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Abstract: This paper presents a novel auto-reclosing blocking method for combined overhead-cable
lines in power distribution networks that are solidly or impedance grounded, with distribution
transformers in a delta connection in their high-voltage sides. The main contribution of this new
technique is that it can detect whether a ground fault has been produced at the overhead line
side or at the cable line side, thus improving the performance of the auto-reclosing functionality.
This localization technique is based on the measurements and analysis of the argument differences
between the load currents in the active conductors of the cable and the currents in the shields at
the cable end where the transformers in delta connection are installed, including a wavelet analysis.
This technique has been verified through computer simulations and experimental laboratory tests.

Keywords: ground faults; protection; distribution protections; electrical distribution networks

1. Introduction

Power systems use protection devices to detect and clear different types of short circuits, overloads
and, in general, abnormal working conditions or fault situations that might be dangerous to the facilities
and the stability of the electrical power system. Most faults in power distribution networks are located
in the lines those that take place in the machinery, switchgear and measurement devices installed at the
main substations. Some distribution lines have two different parts: the cable line side and the overhead
line side [1]. Protection relays have the responsibility to clear faults that happen in their protection
zones and for that purpose, a close and quite approximate location of the ground fault in electrical
power systems is required for protection systems [2]. Overhead protection systems have different
working principles to cable protection systems [3]. At any distribution line, the protection system must
guarantee the power supply in the most reliable way. For that purpose, there are many protection
functions implemented to clear up all types of possible faults and keep the grid as stable as possible.
Power distribution networks normally have voltage levels up to 45 kV although in some countries in
Europe their voltage levels can reach up to 150 kV [4]. If there is a ground fault, a three-phase tripping
order will be given to clear it, and a loss of power demand results [5]. It is extremely important to know
the maximum reclosing time [6,7] to recover power supply and keep the system as stable as possible.

When a distribution line is formed by cable and overhead sections (Figure 1), faults in the cable
line side cause irreparable damage because the insulation of the cable has been partially or totally
deteriorated: this is the reason why reclosing attempts are not allowed. Faults at the overhead line
side are normally produced by lightning strikes [8]. On the other hand, faults in the overhead line side
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permit reclosing without risk, because the air insulation is normally recovered in a few milliseconds
and almost one second if there is mutual capacitive coupling to other lines.
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Figure 1. Power distribution network with transition cable-overhead line. (1) Active conductor of
power cables; (2) Shields of the power cable; (R;) Tower ground resistance; (Rsa) Ground resistance of
distribution substation-A; (Ry,) Ground resistance of end substation-B; (Zt,) Grounding impedance.

In Figure 1, the earthing of the cable shields at the transition station is connected to of the
corresponding tower, whose earthing resistance value is represented as R;. Substations A and B have
their respective grounding resistances R, and Ryp,. The earthing resistances R; at every tower have
normally slightly different values.

If a fault occurs at the cable line side and is cleared up, a post-reclosing order on the fault condition
will be an unsuccessful reclosing maneuver. Also, the grid will have to withstand a new fault condition
and be able to clear it up again. Beside these two disadvantages of unsuccessful reclosing maneuvers,
another is the fact of creating significant and extensive damage in the cable, being the most probable
consequence to have to replace it entirely. This circumstance will keep the distribution line out of
order for a long time while the cable is replaced. Therefore, the discrimination of the fault in the
overhead side or in the line side is essential to allow to protection and the control system to send
a reclosing order [9]. Currently, there are different protection criteria to remove from service a line
with a ground fault.

This presents a technique that determines where the ground fault has taken place in
an overhead-cable line considering a grounding method mostly used in power distribution networks
with the overhead side substations solidly grounded, or through grounding impedance with low
ohmic value. At the cable end side, the system is ungrounded with power transformers in a delta
connection in their primary side. The models used follow the impedance calculation described in the
standard EN60909-3 [10].

