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Abstract: The electrical energy supply of industrial equipment is provided by electrical power stations
with high- (HT), medium- (MV) and low-voltage (LV) busbars. Consumers are connected to either
MYV or LV busbars. In this paper, a real power station was considered, through which the gasoline
extraction from the well gas installation is powered. Electric consumers (electric motors) supplied
by a MV busbar have active power of 13.54 MW, and those fed by a LV busbar have active power
of 6.4 MW. Since electrical consumers operate in explosive environments, the design and operating
conditions are more severe than in the case of electrical installations operating in non-explosive
environments. The case of a single phase-to-ground fault occurring on the HV transmission lines
feeding the power station has been analysed. First, the mathematical models for the calculation of
the phase voltages, the dissymmetry and asymmetry coefficients, the reduction coefficient of the plus
sequence component, and the effective values of the phase voltages were established. The influence
of the source impedance (the equivalent impedance of the HV transmission lines) and of the neutral
point configuration of the HV/MV medium-voltage transformer on the calculated quantities was
analysed. Then, the results obtained using the established mathematical models were compared with
those obtained experimentally by provoking a single-phase-to-ground fault near the HV busbars of
the real power station. This study has shown that the de-symmetrisation of the phase voltages of the
MYV and LV busbars is lower when using the Y/A connection for the HV/MYV transformer. As a result,
it is recommended the Y/A connection be used for this transformer, instead of the Yy /A connection.

Keywords: mathematical models; three-phase systems; phase-to-ground fault; phase voltages;
protection setting

MSC: 94C05; 94C12

1. Introduction

Power stations are an important component of an electricity generation, transmission
and distribution system [1-3]. An important category is represented by those supplying
very high-power consumers. Such power stations are most frequently used in the oil
extraction industry, the chemical industry and the metallurgical industry, and contain
high-voltage (HV), medium-voltage (MV) and low-voltage (LV) busbars. One of the
important operations that gases are subjected to after their extraction from crude oil and
gas wells, is the separation and extraction of gasoline, an operation called degasolination.
The environment in which electrical installations are used for degasolination presents an
explosion hazard, which is why the conditions imposed on the design and operation of
these installations are much more severe [4] compared to ordinary electrical installations.
Starting the large number of electric motors powered at medium or low voltage by a
power station used in the oil extraction industry presents a complicated problem. For this

Mathematics 2023, 11, 3032. https:/ /doi.org/10.3390/math11133032

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math11133032
https://doi.org/10.3390/math11133032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-1527-2055
https://doi.org/10.3390/math11133032
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math11133032?type=check_update&version=3

Mathematics 2023, 11, 3032

2 of 30

reason, it is desirable to eliminate the risk of unnecessary disconnection of the motors. The
MYV and LV busbars in the power station are equipped with minimum voltage relays [4].
Those relays must be set accordingly so that a single-phase-to-ground fault on the HV
transmission lines that feed the HV busbars in the power station does not lead to the
unnecessary disconnection of the motors powered from those busbars. Correct setting
of these relays requires knowledge of the values of the phase voltages of the MV and LV
busbars during such a fault. The symmetry of the three-phase system of the phase voltages
related to the MV and LV busbars is most strongly affected if the single-phase-to-ground
fault occurs on the HV busbars in the power station, which is why such a fault was analysed
in this paper. Also, most faults that occur in electrical networks are of the single-phase-to-
ground type. The authors in [5] stated that these faults represent more than two-thirds of
all the short-circuits, and the authors in [6] stated that these faults represent more than 80%
of total faults.

The single-phase-to-ground faults that occur at low, medium or high voltages have
been analysed in many scientific studies, but the highly diversified structure of electrical
installations and the consequences of these faults, from the point of view of supplying
electricity to consumers, means this problem continues to be topical.

The authors in [7] analysed the phase-to-ground fault at the LV level using the sym-
metrical components method. The values of the fault currents were determined in order
to choose the fuses necessary for the protection of low-voltage electrical installations. The
authors in [8] analysed the phase-to-ground fault that occurring on the 110 kV and 220 kV
lines that interconnect electrical substations used in electric traction. The authors in [9-11]
analysed the possibilities of limiting the values of the phase-to-ground fault current so
as to not exceed the breaking current value of the 500 kV circuit breakers, when the fault
occurred on the 500 kV busbar of the electrical substation. The advantages of the sym-
metrical components method were highlighted, and the results obtained were verified by
numerical simulation using the PSCAD (power systems computer-aided design)/EMTDC
(electromagnetic transients including DC) software. The authors in [12] analysed a phase-
to-ground fault occurring on a 154 kV line by using numerical methods implemented in the
MATLAB/Simulink programming environment. The authors in [13] analysed the influence
of the transformer connection through which UHVDC (high-voltage direct current) is
supplied on the value of the phase-to-ground fault current, at a voltage of 500 kV. It was
proposed, in order to limit the value of the fault current, to insert a coil into the neutral
part of the transformer. The authors in [14] proposed supplementing the sequence schemes
used for the calculation of the phase-to-ground fault current with a non-linear element
to reproduce the behaviour of the current limiters (ScFCL—fault current limiters). The
results obtained using the model proposed by the authors were compared with those
obtained using the EMTDC (electromagnetic transients including DC) software and a good
agreement was found. In [15], a mathematical model was presented for the calculation
of the phase-to-ground fault current, which combines the method of symmetrical compo-
nents with the use of phase quantities. It was highlighted that the use of the symmetrical
components method greatly simplifies the calculation of the phase-to-ground fault current.
The authors in [5] highlighted the difficulty of performing measurements in electrical IT
installations, which is why analytical mathematical models are used in the study of faults,
and the obtained results are verified using numerical models.

The operation of electrical consumers has been shown to be affected by the change in
their supply voltage value [16]. The authors in [17] investigated the factors that influence
financial losses due to a decrease in the value of the supply voltage of the equipment
used in industrial processes. In [18,19], the sensitivity curves of industrial equipment
were determined, and a series of international standards were established that provide
guidelines in the design of equipment to increase the ability to pass through voltage
drops, such as the curves of tolerance recommended in IEEE 1346 [20]. In the IEEE
1564 standard, ITIC and SEMI F47 reference curves are recommended to calculate the
severity of voltage reductions [21]. In the absence of precise criteria regarding the behaviour
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of electrical equipment during voltage sags, it is recommended to use the ITIC and SEMI
standards [22-24].

This study completes the specialized literature by presenting the mathematical models
used to calculate the phase voltages of the HV, MV and LV busbars of a real power station,
in the event of a single-phase-to-ground fault on the HV transmission lines. Furthermore,
it presents a comparison with the experimental results of a single-phase-to-ground fault
intentionally initiated near the HV busbars of a real power station. A single-phase-to-
ground fault in HV electrical installations can lead to serious consequences, which is why
such an experiment is very difficult to perform. For this reason, few experimental results
obtained in real installations have been presented in the literature. It is important and
useful to provide researchers with the results of measurements carried out in a real power
station under analysis.

2. Objectives and the Studied Case

The single-line diagram of the real power station included in this study, through
which the gasoline extraction from the well gas installation (the degasolination installation)
is powered, is shown in Figure 1. The power station has three voltage levels: high, medium
and low. The line voltages for the three levels are 110 kV, 6 kV and 0.4 kV.

kb L,
51 53 [1] 52
M
J
110 kv 4 S5
Tr.1 Tr.2
IS__61 Bas bar 6 kV .
: = .
2 542 543
S7 528 549 M1 M40
* * 0 * o 0
SM1 SM21 AM1 Tr.3
* o 0
AM13 544 584
Bas bar —4

0.4 kv
Figure 1. Single-line diagram of the transformation station related to the degasolination plant.

