuit
currents and selection of electrical equipment]. RD 153-34.0-20.527-98
Moscow: NC ENAS, 2002.

V.V Ershevich, AN. Zeyliger and G.A. Illarionov, “Spravochnik po
proektirovaniyu elektroenergeticheskikh sistem” [Handbook of electric
power systems design], Moscow: Energoatomizdat, 1985.

V.G. Alekseev, “Tokovaya zashchita ZGNP-4.2 ot zamykaniy na
zemlyu v obmotke statora generatora, rabotayushchego na sbornye
shiny” [Current protection ZGNP-4.2 from earth fault in the stator
winding of generator operating on busbars], Elektricheskie stantsii,
vol. 2, 2006, pp. 51-56.

V.L. Vaynshteyn, “Issledovanie vysshikh garmonik toka zamykaniya na
zemlyu” [Investigation of higher harmonics of the earth current], in
Prom. Energetika, issue 1, 1986, pp. 39-40.

G.Ya. Vagin, A.B. Loskutov, A.A. Sevost'yanov, “Elektromagnitnaya
sovmestimost' v elektroenergetike” [Electromagnetic compatibility in
power industry], Moscow: Akademiya, 2011.