We first present a brief overview of line protection techniques. Section 2 describes the formulation
used for modeling the cables. Section 3 includes the impedances of cables and general equations for
shield connections. Then, Section 4 details the principles of the proposed auto-reclosing blocking
method technique. Section 5 analyzes the software simulations of the operation of the proposed
method, and Section 6 presents the results of experimental fault tests carried out in the laboratory.
Finally, Section 7 concludes with the main contributions of the proposed technique.
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2. State-of-the-Art

There are two main protection relays that incorporate the auto-reclosing facility in power
distribution networks: distance and ground fault directional overcurrent protection relays. In this
section, both techniques are presented.

2.1. Distance Protection (ANSI 21)

This protection responds to the impedance value measured between the relay and the fault
location [11-13]. As the impedance of any line is fairly constant, such protection relays work with the
impedance value of the line. Its application requires consideration of several very important factors:

e  The resistance of the arc [14].

e  The different contributions to the short circuit current from the ends of the line.
o  The effect of non-transposition of the conductors.

e  The effect of zero sequence mutual impedance in parallel lines.

Among the most interesting features from the point of view of their application are:

e  The reduction of the clearing times of faults.
e  An easier coordination with other protections.
e  The lack of sensitivity to power swings or pendulums in the network.

The locus of the action limit of the protection is the impedance seen by it. As this impedance is
a complex number with a real part (resistance) and an imaginary part (reactance), it can be perfectly
represented in R-X diagrams. Therefore, the tripping characteristic of the distance relay can be
superimposed on an R-X diagram to the impedance seen by the same at fault condition, power swings
or heavy loads, and thus be able to verify the performance of the protection. Figure 2 shows a typical
setting of distance protection in a distribution line with line impedance Z1, with three impedance steps:
Za, Zg and Zc. The tripping times for such zones are tp, tg, tc with ty <tg <tc.
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Figure 2. Types of impedance relay characteristics with three zone settings: (a) Impedance relay;
(b) Mho relay; (c) Reactance relay; (d) Quadrilateral relay.
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Any small current or voltage transformer error could represent an important increase or decrease
in the measured impedance. Consequently, if the fault was produced very close to the transition
overhead-cable line, it is not known in which side it has happened. Therefore, impedance protection
is not fully selective to discriminate whether the ground fault has happened in the cable or in the
overhead side. In power distribution networks rated 45 or 66 kV, distance protection is mainly used
when the system is solidly grounded.

2.2. Directional Ground Fault Protection (ANSI 67N)

This protection measures the magnitudes of the ground fault current, the residual voltage and
the angular difference between them. If the ground fault current and the residual voltage have values
over the setting values previously set in the protection relay, and the angular difference between them
is inside the directional tripping zone defined, the protection relay will send a tripping order to the
circuit breaker once the tripping time set has expired. Most ground faults in solidly grounded power
distribution networks have an inductive character; therefore, the characteristic angle between the
ground fault current and residual voltage, at which the greatest sensitivity is achieved, is normally
110° with the ground fault current leading the residual voltage. Figure 3 shows the characteristic
tripping zone for solidly grounded distribution power systems.
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Figure 3. Tripping zone for solidly grounded power distribution networks. (Uo) Residual voltage;
(Io) Residual current; (110°) Characteristic tripping angle.

3. Impedances of Cables and General Equations for Shield Connections

The proposed method applies to distribution lines with overhead and cable sections, where the
shields of the cables are connected to earth at both ends of the cable, known as Single Bonding (SB).
No transposition of the cable shields has been implemented [15]. For example, the composition of any
standard cable for medium-voltage applications and a flat disposal of three cables are represented in
Figure 4.

Isolation
Shield

External cover

(b)

(a)

Figure 4. (a) Cable composition and (b) flat disposal. (rj.) Internal conductor radius; (roc) External
conductor radius; (rjs) Internal conductor shield; (ros) External shield radius; (rs) Average shield radius;
(Scs) Distance between axes of the conductor and shield; (tps) External cover thickness.
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3.1. Impedance of Cable and Shields

In this section, the formulation that evaluates the impedances and self-impedances between
the different parts of the cables is listed and implemented in Matlab to develop the cable models in
Simulink used in the simulations described in Section 5. First, the self impedances of the conductors
and shields are indicated. Then, the mutual impedances between them are calculated. Their impedance
values are calculated using Carson’s equations considering the effect of the return ground path for all
types of self and mutual impedances.