The notations in Figure 1 have the following meanings: S1-S5, switches with nominal
voltage 110 kV; S6-543, switches with nominal voltage 6 kV; 544-584, switches with nominal
voltage 0.4 kV; L1 and L2, 110 kV power lines; A, the 220/110 kV transformer station from
which the L1 line is fed; B, the 220/110 kV transformer station from which the L2 line is fed;
SM1-5M21, synchronous motors with nominal voltage of 6 kV; AM1-AM13, asynchronous
motors with nominal voltage of 6 kV; Tr.1 and Tr.2, 110/6 kV transformers; Tr.3, transformer
6/0.4 kV; M1-M40, asynchronous motors with nominal voltage of 0.4 kV.

Considering a single-phase-to-ground fault that occurs on one of the 110 kV transmis-
sion lines that feed the power station, the contribution of this paper can be considered as:
(1) Establishing the mathematical models for the calculation of the phase voltages related

to the 110 kV, 6 kV and 0.4 kV busbars, and for the calculation of the fault current.
(2) Establishing the mathematical models for the dissymmetry coefficient and asymmetry

coefficient, related to the three-phase voltages of the 110 kV, 6 kV and 0.4 kV busbars.
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(3) Experimental determination of the phase voltages related to the 110 kV, 6 kV and
0.4 kV busbars, and of the fault current.

(4) Establishing the way in which the power station must be supplied, and the neu-
tral point configuration of the 110 kV/6 kV transformer, so that the value of the
dissymmetry coefficient has the minimum values.

(5) Determination of the reduction coefficient of the plus sequence component of the
phase voltages related to the 110 kV, 6 kV and 0.4 kV busbars.

From the 6 kV busbars of the analysed power station, 21 synchronous motors and
13 asynchronous motors are fed, and from the 0.4 kV busbars, 40 asynchronous motors
are fed. A phase-to-ground fault occurring in an electrical network causes the three-phase
system of phase voltages to become unbalanced. The degree of asymmetry in the three-
phase system of the phase voltages is characterized by the dissymmetry coefficient (k™)
and by the asymmetry coefficient (k°). For synchronous and asynchronous electric motors,
the negative sequence component determines a torque in the opposite direction to that
created by the plus sequence component, i.e., it generates a braking torque.

Due to a single-phase-to-ground fault produced on the 110 kV transmission lines, the
disconnection from the source of the motors fed from the 6 kV busbars and of those fed
from the 0.4 kV busbars leads to the degasolination installations being taken out of operation
for a relatively long period of time. The time required to start these motors (if one considers
only two minutes being required to start a motor) is 2 h and 28 min. During this time, the
degasolination operation can no longer be carried out, which leads to significant financial
losses for the company concerned. It is therefore important to use a consumer supply
scheme that leads to a lower de-symmetrisation of the phase voltages related to the 6 kV
and 0.4 kV busbars, and during a phase-to-ground fault occurring on the 110 kV lines
feeding the 110 kV busbars of the power station.

This study analysed the quantities that influence the change in the phase voltages
of the HV, MV and LV busbars, the dissymmetry and asymmetry coefficients, and the
reduction ratio of the plus sequence component during a single-phase-to-ground fault that
occurs near the HV busbars of the power station (point K in Figure 1).

The 110 kV busbar of the power station can be fed by one or two of the 110 kV
transmission lines. The following cases were analysed:

(A) Fed by two 110 kV lines and the transformer Tr.1 has the connection Yy /A.
(B) Fed by two 110 kV lines and the transformer Tr.1 has the Y/A connection.
(C) Fed by one 110 kV line L; and the transformer Tr.1 has the Y/A connection.
(D) Fed by the 110 kV line L; and the transformer Tr.1 has the Y/A connection.

In all cases, it was considered that the transformer Tr.2 was disconnected from the
110 kV busbar.

For cases (C) and (D), the results obtained using the established mathematical models
were verified experimentally.

3. Materials and Methods (Mathematical Models)

Information flow diagram for determining the mathematical models of the phase
voltages related to the HV, MV and LV bars of the substation, the dissymmetry and
asymmetry coefficients related to the HV, MV, LV bars, and the reduction coefficient of the
plus sequence component during the phase-ground fault, at point K in Figure 1, are shown
in Figure 2.
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relzted LV bas-bars (k3) related LV bas-bars (k2)

Figure 2. Information flow diagram for establishing mathematical models of phase voltages, coeffi-
cients of dissymmetry, asymmetry and plus sequence voltage reduction.

Establishing the mathematical models for determining the phase voltages related to
the HV, MV, and LV busbars of the power station, using the sequence components method,
involved the following steps:

Step 1: Establishing the method of connecting the sequence schemes for a single-phase-to-
ground fault.

Step 2: Setting up the mathematical model for calculating the sequence currents.

Step 3: Drawing up the sequence diagrams for the analysed electrical network.

Step 4: Determining the expressions of the sequence impedances related to the analysed network.

Step 5: Determining the sequence voltages corresponding to the HV, MV and LV busbars.

Step 6: Determining the phase voltages related to the HV, MV and LV busbars.

Step 7: Determining the dissymmetry and asymmetry coefficients for the phase voltages of
the HV, MV, and LV busbars.

Step 8: Determining the phase voltages as a function of the plus sequence voltage and the
coefficients of dissymmetry and asymmetry.

Step 9: Defining the reduction coefficient of the plus sequence component during the
single-phase-to-ground fault.

In the literature [6,8-11,13,14,25-28], it has been shown that, in the case of a single-
phase-to-ground fault, given the conditions imposed at the fault site, the sequence diagrams
are connected in series. From the conditions imposed at the fault site, it follows that the
sequence components of the currents at the fault site satisfy Equation (1).

=1 =0 1)

The equivalent sequence diagram of the medium-voltage network in which the single-
phase-to-ground fault occurs is shown in Figure 3.
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Figure 3. Connection of sequence diagrams in case of a phase-to-ground fault (the figure was revised).

In the diagram in Figure 3, the meanings of the notations are as follows: U, represents
the plus sequence component of the three-phase voltage system at the fault location in
the absence of the fault; Z*, Z~ and Z° represent the plus, minus and zero-sequence
impedances seen from the fault location, in the absence of the fault.

In the literature, it has been accepted (in most cases) that the three-phase system
of voltages at the fault site in the absence of the fault is symmetrical [6,86-11,13,25-28].
Therefore, the plus sequence component of the three-phase system of voltage is equal to
the phase voltage (U = U,y). For fault analysis, the voltage of the phase on which the
single-phase-to-ground fault occurs is considered as the reference. As a result, the next
relationship is satisfied:

Us = Uy = Upn )

From the diagram shown in Figure 3, the expressions for the sequence currents yields
are as follows:
e =10 — Ul _ Uph
S ZTHZ +Z043xRy ZY+Z +Z°+3% R

= ®)

For the calculation of the sequence impedances, the sequence diagrams of the electrical
network with the structure shown in Figure 1 were made. The sequence diagrams are
shown in Figure 4. The reference level for the voltage was considered to be 110 kV.

The notations in Figure 4 have the following meanings: U, —the phase voltage at the
fault location before the fault occurs (point K); uUs, Uk, Q%—the sequence components of
the voltages at the fault location (110 kV); Q*,Q; ,Q(l)—the sequence components of the
voltages related to the medium-voltage busbars (6 kV); Q*,Q; ,Qg—the sequence com-
ponents of the voltages related to the low-voltage busbars (0.4 kV); Zf, Z, Z(f—sequence
impedances of line L; from Figure 1; Z; Ly ,Zg—sequence impedances of line L, from
Figure 1; Z{frl, L1y Z%rl—sequence impedances of the 110/6 kV transformer marked Tr.1
in Figure 1; ZES, Ziss Z%B—sequence impedances of the 6/0.4 kV transformer marked Tr.3
in Figure 1; Zj’l, Z, Zgl—sequence impedances of the consumers fed from the medium-
voltage busbars (6 kV busbar in Figure 1) of the power station (synchronous motors and
asynchronous motors); ij, Z,, Zgz—sequence impedances of the consumers fed from the
low-voltage busbars (0.4 kV busbar in Figure 1) of the power station (asynchronous motors
and auxiliary services); and R;—resistance through the fault location.