The self impedance of the conductor is:

Zc =Re(eay + 1077 +§-4-71:1077 In(De /Toc) 1)
The expression for the return ground path distance given by Carson is:

Pe

De = 1.85- © g 2)
On the other hand, the self impedance of the shield is:
Zs = Rg(a) + 1077 -f +§-4-71:10~7 - In(De /1) (3)
The mutual impedance between conductor “i” and shield “j” can be written as:
Zcs = 1077 -f +§-4-7:1077-In(De /Scs) 4)
The mutual impedance between any conductor and its shield can be written as:
Zcs = 21077 f +§-4-m:10~7 - In(De /15) (5)
The mutual impedance between shields is given by:
Zss = 11077 -f +j-4-m-10 7 -In(De /Sss) (6)

3.2. Balanced System: General Equations for Single Bonding (SB) Shield Connections

The circuit used in this study is shown in Figure 5 and corresponds to an SB connection.
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Figure 5. Standard shields connection for SB applications. (I,, Iy, Ic) Currents in conductors; (Isa, Igp, Isc)
Currents in shields; (R1, Ry) Ground resistances at both ends of shields; (U) Potential difference between
shield terminals.
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When the load currents form a three-phase balanced system and only a positive sequence
component exists, the vector sum of the line currents flowing in the conductors is zero. The voltages
induced in the shields have a component due to the flow of current through conductor, and another
due to the currents circulating in the shields. As shown in Figure 5, the shields are grounded at both
ends and the voltages between the two grounding connections are equal to the three shields as:

U =Uic + Uss = Upc + Ups = Usc + Usg @)
The mathematical models for such induced voltages are listed below:

e Induced voltages in shields due to circulating currents in conductors:

Uic =L-(Zaisi'h + Zeoasi-Ia + Zessi 1) ®)
Uoc =L-(Zcis2' It + Zcaso Iz + Zzso 1) )
Usc = L(Zcisz-lh + Zeosz-Ip + Zesss-13) (10)

e Induced voltages in shields due to circulating currents in shields:

Uis = L-(Zs1s1°Is1 + Zsps1-Isp + Zszs1+1s3) (11)
Uss = L-(Zs1s2-Is1 + ZspsoIsp + Zs3s3-1s3) (12)
Uss = L-(Zs1s3-Is1 + Zsps3-1s2 + Zs3s3-Is3) (13)

All the previous equations can be expressed as a matrix system:

Uy Uic Uss
U, = Uyc + Uy (14)
Us Usc Uss
where:
Uy Zcist Zexst Zcsst I Zs1s1 Zsos1 Zszsi Is;
U | =L-| Zciss Zoxsz Zezsz || L | L | Zsiso Zspsry Zszsz |- | Is2 | (15)
Us Zciss Zeass  Zesss I3 Zs1s3 Zsass  Zs3s3 Is3

4. Principles of Novel Auto-Reclosing Blocking Method for Power Distribution Networks

The new method presented measures the currents at the three shields of the cables at their ends
located at the substation side, and the currents in the active part of the three phases of the cable
as indicated in Figure 6. This was studied for solidly or low-value impedance grounded power
distribution networks with distribution transformers in a delta connection at their high-voltage sides.
This method is valid when the transition overhead-cable is not very far away from the substation where
the measurements of currents in shields and conductors are done. We employ a trigger signal to start
the analysis and consider a total time signal length of 40 ms as a pre-trigger time and 40 ms active fault
time. The trigger signal is provided by any protection relay when a ground fault has been detected.
The time set 40 ms for the active fault time is acceptable, as the ground faults at power distribution
networks are active for longer times and the minimum tripping time for standard overcurrent or
voltage relays is 30 ms. Apart from this time, the medium-voltage circuit breaker opening times are not
less than 40-50 ms. This means that 40 ms as an active fault time is good enough, as will be verified in
the simulation and real test results.
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Figure 6. Currents of the cables measured in the active conductors and their shields.

Once this trigger signal has been acknowledged, the new method initiates the procedure to classify
where the ground fault has happened, and takes the decision of whether or not to block the reclosing
maneuver. With the shields connected in SB disposal, the new method first evaluates the angular
difference between the currents in the active part of the cables and their corresponding shields during
a time of 40 ms previous to the acknowledgement of the trigger, and another 40 ms after such trigger
has been acknowledged, so the total evaluation time is 80 ms. A full period Fourier transformation
over a running window of two cycles of the fundamental frequency to calculate the phase of the
respective current. This angular difference is hereafter denoted as AL1S1, AL2S2 and AL3S3 for the
respective phases and corresponding shields. A second evaluation is developed for the second decision
criteria and to make sure that the right maneuver will be taken up. This second evaluation is a wavelet
analysis of those angular differences. The wavelet analysis uses the discrete wavelet transform (DWT)
and only evaluates the high-frequency elements [16-18]. These two analyses are now described.

4.1. Analysis of Angular Difference Between the Conductor Currents and Respective Shields

This analysis evaluates the angular differences AL1S1, AL252 and AL3S3. In normal operation
without ground faults, the currents circulating in staggered cables in the three shields form a balanced
system, and the angular differences between active currents and shield currents have similar values.
Cables in flat disposal have unbalanced currents in the shields, as the distances between them are not
exactly the same; whereas cables in delta disposal normally have very similar currents. As a function
of the ground fault position, the phase-shield current angular differences are increased, decreased or
stay the same. Their behavior allows, in most cases, the location of the ground fault to be determined.
Typical overhead lines up to 30 km and cable lengths up to 1200 m have been evaluated as a case study.
However, this method could be used in similar configurations with larger distances.

When the ground fault occurs in the overhead line side, the currents in the shields are due to the
mutual coupling between all conductors and shields. In such ground fault conditions, the angular
difference between them is in the range from 10 to 50°. Practically all ground fault current circulates
from the fault point to the grounding system in the main distribution substation to which the power
transformer is grounded.

However, if the ground fault occurs in the line side, ground fault current circulates from the fault
point to both ends of the shield of the phase with a fault. The shield of the cable with the ground fault
acts as a ground fault current divider. At the earthing of such a shield at both cable ends, both fault
currents return to the main substation; whereas the currents circulating in the shields of the phases



Energies 2016, 9, 964 8 of 20

without any fault keep circulating from one end to the other of the cable. This circulation process
makes AL1S1, AL2S2 and AL3S3 greatly increase and have values well above 50° The threshold to
decide whether the auto-reclosing maneuver is blocked has been selected as 50°, which appears in the
algorithm developed for this new application.

4.2. Wavelet Analysis of the Angular Difference Between the Conductor Currents and Respective Shields

The use of wavelet analysis allows information in the time domain. The signal to be studied is
decomposed into different short scales of windows for the higher frequencies, and long window scales
for the low frequencies. Electrical signals such as currents and voltages are not free from harmonics;
the Discrete Wavelet Transform is very effective. Its formulation can be written as follows:

Y5 () =S"V2¥(t — 1/S);$>0;SeR (16)

where the mother wavelet ¥ is expanded or contracted by the scale factor S (S7V/2.9(t/9)).
Such a mother wavelet is inversely proportional to the frequency and is shifted by the shift factor
T(Y(t — 1)) [19]. The mother wavelet chosen to develop the DWT analysis must have good features
to remove harmonics as well as high performance when extracting the main characteristics of the
studied signal. There are several mother wavelets such as Harr, Daubechies, Biorthogonal, Coiflets, etc.
The number of decomposition steps is chosen function of the sampling frequency of the original signal.
The first decomposition has two elements: a high-frequency element D; and a low-frequency element
Aj. As a function of the sampling frequency f;, the frequency band of D; element is f;/2—f;/4 Hz,
whereas the frequency band of A; element is f;/4-0 Hz. In the second decomposition, the A; element
is decomposed into D, element for the high-frequency band (f; /4—f;/8 Hz) and A; element for the
low-frequency band (f; /8-0 Hz). This process is repeated until the desired frequency band reached
allows the right information of the evaluated signal to be extracted. In Figure 7, the decomposition
developed by the wavelet transform can be seen.

f
LF Ai( S2i+1)HZ

A2
LF -

\
I
5

AT

LF
Ky
Y HE —>D2(%)Hz
HE f.