For the calculation of the plus, minus and zero-sequence impedances, the diagrams
from Figure 4a—c were used. According to the equivalent voltage generator theorem
(Thévenin’s theorem), the internal impedance of the equivalent voltage generator is equal
to the equivalent impedance of the passivated circuit, as seen from the fault location, in
the absence of the fault. In Figure 4a—c, the fault location is denoted by K. As a result,
the sequence impedances are the equivalent impedances seen from point K, and the null,
points between which the sequence voltages are represented.
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Figure 4. Sequence diagrams. (a) The positive sequence. (b) The negative sequence. (c) Sequence zero.

Considering the sequence diagrams (Figure 4), for the sequence impedances seen from
the fault location (point K in Figure 4), the next expressions are obtained:

(25 +24) )

VARYAS
£1 "5 +
(ZTrl + =

i 222 4)
B Zi *Z+ + 725+ = M
Z{+2y  TTL T 24425+,
Z;*ZE * Z + ~c1 (Z—c2+ZTr3)
Zi+2, " \TU0l " 247,427,
Z = ()
Z7+Zy n +z *(Z5+253)
7y +7Z, s Zi+Z5+ 21,
ay *Z2 0
0 0 —Trl
0 __ Z +Z
Z =28 0 ©)
=172
28" Z3y

The sequence voltages related to the high-voltage busbar (110 kV in Figure 1 and
denoted by Uy, Uy, UY in Figure 4) are given by the following expressions:

Ug = Upy 2 1" 7)

Ug =2 *I° ®)
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U = —2%1° ©9)

The sequence voltages related to the medium-voltage busbar (6 kV in Figure 1 and
denoted U, U7, UY in Figure 4) are given by the following expressions:

Z+
Qfg = Q;r = Ef(F (1= Z+Trlz+ 7 (10)
Z"r + =cl (7Tr3+~c2)
ARy A
7=
Uy =Ugx*|1- —1 (11)

7= 4 Za(ZmtZa)
ST 2o+ 212,

U =0 (12)

The sequence voltages related to the low-voltage busbar (0.4 kV in Figure 1 and
denoted Q; U, Qg in Figure 4) are given by the following expressions:

Z+
Uy =ZL+J = =2 «U;S (13)
= Z5H+2Zi,
U7:Z**I*:i*U* (14)
72 *Cz *2 ZE+ZES =1
—cC. —I1r
U =0 (15)

Knowing the sequence components of the phase voltages at the fault location, the
sequence components of the voltage of the medium- and low-voltage busbars can be
determined. The transformation ratio of transformer Tr.1 is kg1 = 110/6 and of transformer
Tr.3 is ky3 = 6/0.4 (Figure 1).

The phase voltages at the fault location (related to the 110 kV busbars) are expressed
as a function of the sequence components through the following relationships:

Uy = Uy +Ug +U% (16)
Uy, = a® Ul +a*Ug +UY (17)
Ugs = a* Ug +a? « Uy +UY (18)

The phase voltages related to the medium-voltage busbars are expressed as a function
of the sequence components through the following relationships:

Ul +U; +19

19
KTr1 19)

Qll =

a2+« Ul +axU- +1UY
U, = — =1 =7 =1 =1 20
Up P (20)

*UT +a2%U; +1°
l(Trl
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The phase voltages related to the low-voltage busbars are expressed as a function of
the sequence components through the following relationship:

Ui +U0 +0)

= 22
Uy K (22)

2, 11+ 0

a-x U +axU, +U
Uy = 2 K . 2 (23)
Tr3

axUj +a%xU; +U)

Uy = 2 . 2 (24)

k3

The dissymmetry coefficient is defined as the ratio between the negative and the positive
sequence component and is expressed in %. It is calculated using the following expression:

_ u-
Y% = F * 100 (25)

b

Considering Equations (3), (7) and (8) for the dissymmetry coefficient at the fault
location K (110 kV busbars), the next expression is obtained:
7~
ke = — 26
K2+ 20+ 3R, 29

The asymmetry coefficient of the phase voltages related to the medium-voltage busbars
(6 kV) in the power station is expressed by the next expression:
1_ Zy
)
T 2242

k= e g (27)
1 _ =Ir
7+ +Z:r1 (Z;rr3+zc+2)

Lint— 5 % %
Zytiratly

The dissymmetry coefficient of the phase voltages related to the low-voltage busbars
(0.4 kV) in the power station is given by the next expression:

1 Zp,
Z, Zi 2 (213420
_ Zo+2Zy, T Z A ZpatZ _
__ =2 "=Ti3 cl "=Tr3 "=c2
Z*:—CZJF 1- 7t (rZ+ +Z+)
=2 "=Tr3 7+ Sl \=Tr3 "=c2

ETT L ot

=
Zo it

The asymmetry coefficient is defined as the ratio between the zero and the positive
component and is expressed in %. It is calculated using the following expression:

0
K% = U 100 (29)
U+

Considering Equations (3), (7) and (9) for the asymmetry coefficient at the fault location
K (110 kV busbars), the next expression is obtained:
ky = z
K — — 0
Zm +Z +3xR¢

(30)

The value of the zero-sequence voltage of the phase voltages related to the medium-
voltage busbars (6 kV), and of the low-voltage busbars (0.4 kV) is zero because the HV/MV
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transformer has the windings in a triangle connection on the medium-voltage side, and the
MV/LV transformer has the medium-voltage windings in a delta connection (Figure 4c).

The values of the phase voltages of the three-phase system of voltages are expressed
as a function of the coefficient of dissymmetry and the coefficient of asymmetry through
the following relationships:

U, = Ut (14K +L)
Uy, =U"(1+a’+k +axk° (31)
U . =U"(14+axk +a2xk°

During the single-phase-to-ground fault, the phase voltages no longer form a sym-
metrical three-phase system. As a result, the positive sequence component has a lower
value than in the absence of the fault when the three-phase system of phase voltages is
symmetrical and contains only the positive sequence component.

The reduction factor of the positive component (k [%]) during the fault compared
to the normal operating situation (in the absence of the fault) is determined using the

following expression:
+

U
k[%] = — *1 2
[%] U, * 100 (32)
where U represents the positive sequence component of the phase voltages in the presence
of the fault, and U, represents the effective value of the phase voltages in the absence of
the fault.

4. Results

Information flow diagram for the numerical calculation of the phase voltages related to
the 110 kV, 6 kV and 0.4 kV bars of the transformer station, the dissymmetry and asymmetry
coefficients related to the 110 kV, 6 kV and 0.4 kV busbars, and the component reduction
coefficient of the plus sequence during the phase earth fault at point K in Figure 1, is shown
in Figure 5.