Dl( 4)HZ

Figure 7. Wavelet transform. Frequency bands related to decomposition steps.

The Daubechies 2 mother wavelet, dB2, has been selected, as it has good characteristics to classify
the magnitude of the D; component [20] when the ground fault is located at the overhead or cable side
of the line. The threshold for D; value components has been selected to 50 to block the auto-reclosing
order when its value is higher. The variable W represents its value in the algorithm (Figure 8).

4.3. Algorithm of New Auto-Reclosing Blocking Method

Figure 8 shows the algorithm used to determine the location of the ground fault is. The analysis of
AL1S1, AL2S2 and AL3S3 is developed in parallel with a wavelet analysis that evaluates the maximum
values of the dB2-cD1 coefficients for such AL1S1, AL2S2 and AL3S3. The values of the dB2-cD1
coefficients are analyzed, and the variable W is obtained.
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Figure 8. Algorithm of the new auto-reclosing blocking method.

5. Analysis of Simulation Results

The proposed auto reclosing blocking method was simulated using Simulink® in a typical
power distribution network presented as a case study. An equivalent “pi” model for lines
was used as well as power transformers rated 66/20 kV, 20 MVA with Dynl connection group
and distribution transformers rated 20/0.4 kV, 630 kVA and connection group Dynll. Loads
in these distribution transformers were considered up to 600 kVA with standard power factors
from 0.85 inductive to 1. The grid scheme used has one overhead distribution line with a total
length of 24 km. The “pi” parameters of the overhead line without ground wire have the
following values: Ry = 0.831 3/km, R; = 0.687 Q)/km, Ly = 0.00486 H/km, L; = L, = 0.001383 H/km,
Cop=4.24 x 1072 F/km, C; =C, =8.89 x 10~? F/km. The conductor type is LA-56 with diameter
Dpase =9.45 mm, Ryase = 0.616 Q/km, Imax = 199.35 A and geometric mean distance GMD = 2.53 m.
The underground cable used is RHZ1 20L 12/20 kV whose main features are: ®cypje-core = 13.82 mm,
Sc = 150 mm?, S = 16 mm?, R = 0.188 Q)/km, ®eyt = 34.4 mm. A cable length from 600-1200 m was
chosen. The shields of these cables are connected in SB, whereas the overhead line considers span
lengths of 100 m. The ground resistance at the transition takes a typical value of 12 () and at the cable
end substation 0.5 (). The model used is shown in Figure 9.
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Breaker - C: Fault at Cable Side E Load Voltages
T Voltages Conductor Currents
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UT=66/20 kV powergui Rdefectt V-I Measurement3
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Figure 9. New auto-reclosing blocking method: model implemented.
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5.1. Angular Difference Analysis in Power Distribution Networks Solidly Grounded at the Overhead Side and
Isolated at the Cable End Side

The angular differences AL1S1, AL2S2 and AL3S3 between currents in the shields and in the
active part of the cables in a system ungrounded at the cable side (typical power transformer in
delta connection) and solidly grounded at the overhead side have been all simulated during normal
operation of the power distribution network without ground fault and with it along different position
at the overhead side and at the cable side. Multiple simulations show that the classification of the
ground faults turns out to be:

e  Ground fault in the overhead side: if AL1S1, AL2S2 and AL3S3 are less than 50°, normally in
all phases.
e  Ground fault in the cable line side: if at least one of AL1S1, AL2S2 or AL3S3 is clearly over 50°.

Figures 10 and 11 show how the variations of AL1S1, AL252 and AL3S3 are when the power
distribution network suffers a ground fault in phase L1 at the overhead line side 12 km from the
transition, and at the cable line side in its central position in t = 200 ms. The overhead line has a total
length of 24 km and the cable 600 m.