Three-phase system of phase voltages at the fault The characteristics of the equipment in the
location (point K in figure 1) before the fault electrical network with a phase-earth fault J
Computing the sequence impedances of the equipment
Computing of sequence currents and fault current (If) from the electrical network with a phase-ground fault
forcasesA,B,C,D

[ Computing of the sequence impedances seen from the

Computing of sequence voltages related fault location (point K in figure 1) for cases A, B, C, D

HV bas-bars (at fault point K) Uz Uz, UR
related MV bas-bars Ui UT, U? Computing of the phase voltages related

related LV bas-bars U7, U3, US
forcasesA,B,C,D

4 HV bas-bars (at fault point K) Uz, Uy s Uiz
related MV bas-bars U;;,.U;» Uiz

N

related LV bas-bars U»;, Uss Usz
N forcasesA,B,C,D

Computing of the coefficients asymmetry
related HV bas-bars (at fault point K) (%), and k
related MV bas-bars (k}), and k
related LV bas-bars (k2) and k
forcasesA,B,C,D

Computing of the coefficients dissymmetry
related HV bas-bars (at fault point K) (k3),
related MV bas-bars (k1)
related LV bas-bars (k3)
forcasesA,B,C,D

Figure 5. Informational flow diagram for the calculation of phase voltages, and the coefficients of
dissymmetry, asymmetry and reduction in the plus sequence.
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For the calculation of the fault current, the phase voltages related to the 110 kV, 6 kV
and 0.4 kV busbars, the dissymmetry and asymmetry coefficients, and the reduction ratio
of the plus sequence component during a single-phase-to-ground fault occurring near the
HV busbars of the power station (point K in Figure 1), it is necessary to determine the
sequence impedances of the elements that intervene in Figures 1 and 4. The calculation of
the sequence impedances requires knowledge of the characteristics of the elements that
intervene in Figure 1.

The calculation of the previously specified quantities requires the following steps:

Step 1: Specification of the characteristics of the elements involved in the analysed electrical
network;

Step 2: Calculation of the sequence impedances of the elements in Figure 1 and of the
impedances that intervene in Figure 3;

Step 3: Implementing the mathematical models presented in Section 2 in the MATCAD
programming environment;

Step 4: Performing calculations using the Mathcad (version 13, University of Cambridge,
England) programming environment;

Step 5: Presenting the results obtained as complex quantities;

Step 6: Graphical representation of the instantaneous values of the phase voltages related
to the 110 kV, 6 kV and 0.4 kV bars.

4.1. Characteristics of the Elements in Figure 1

The characteristics of the elements, respectively the sequence impedances correspond-
ing to them from Figure 1 are presented in Tables 1-6.

Table 1. Characteristics of 110 kV lines.

Line Type Simple Circuit Double Circuit
Material Ol-AL Ol-AL Ol-Al
L Length (km) 22.78 5.16 0.7
Section (mm?) 240 185 240
Material Ol-Al Ol-Al Ol-Al
L, Length (km) 29.37 14.02 5.08
Section (mm?) 185 185 240

Table 2. Sequence impedances of 110 kV lines.

Z" 0] Z (0] Z° Q]
Ly 4.98 +j9.92 4.98 +j9.92 9.28 +j36.28
Ly 6.49 +j16.31 6.49 +j16.31 15.56 +j69.62

Table 3. Characteristics of transformers.

Uln [kV]/
U2n [kV]

Tr.l 110/6 25 30 130 1 11
Tr.3 6/0.4 1.6 2.6 18 2 6

Sn [IMVA] Pre [kW] Pcy, [kW] Ip [%] Usc [%]
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Table 4. Sequence impedances of transformers at voltage level 110 kV.

Z" 0] Z 0] Z°[0]
The 110 kV winding has The 110 kV winding has
Tr.1 7.55 +(83.24 7.55 +(83.24 the connection Yg. the connection Y
7.55 +j83.24 )
Tr.3 6.39 +j114.3 6.39 +j114.3 00

Table 5. Characteristics of the consumers fed from the 6 kV and 0.4 kV busbars.

Un [kV] P, [kW] Number of Motors
Synchronous motors 6 500 21
400 4
Asynchronous motors ° 160 9
0.4 160 40

Table 6. Sequence impedances of consumers at the 110 kV voltage level.

z* 0] Z" [O] 7° Q]
Consumers 6 kV 875.9 +j124.8 875.9 +j31.2 S
Consumers 0.4 kV 1797 +j256.1 1797 +j84.02 o)

To determine the equivalent sequence impedances of consumers, it was considered
that their power factor was 0.93. The resistance value at the fault location (R¢) was 2.8 Q).
The three-phase system of the phase voltages related to the 110 kV busbars, in the absence
of the fault, was considered symmetrical and was expressed by the following expressions:

ugy (t) = 63.5 % /2 % sin (100 * 77 % t) kV
ugo(t) = 63.5 % v/2 % sin (100 * 77 * t — 120°) kV (33)
ugs(t) = 63.5 % v/2 % sin(100 * 77 * t +120°) kV

The three-phase voltages are represented in Figure 6.

-z “Kl(t) [kV] “K:(t) [kV]

\
ugs(t) [kV]

L
o
(V)
o

40

w

10 15 20 25
t[ms]

Figure 6. Three-phase system of phase voltages at 110 kV before the fault occurs.

4.2. Computed Results

The numerical results obtained for each of the four cases presented in Section 2 (cases
A, B, C and D) are presented below.
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Case (A): The 110 kV busbar from the power station is fed by two 110 kV lines (switches
51 and S2 in Figure 1 are connected), the transformer Tr.1 has the connection Yy /A, and the
transformer Tr.2 is disconnected from the 110 kV busbar.

The results obtained are shown in Tables 7-9.

Table 7. The values of the current at the fault location (I f), of the phase voltages at the fault location
(Ugq Ugo Ugs), of the sequence voltages at the fault location (Q,‘:, u,, Q,?), of the dissymmetry coef-
ficient (k~), of the asymmetry coefficient (k°), and of the plus sequence voltage reduction coefficient

(k) in the presence of the single-phase-to-ground fault.

I¢ [kA] Uk [kV] Uk [kV] Uxs [kV] u [kv] U, [kV] w) [kV] k™ (%] k° [%] k [%]

exp(—j59.7°) exp(—j59.7°) exp(—j128.7°) exp(j *138.8°) exp(—j *1.2°) exp(—j *174.9°) exp(—j *161.5°)

5331 * 14927 * 82.895* 68.858 * 51.562 % 12014 33.798 2330 6555 8L
Table 8. Phase voltages of 6 kV busbars (Uy1, Uy, Ujs), dissymmetry coefficient (k~), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.

Uy [kV] Uy, [kV] Uy; [kV] Uy kvl u; kvl u) [kV] k™ (%] KO [%] k [%]

2.065 *exp 3.013 *exp 3.113 * 2.697 * 0.636 *exp

(—j10.4°) (—j117.5°) exp(j101.9°)  exp(—i8.6°)  (—j177.4°) 0 23.58 0 77.86
Table 9. Phase voltages of 0.4 kV busbars (Up;, Uzy, Ups), dissymmetry coefficient (k~), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.

Uy [V] Uy, [V] Uy [V] uy (vl u; [Vl u [Vl k™ [%] K°[%)] K [%]

125.1 *exp 182.6 *exp 188.6 * 172 *exp 40.6 *exp
(—j*13.6°) (—j*120.6°) exp(98.7°) (=) *11.7°) (—j *174.2°) 0 23.60 0 7448

The instantaneous values of the phase voltages at the fault location (point K) are given
by the following expressions:

ugy (t) = 14.927 % /2% sin(100%7 * t — 59.7°) kV
ugo(t) = 82.895 /2 % sin (100 * 7t + t — 128.7°) kV
ugs (t) = 68.858 * /2% sin (1007  t + 138.8°) kV

(34)

The instantaneous values of the phase voltages related to the 110 kV busbars are
represented in Figure 7.