Ground fault in t=200 ms at the overhead side in phase L1
-60

-65H—Angle difference L1-S1 -
—Angle Difference L2-S2
-70H—Angle Difference S3-L3 15,64“:[ 4

75\ 4

-80+ ) -

-90

Angle Difference
Conductor-Shield (degrees)

<t

©

o
T
1

1¥15 0.2 0.25 0.3
Time (s)

Figure 10. Angular differences with ground fault at the overhead side in phase L1.

Ground fault in t=200 ms at the cable side in phase L1
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Figure 11. Angular differences with ground fault at the cable line side in phase L1.

Considering distances from the transition, Table 1 shows the results of the variation in AL1S1,
AL2S2 and AL3S3 from only 1 m to more than 10 km in the overhead line side, and from 1 to 599 m in
the cable line side. It can be seen how the variations of AL1S1, AL2S2 and AL3S3 are reduced when the
ground fault occurs at the overhead line side and are very high when the ground fault happens t the
cable line side.
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Table 1. Phase angle variation with ground faults at the overhead and cable line sides.
Fault at Overhead Line Side Fault at Cable Line Side
Fault in Phase L1 Fault in Phase L1

Distance from Transition

Variation in Phase Angles

Distance from Transition

Variation in Phase Angles

AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
1m 15.18° 10.98° 15.26° 1m 73.69°  168.62°  24.03°
10 m 15.16° 10.99° 15.24° 10 m 73.72° 168.65° 24.05°
100 m 15.17° 11.01° 15.26° 50 m 73.75° 168.61° 24.12°
1000 m 15.18° 11.05° 14.27° 100 m 73.71° 168.52° 23.73°
5000 m 15.25° 11.33° 15.37° 300 m 73.35°  167.95°  23.15°
>10,000 m 15.44° 12.20° 15.64° 599 m 67.32° 157.11° 27.67°
Fault at Overhead Line Side Fault at Cable Line Side
Fault in Phase L2 Fault in Phase L2

Distance from Transition

Variation in Phase Angles

Distance from Transition

Variation in Phase Angles

AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
Im 15.34° 15.33° 10.81° Im 24.02° 73.72° 168.58°
10m 15.35° 15.34° 10.88° 10 m 24.10° 73.70°  168.59°
100 m 15.34° 15.33° 10.87° 50 m 23.92° 73.71° 168.47°
1000 m 15.37° 15.36° 10.85° 100 m 23.85° 73.79°  168.42°
5000 m 15.48° 15.45° 11.20° 300 m 22.99° 73.55°  167.65°
>10,000 m 15.67° 15.56° 11.72° 599 m 27.87° 67.51° 157.52°
Fault at Overhead Line Side Fault at Cable Line Side
Fault in Phase L3 Fault in Phase L3

Distance from Transition

Variation in Phase Angles

Distance from transition

Variation in Phase Angles

AL1S1  AL2S2  AL3S3 AL1S1  AL2S2  AL3S3

1m 11.78° 15.41° 15.25° 1m 168.61°  24.01° 73.31°

10 m 11.79° 15.42° 15.22° 10 m 168.62°  24.02° 73.70°
100 m 11.77° 15.43° 15.23° 50 m 168.51° 23.92 73.72°
1000 m 11.82° 15.45° 15.25° 100 m 168.40°  23.75° 73.31°
5000 m 12.13° 15.55° 15.33° 300 m 168.12°  23.11° 73.55°
>10,000 m 12.66° 15.73° 15.45° 599 m 157.36°  67.78° 68.01°

5.2. Wavelet Analysis in a Power Distribution Network Solidly Grounded at the Overhead Line Side and
Isolated at the Cable End Side

The simulation results of this configuration included in Table 2 show that the angular difference
when the ground fault has happened in the overhead side has dB2-cD1 coefficients lower than 0.1,
and over 100 when the fault is in the e line side. Figures 12 and 13 show the results obtained for ground
faults in phase L1 at the overhead line side and cable lines side respectively.