The instantaneous values of the phase voltages related to the 6 kV busbars in the
presence of the single-phase-to-ground fault are given by the following expressions:

uyq (t) = 14.927 % /2% sin(100%7 * t — 59.7°) kV
u1p(t) = 82.895 % /2  sin (100 * 77 + t — 128.7°) kV
uy3(t) = 68.858 * /2 sin(100%7 * t 4 138.8°) kV

t (35)
(

The instantaneous values of the phase voltages related to the 6 kV bars are represented
in Figure 8.
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Figure 7. The three-phase system of phase voltages at 110 kV during the fault, case (A).
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Figure 8. Three-phase system of phase voltages at 6 kV during the fault, case (A).

The instantaneous values of the phase voltages related to the 0.4 kV busbars in the
presence of the single-phase fault-to-ground are expressed by the following expressions:

up; (t) = 125.1 % /2% sin(100%7t* t — 13.6°) V
Uy (t) = 182.6 % v/2 % sin (100 * 7t % t — 120.6°) V (36)
ups(t) = 188.6 % v/2x sin(100%7 * t + 98.7°) V

The instantaneous values of the phase voltages related to the 0.4 kV busbars are
represented in Figure 9.

l‘:l(t) [V] ?‘::(tf) [V]

-200
] I

=300 [ u 3 () [V]

=400

0 5 10 15 20 25 30 35 40
t[ms]

Figure 9. Three-phase system of phase voltages at 0.4 kV during the fault, case (A).

After analysing Equations (34)—(36), it was found that the three-phase system of phase
voltages related to the HV busbars was the most non-symmetric. The smallest amplitude
was 18% of the largest amplitude of the phase voltages related to the 110 kV busbars, 66.3%



Mathematics 2023, 11, 3032

15 of 30

for the voltages related to the 6 kV busbars and 66.8% for the phase voltages related to
the 0.4 kV busbars. The difference between the voltages of the phases without a fault was
16.9% for the 110 kV busbars, 3.2% for the 6 kV busbars and 2.91% for the 0.4 kV busbars.
Case (B): The 110 kV busbar from the transformer station are fed by two 110 kV lines
(switches S1 and S2 in Figure 1 are connected), transformer Tr.1 has the Y /A connection,
and transformer Tr.2 is disconnected from the 110 kV busbar.
The results obtained are shown in Tables 10-12.

Table 10. The values of the current at the fault location (I f), of the phase voltages at the fault
location (Ugq, Ug,, Ugz), of the sequence voltages at the fault location (Q,:r, u,, Qg), of the
dissymmetry coefficient (k~), of the asymmetry coefficient (k°), and of the plus sequence voltage
reduction coefficient (k) in the presence of the single-phase-to-ground fault.

I¢ [KA] Ui [kV] Uk [kV] Uxs [kV] Uy [kV] Uy [kV] u) k] k™ (%] K[ %) k [%]
4618* 12.931* 86.473 * 73.746 * 53.135* 10.408 * 37.808 * 19.59 71.15 83.67
exp(—j61°) exp(—j61°) exp(—j132°) exp(j141.7°) exp(—j0.7°) exp(—j176.3°) exp(—164.8°)
Table 11. Phase voltages of 6 kV busbars (Uy1, Uy, Uy3), dissymmetry coefficient (k~), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.
Unp [kV] Usz [kV] Uss [kV] u; kvl u; kvl uw) [kV] k™ [%] K°[%] k [%]
2.230* 3.060 * 3.122* 2.779 * 0.551*
exp(—j9.2°)  exp(—j118.8°) exp(j103.6°)  exp(—j8.1°)  exp(—jl176°) 0 19.83 0 80.22
Table 12. Phase voltages of 0.4 kV busbars (Uy;, Uz, Usz), dissymmetry coefficient (k~), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.
Uy [V] Uy, [V] Uy; [V] u; vl u; vl w vl k™ [%] K°[%] K [%]
135.1 % 185.4* —189.2* 177.3 % 35.2*%

exp(—j12.3°)

exp(—j121.9°)

exp(100.3°) exp(—j11.3°)  exp(—j172.9°) 0 19.85 0 7677

The instantaneous values of the phase voltages at the fault location are given by the
following expressions:

ug (t) = 12.931 % /2% sin(100%7 * t — 61°) kV
uga(t) = 86.473 /2 % sin (100 * 7t + t — 132°) kV (37)
ugs(t) = 73.746 % /2% sin (1007 * t + 141.7°) kV

The instantaneous values of the phase voltages related to the 110 kV busbars are
represented in Figure 10.

The instantaneous values of the phase voltages related to the 6 kV busbars in the
presence of the single-phase-to-ground fault are given by the following expressions:

upq (t) = 2.230 % /2% sin(100%7 * t — 9.2°) kV
U2 (t) = 3.060 * /2 % 5in(100 * 77 + t — 118.8°) kV (38)
up3(t) = 3.122 % /2% sin(100%7 * t + 103.6°) kV

The instantaneous values of the phase voltages related to the 6 kV busbars are repre-
sented in Figure 11.
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Figure 10. The three-phase system of phase voltages at 110 kV during the fault, case (B).
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Figure 11. Three-phase system of phase voltages at 6 kV during the fault, case (B).

The instantaneous values of the phase voltages related to the 0.4 kV busbars in the
presence of the single-phase-to-ground fault are given by the following expressions:

Uy (t) = 135.1 % /2 sin(100%7 * t — 12.3°) V
Uy (t) = 185.4 % /2 % sin(100 * 7t % t — 121.9°) V (39)
up3(t) = 189.2 % /2 sin(100%7 * t + 100.3°) V

The instantaneous values of the phase voltages related to the 0.4 kV busbars are
represented in Figure 12.

@OV || [em®v]
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-100 3

-200 /
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Figure 12. Three-phase system of phase voltages at 0.4 kV during the fault, case (B).
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After analysing Equations (37)-(39), it was found that the three-phase system of phase
voltages related to the HV busbars was the most non-symmetric. The smallest amplitude
was 14.95% of the largest amplitude of the phase voltages related to the 110 kV busbars,
71.66% for the voltages related to the 6 kV busbars and 71.69% for the phase voltages
related to the 0.4 kV busbars. The difference between the voltages of the phases without
a fault was 14.72% for the 110 kV busbars, 1.67% for the 6 kV busbars and 2.13% for the
0.4 kV busbars.

Case (C): The 110 kV busbar from the transformer station is fed by the 110 kV line L;
(in Figure 1 the switch S1 is connected and the switch S2 is disconnected), the transformer
Tr.1 has the Y/ A connection, and the transformer Tr.2 is disconnected from the 110 kV
busbar.

The results obtained are shown in Tables 13-15.

Table 13. The values of the current at the fault location (I f), of the phase voltages at the fault
location (Ugq, Ugo, Ugs), of the sequence voltages at the fault location (U, u,, Qg), of the
dissymmetry coefficient (k~), of the asymmetry coefficient (k’), and of the plus sequence voltage
reduction coefficient (k) in the presence of the single-phase-to-ground fault.

It [kA] Ui [kV] Uk, [kV] Ugs [kV] U [kl U [kV] u) [kV] k™ [%] KO[%] k [%]
2.533 * 7.091 * 78.922 * 68.313 * 48.956 * 14.556 * 32.554 *
exp(—j68.1°) exp(—j68.1°) exp(—j128.1°) exp(l35.5°)  exp(—j032°) exp(—jl67.3°) exp(-jl789%) 2073 665 77.09
Table 14. Phase voltages of 6 kV busbars (Uy1, Uy, Uy3), dissymmetry coefficient (k~), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.
Un[kVl  UplkVl  UglkV] uf kvl U kvl U] [kV] k™ [%] K"[%] k [%]
1.772 % 3.008 * 3.012* 2.547 * 0.775 * 0 30.4 0 73.53
exp(—j7.5°)  exp(—jl14.5°) exp(j99.7°) exp(—j7.4°)  exp(—jl172.7°)
Table 15. Phase voltages of 0.4 kV busbars (Uy1, Uz, Usz), dissymmetry coefficient (k~), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.
Uy [V] Up [V] Up; [V] u; vl u, [vl u [vl k™ [%] K°[%] k [%]
107.4* 182.3 182.5* 162.5* 494+

exp(—j10.7°)

exp(—j117.7°)

exp(j96.6°)  exp(—jl0.6°)  exp(—j169.6°) 0 304 0 70.36

The instantaneous values of the phase voltages at the fault location are given by the
following expressions:

ukq (t) = 7.091 * /2 sin(100%7 * t — 68.1°) kV
ugo(t) = 78.922 % /2 % sin (100 * 7t + t — 128.1°) kV (40)
ugs(t) = 68.313 % /2 sin (1007  t + 135.5°) kV

The instantaneous values of the phase voltages related to the 110 kV busbars are
represented in Figure 13.
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Figure 13. The three-phase system of phase voltages at 110 kV during the fault, case (C).

The instantaneous values of the phase voltages related to the 6 kV busbars in the
presence of the single-phase-to-ground fault are given by the next expressions:

upq (t) = 1.772 % /2% sin(100%7t + t — 7.5°) kV
U2 (t) = 3.008 * /2 % 5in(100 * 7 % t — 114.5°) kV (41)
up3(t) = 3.012 % /2% sin(100%7 * t + 99.7°) kV

The instantaneous values of the phase voltages related to the 6 kV busbars are repre-
sented in Figure 14.

O] || @]
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Figure 14. Three-phase system of phase voltages at 6 kV during the fault, case (C).

The instantaneous values of the phase voltages related to the 0.4 kV busbars in the
presence of the single-phase-to-ground fault are given by the following expressions:

U1 (t) = 107.4 % /2% sin(100%7 * t — 10.7°) V
Uz (t) = 182.3 % /2% sin(100 * 7t * t — 117.7°) V (42)
ups(t) = 182.5 % v/2x sin(100%7 * t + 96.6°) V

The instantaneous values of the phase voltages related to the 0.4 kV busbars are
represented in Figure 15.
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Figure 15. Three-phase system of phase voltages at 0.4 kV during the fault, case (C).

After analysing Equations (40)—(42), it was found that the three-phase system of phase
voltages related to the HV busbars was the most non-symmetric. The lowest amplitude was
8.98% of the highest amplitude of the phase voltages related to the 110 kV busbars, 58.83%
for the voltages related to the 6 kV busbars and 58.85% for the phase voltages related to
the 0.4 kV busbars. The difference between the voltages of the phases without a fault was
13.44% for the 110 kV busbars, 0.13% for the 6 kV busbars and 0.11% for the 0.4 kV busbars.

Case (D): The 110 kV busbar from the power station is fed by the 110 kV line L; (in
Figure 1 the switch S1 is connected and the switch 52 is disconnected), the transformer Tr.1
has the Y /A connection, and the transformer Tr.2 is disconnected from the 110 kV busbar.

The results obtained are shown in Tables 16-18.

Table 16. The values of the current at the fault location (I f), of the phase voltages at the fault
location (Ug;, Ugo, Ugz), of the sequence voltages at the fault location (Q;r, u,, Qg), of the
dissymmetry coefficient (k~), of the asymmetry coefficient (k’), and of the plus sequence voltage
reduction coefficient (k) in the presence of the single-phase-to-ground fault.

I¢ [kA] Uka [kV] Uz [kV] Ugs [kV] u/ kvl u; kvl uf [kV] k™ [%] K°[%] K [%]
1.764 * 4.938 * 87.860 * 79.919 * 53.386 * 10.136 * 41.922* 18.99 78.53 84.06
exp(—j69.7°) exp(—j69.7°) exp(—j134°) exp(j142.2°) exp(j0.5%) exp(—j177.3°) exp(—j172.3°)
Table 17. Phase voltages of 6 kV busbars (U;1, Ujp, Uj3), dissymmetry coefficient (k™), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.
Uy [kV] Uy [kV] Uys [kV] u; kvl u; kvl g(l) [kV] k™ [%] K0 [%] k [%]
2.263 * 3.114* 3.068 * 2.792 % 0.530 *
exp(—j6.1°)  exp(—jl118.7°) exp(j104.2°)  exp(—j6.9°)  exp(—jl69.9°) 0 18.98 0 80.60
Table 18. Phase voltages of 0.4 kV busbars (Up;, Upp, Upz), dissymmetry coefficient (k™), asymmetry
coefficient (k°) and the plus sequence voltage reduction coefficient (k) in the presence of the single-
phase-to-ground fault.
Uz [V] Uz, [V] Ug; [V] u; [V] u, [V uj v k™ [%] K°[%] ke [%]
137.1* 188.7 * 185.9 * 178.1* 33.8*
exp(—j9.3°)  exp(—j121.8°) exp(j101.1°) exp(—j10°)  exp(—j166.8°) 0 18.98 0 77.12
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The instantaneous values of the phase voltages related to the 110 kV busbars in the
presence of the single-phase-to-ground fault are given by the next expressions:

ukq (t) = 4.938 * /2 sin(100%7 * t — 69.7°) kV
ugo(t) = 87.86 % /2 sin(100 * 77+ t — 134°) kV (43)
ugs (t) = 79.919 % /2% sin(100%7 * t + 142.2°) kV

The instantaneous values of the phase voltages related to the 110 kV busbars are
represented in Figure 16.

(_)14K1(t)[kl(] [ [ te®kV]

- IR \ 4
RS U3 (£)[kV]
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t[ms]
Figure 16. The three-phase system of phase voltages at 110 kV during the fault, case (D).

The instantaneous values of the phase voltages related to the 6 kV busbars in the
presence of the single-phase-to-ground fault are given by the next expressions:

upq (t) = 2.263 % /2% sin(100%7 + t — 6.1°) kV
upp(t) = 3.114 % /2 % sin(100 * 7t * t — 118.7°) kV (44)
up3(t) = 3.068 * /2% sin(100%7 * t + 104.2°) kV

The instantaneous values of the phase voltages related to the 6 kV busbars are repre-
sented in Figure 17.
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Figure 17. Three-phase system of phase voltages at 6 kV during the fault, case (D).
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The instantaneous values of the phase voltages related to the 0.4 kV busbars in the
presence of the single-phase-to-ground fault are given by the following expressions:

Uy (t) = 137.1 % /2% sin(100%7 + t — 9.3°) V
Uy (t) = 188.7 % v/2 % sin(100 7t * t — 121.8°) V (45)
ups(t) = 185.9 % v/2x sin(100%7 * t + 101.1°) V

The instantaneous values of the phase voltages related to the 0.4 kV busbars are
represented in Figure 18.

300 uz (D)[V] Uz, (8) [V]

t[ms]

Figure 18. Three-phase system of phase voltages at 0.4 kV during the fault, case (D).

After analysing Equations (43)-(45), it was found that the three-phase system of phase
voltages related to the IT busbars was the most non-symmetric. The lowest amplitude was
5.62% of the highest amplitude of the phase voltages related to the 110 kV busbars, 72.67%
for the voltages related to the 6 kV busbars and 72.82% for the phase voltages related to
the 0.4 kV busbars. The difference between the voltages of the phases without a fault was
10.06% for the 110 kV busbars, 1.48% for the 6 kV busbars and 1.48% for the 0.4 kV busbars.

5. Experimental Determination

A single-phase-to-ground fault on the HV busbars of the power station can have
serious consequences for the substation equipment and the consumers fed by it. For this
reason, the case in which the value of the fault current was minimal was chosen for the
experiment. The 110 kV busbars were fed through the L, line, whose impedance was higher
than that of the L; line (Figure 1). Also, the fault was not caused on the HV busbars of the
power station but near them, at approximately 50 m away.

To provoke the single-phase-to-ground fault, phase 1 of the L; line was connected to
the earthing system of its the first tower.

The earthing resistance of the tower at which the fault was caused was 2.8 () (Rt = 2.8 Q).
During the fault, the L; line was not fed from the power station (Figure 1). With the help of
a control device, designed and made to be used for experimental determinations in real
electrical installations, the connection or disconnection command of the switch S; related
to the L line was ensured (Figure 19). By connecting the switch Sy, the 110 kV busbars of
the power station were connected to the single-phase-to-ground fault caused at point K in
Figure 19. The experimental determinations were carried out for two cases, namely:

— Case 1: Transformer Tr.1 in Figure 1 had the connection Y/ A (the neutral of the 110 kV
transformer winding was grounded).

—  Case 2: The transformer Tr 1 in Figure 1 had the Y//A connection (the neutral of the
110 kV winding of the transformer was isolated).

The diagram used for the experimental determinations is presented in Figure 19.
The phase voltages of the 110 kV busbars and 0.4 kV busbars, and the fault current were



Mathematics 2023, 11, 3032

22 of 30

measured. The effective values of the phase voltages and fault current are shown in
Tables 19-22.

Table 19. Effective values of phase voltages related to 110 kV busbars (Ukj, Ukp, Uk3) and short-
circuit current (If).

I¢ [A] Ukt [kV] Uk: [kV] Uks [kV]
2640 7.6 68.7 62.1

Table 20. The effective values of the phase voltages related to the 0.4 kV busbars (Uy;, Upp, Usps).

Uy [VI Uy, [V] Uys [V]
112 206 211

Table 21. Effective values of phase voltages related to 110 kV busbars (Uxj, Uxy, Ugs) and short-
circuit current (Iy).

I¢ [A] Uxki [kV] Uxks [kV] Uxgs [kV]
1830 5.16 79.3 76

Table 22. The effective values of the phase voltages related to the 0.4 kV busbars (Upy, Upp, Usps).

Uy [V] Uy, [V] Ups [V]
156 214 218
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Figure 19. Simplified measurement scheme (The figure was revised).

Case (C): The 110 kV busbar from the power station was fed by the 110 kV line
L; (in Figure 1 the switch S1 is disconnected and the switch S2 is connected), the trans-
former Tr.1 had the Y/ A connection, and the transformer Tr.2 was disconnected from the
110 kV busbar.

To provoke the single-phase-to-ground fault, switch S1 was connected. The obtained
results are presented in Table 19 for the 110 kV HV busbars and in Table 20 for the
0.4 kV busbars.

Case (D): The 110 kV busbar from the power station was fed by the 110 kV line L; (in
Figure 1 the switch S1 is disconnected and the switch 52 is connected), the transformer Tr.1
had the Y /A connection, and the transformer Tr.2 was disconnected from the 110 kV busbar.
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To provoke the single-phase-to-ground fault, switch S1 was connected. The ob-
tained results are presented in Table 21 for the 110 kV IT busbars and in Table 22 for
the 0.4 kV busbars.

6. Discussion
6.1. Analysis of the Reduction Coefficient of the Plus Sequence Components during the Single-
Phase-to-Ground Fault for the Analysed Cases

Figure 20 presents the reduction factor of the positive component k [%] during the
fault compared to the normal operating situation (in the absence of the fault), for each of
the four analysed cases (cases A, B, C, D). To calculate this ratio, Equation (32) was used.
For the plus sequence component of the phase voltages, the values obtained by calculation
were considered for the 110 kV and 0.4 kV busbars.

85
80
k[%] 75
70
65
a b c d

B110kV m6kV » 04KV

Figure 20. Values of the coefficient k [%] for cases (A)—(D) analysed in the paper.

From Figure 20, it can be seen that when the 110/6 kV transformer had Y/A con-
nections during a single-phase-to-ground fault near the 110 kV (HV) busbars, the plus
sequence component of the phase voltages decreased the least. As a result, the torque of
electric motors fed at 6 kV or 0.4 kV, generated by the plus sequence of the supply voltages
during the single-phase-to-ground fault, decreased the least. Consequently, the use of
HV/MYV transformers with a Y/A connection is the most advantageous.

6.2. Comparison between Coefficients of Dissymmetry

Figure 21 shows the values of the k™% dissymmetry coefficient (the ratio between
the negative sequence component and the positive sequence component) related to the
busbar phase voltages of 110 kV, 6 kV and 0.4 kV, considering the four analysed cases (cases
(A)—(D)). The Equations (26)—(28) were used to calculate the dissymmetry coefficients.

25
k~[%] 20
15
10
5
a b C d

=110kV = 6kV =04kV

Figure 21. Values of the coefficient k= [%] for cases (A)-(D) analysed in the paper.

From Figure 19, it can be seen that when the 110/6 kV transformer had the Y/A
connections, during a single-phase-ground fault near the 110 kV (HV) busbars, the minus
sequence component of the phase voltages related to the 110 kV, 6 kV and 4 kV busbars
had a lower value than if the 110/6 kV transformer had Yy/A connections. As a result,
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the torque of electric motors fed at 6 kV or 0.4 kV generated by the minus sequence of
the supply voltages during the single-phase-to-ground fault was less than if the 110/6 kV
transformer had a Y/ A connection.

6.3. Comparison of Asymmetry Coefficients

Figure 22 shows the asymmetry coefficient k’% (the ratio between the negative se-
quence component and the positive sequence component) related to the busbar voltages
of 110 kV, 6 kV and 0.4 kV, considering the four cases (A)-(D) analysed in this study.
Equation (30) was used to calculate the asymmetry coefficients.

70
60
k° [%] 50
40
30
20
10
a b C d

®"110kV ®6kV 0.4 kV

Figure 22. Values of the coefficient kO [%] for cases (A)-(D) analysed in the paper.

Figure 22 shows that the zero-sequence component was zero on the 6 kV and 0.4 kV
busbars in all four cases analysed. This is because the 110/6 kV transformer had the Yy/A
or Y/A connection and the 6/0.4 kV transformer had a A/Y{ connection. If the 110 kV
busbars were fed by a single transmission line (the source impedance is maximum) and the
neutral of the 110 kV/6 kV transformer was isolated, the zero-sequence component of the
phase voltages of the 110 kV busbars during the fault would have the largest values.

6.4. Comparison between the Effective Values of the Phase Voltages Determined Experimentally,
by Calculation

For the difference, expressed in %, between the values of the fault current and of
the phase voltages, obtained by calculation and determined experimentally, the following
relationship was used:

_ Calculated size — Measured size

€% :
Measured size

* 100, (46)
The results obtained are presented in Tables 23 and 24.

Table 23. The effective values of the fault current obtained by calculation and experimentally, and the
difference between the two values expressed in % (Equation (46)).

I [A]
Computed Measured
Case (C) 2866 2640 7.89
Case (D) 1867 1830 1.98

€%
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Table 24. The effective values of the phase voltages (denoted by U;, Uy, Us) of the 110 kV and
0.4 kV busbars, obtained by calculation and experimentally, and the difference between these values
expressed in % (Equation (46)).

Uy [V U, [V] Us [V
Un [kV] Computed  Measured £% Computed  Measured €% Computed  Measured €%
110 8025 7600 5.296 74,439 68,700 7.71 65,045 62,100 453
Case () 0.4 121.86 112 8.091 25.17 206 8514 230.13 211 8313
110 5227 5160 128 86,144 79,300 7.945 78,767 76,000 3513
Case (C) 0.4 167.51 156 6.871 235.02 214 8.944 23452 218 7.044

Figures 23-26 show the actual values of the phase voltages of the 110 kV and 0.4 kV
busbars, obtained using established mathematical models and by measurements at the
actual transformer station.
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Figure 23. The effective value of the phase voltages of the 110 kV busbars, calculated and measured,
for case (C).
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Figure 24. The effective value of the phase voltages of the 110 kV busbars, calculated and measured,

for case (D).
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Figure 25. The effective value of the phase voltages of the 0.4 kV busbars, calculated and measured,
for case (C).
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Figure 26. The effective value of the phase voltages of the 0.4 kV busbars, calculated and measured,
for case (D).

Figures 27 and 28 present the calculation error of the actual values of the phase voltages
of the 110 kV busbars, i.e., 0.4 kV, expressed as a percentage (Equation (46)), for cases (C)
and (D).

vl-110 v1 -110 U2-0.4 -110 U3-0.4
KV K‘-’ KV KV KV KV

Error % Case C

Figure 27. The calculation error of the actual values of the phase voltages of the 110 kV busbars, i.e.,
0.4 kV, expressed as a percentage (Equation (46)), for case (C).

Ul1-110 V1-0.4 -110 UV2- -110 U3
KV KV KV ‘/ KV ‘J

Error % Case D

Figure 28. The calculation error of the actual values of the phase voltages of the 110 kV busbars, i.e.,
0.4 kV, expressed as a percentage (Equation (46)), for case (D).

Comparing the effective values of the phase voltages obtained by calculation using
the mathematical models of Section 3, Equations (16)—(18) for the phase voltages of the
110 kV busbars and Equations (22)—-(24) for the 0.4 kV busbars with those determined
experimentally in the real installation (Figure 19), it was found that the difference between
them was acceptable. From the diagrams presented in Figures 27 and 28, it can be seen
that the calculation error (considering the correct values of the quantities obtained from
the measurements made in the real installation) of the phase voltages related to the 110 kV
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bars, using the mathematical models established in this paper, were between 1.28% and
7.945%. Moreover, for the phase voltages related to the 0.4 kV bars, the calculation errors
were between 6.871% and 8.944%. Considering the precision with which the values of the
parameters involved in the mathematical models of the phase voltages are known, we
considered that the mathematical models established in the paper were correct.

6.5. Comparison between the Effective Values of the Phase Voltages during the Single-Phase-to-
Ground Fault and the Values in Normal Operating Mode

To compare the effective values of the phase voltages related to the 110 kV, 6 kV
and 0.4 kV busbars during the single-phase-ground fault with those in the normal op-
erating mode (in the absence of the fault), the coefficient k,% was defined through the
following relationship:

k% = 2 4100 (47)
! Ugn

where k represents the number of the phase, i.e., k € {1, 2, 3}; Uy represents the effective
values of the phase voltages during the fault; and U, represents the effective values of the
phase voltages in normal operation mode (in the absence of the fault).

The results obtained are presented in Table 25. Figure 27 shows the values of the
coefficient k% for the faulted phase, and Figures 29-31 show the values of the coefficient
k,% for the phases without a fault.

Table 25. Values of the coefficient k;,% for the four cases analysed in the paper.

The Line Voltages of the

Busbars in the Absence of Case (A) Case (B) Case (O) Case (D)
the Fault [kV]
110 25.16 15.22 12.64 8.23
Phase 1
(with fault) 6 59.76 48.58 47.92 65.88
0.4 65.82 53.47 52.77 72.53
110 126.5 120.7 117.2 135.6
Phase 2
(without fault) 6 88.94 90.33 88.65 92.49
0.4 95.31 99.34 97.5 101.8
110 104.4 96.51 102.4 124
Phase 3
(without fault) 6 93.44 88.8 90.27 92.06
0.4 104.4 98.03 99.65 101.6
60 - = 110kV
kp % 50 — = m6kV
“ 04KV
I Binls
i A B C D

The cases in which the fault occurs A), B), C, D)

Figure 29. Values of the coefficient k;, [%] for the faulted phase (phase 1) during the fault on phase 1.
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Figure 30. Values of the coefficient kp, [%] for phase 2 (phase without fault) during the fault on
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Figure 31. Values of the coefficient kp, [%] for phase 3 (phase without fault) during the fault on
phase 1.

After analysing Figures 29-31, it was found that, during a single-phase-to-ground
fault, the effective values of the phase voltages changed the most when the two 110 kV lines
were connected to the 110 kV busbars of the substation and the neutral of the transformer
110/6 kV was grounded (HV/MYV transformer has Y(/A connection). The same was true
when the 110 kV L; line was connected to the 110 kV busbars of the power station and the
neutral of the 110/6 kV transformer had a Y(/A connection. Also, the change in the phase
voltages related to the MV (6 kV) and LV (0.4 kV) busbars during the single-phase-to-ground
fault was much lower than for the HV (110 kV) busbars. This situation is justified by the
fact that the phase voltages of the HV busbars also contain the zero-sequence component,
and those related to the MV and LV busbars do not contain the zero-sequence component.

7. Conclusions

Due to the serious consequences of electrical short-circuits on electrical installations,
obtaining experimental results to validate the mathematical models used is often a chal-
lenge for researchers in this field. Therefore, making experimental results available to the
academic community is always useful and welcome.

The most important conclusions resulting from the study are the following;:

1. A fault of the single-phase-to-ground type that occurs on the 110 kV lines near the
110 kV busbars, through which the 110/6/0.4 kV power station is supplied, leads to
a change in the effective values of the related phase of the HV, MV and LV busbars
(Tables 7-18), which affects the operation of the consumers fed from the MV and
LV busbars.

2. The degree of change in the phase voltages is influenced by the value of the source
impedance (the length of the HV lines that feed the HV busbars in the power station)
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at all three voltage levels HV (110 kV), MV (6 kV) and LV (0.4 kV). The higher the
source impedance, the lower the reduction in phase voltages (Figures 29-31).

3. Animportant role in determining the value of the dissymmetry and asymmetry coef-
ficients is played by the neutral point configuration of the HV/MYV transformer. If the
neutral point of the transformer is connected directly to the ground (the HV/MYV trans-
former has a Y(/A connection), the values of the dissymmetry coefficient are higher
than if the neutral point of the HV transformer is isolated (the HV/MYV transformer
has a Y/A connection), Figure 21.

4. Since the MV windings of the HV/MV and MV/LV transformers have a A connection,
the zero-sequence component of the phase voltages related to the MV and LV busbars
is zero. As a result, the asymmetry coefficient of the phase voltages related to the MV
and LV busbars has zero value (Figure 22).

5. To reduce the asymmetry of the phase voltages related to the medium-voltage and
low-voltage busbars, it is necessary that the neutral point of the HV/MYV transformer
is isolated. This means that the HV/MYV transformer must have Y /A connections.

6. The comparison of the effective values of the phase voltages of the high- and low-
voltage busbars obtained computationally, using the mathematical models presented
in Section 3, with those determined experimentally, and presented in Section 5, vali-
dates the mathematical models. The biggest difference between the values determined
by calculation was 8.944% (Table 24 and Figure 28).

7. The analytical models for the calculation of the sequence voltages, the dissymmetry
coefficients, the asymmetry coefficients and the phase voltages related to the HV,
MYV and LV busbars presented in this paper can be implemented in a programming
environment, for example MATCAD. This represents a very effective tool for the
analysis of a phase-to-ground fault.

8.  The mathematical models presented in the paper can be used for the analysis of earth
phase faults and for other power stations. This would require a different value of the
sequence impedances involved in the mathematical models.
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