Ground fault in t=0.2 s at the overhead side in phase L1

0.2 T T
—dB2-cD1 Angle difference Conductor L2/Shield S2
0.15 —dB2-cD1 Angle difference Conductor L3/Shield S3
—dB2-cD1 Angle difference Conductor L1/Shield S1
» 01
<
(]
‘S 0.05
=
8 |
S O ek oottt} e
a
9 -0.05
o
2]
© .01
-0.15
-0.2 L L I ! I
0.1995 0.2 0.2005 0.201 0.2015

Time (s)

Figure 12. Wavelet dB2-1-cD1 coefficients of the angular difference signals with ground fault in phase

L1 at the overhead side 12 km from the transition.
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db2-cD1 Coefficients for ground fault in the the cable side in t=0.2 s in phase L1

150

" —dB2-cD1-Angle Difference Conductor L2/Shield S2
£ 100 —dB2-cD1-Angle Difference Conductor L1/ShieldS1 | . { | S —
3 — dB2-cD1-Angle Difference Conductor L3/Shield S3
2
8 _
a
o0} ———1t—— S S
o
Jus}
o

0

0.18 0.185 0.19 0.195 0.2 0.205

Time (s)

Figure 13. Wavelet dB2-1-cD1 coefficients of the angular difference signals with ground fault in phase
L1 at the cable line side 300 m from the transition.

Table 2. Wavelet analysis: simulation results. Ground faults at the overhead and cable line sides.
Overhead line side solidly grounded and cable line side isolated. Phase currents measured in the

conductors (L1, L2, L3) and in their shields (51, S2, S3).

Fault at Overhead Line Side

Fault at Cable Line Side

Distance from Transition

Fault in Phase L1

W (dB2-cD1 Coefficients)

Distance from Transition

Fault in Phase L1

W (dB2-cD1 Coefficients)

AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
1m 0.0068  0.0067  0.0065 1m 173.88  0.0134  0.0096
10 m 0.0039 0.0041 0.0041 10 m 173.89 0.0123 0.0097
100 m 0.0033  0.0038  0.0039 50 m 12732 0.0113  0.0094
1000 m 0.0027  0.0029  0.0025 100 m 12732 0.0119  0.0097
5000 m 0.0019  0.0024  0.0019 300 m 127.31 0.0128  0.0089
>10,000 m 0.0014  0.0016  0.0013 599 m 123.67 0.02784  0.0332
Fault at Overhead Line Side Fault at Cable Line Side
Fault in Phase L2 Fault in Phase L2

Distance from Transition

W (dB2-cD1 Coefficients)

Distance from Transition

W (dB2-cD1 Coefficients)

AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
1m 0.0067  0.0064  0.0069 1m 0.0095 17390  0.0136
10m 0.0044  0.0039  0.0042 10 m 0.0098 17390  0.0122
100 m 0.0037  0.0031 0.0039 50 m 0.0095 127.30  0.0114
1000 m 0.0029  0.0022  0.0028 100 m 0.0098 12730  0.0120
5000 m 0.0021 0.0017  0.0022 300 m 0.0088 127.31 0.0130
>10,000 m 0.0016 0.0011 0.0015 599 m 0.0333 123.70  0.02782
Fault at Overhead Line Side Fault at Cable Line Side
Fault in Phase L3 Fault in Phase L3

Distance from Transition

W (dB2-cD1 Coefficients)

Distance from Transition

W (dB2-cD1 Coefficients)

AL1S1  AL2S2  AL3S3 AL1S1  AL2S2  AL3S3

1m 0.0066  0.0064  0.0065 1m 0.0135  0.0094 17391

10 m 0.0044  0.0045  0.0037 10m 0.0121 0.0097  173.91
100 m 0.0037  0.0039  0.0030 50 m 0.0113  0.0097  127.29
1000 m 0.0029  0.0031  0.0024 100 m 0.0121  0.0099  127.29
5000 m 0.0023  0.0023  0.0018 300 m 0.0131 0.0087  127.30
>10,000 m 0.0016  0.0015  0.0013 599 m 0.02783  0.0334  127.71

6. Experimental Results

Different laboratory tests were developed in order to test the validity of the new auto-reclosing

blocking method, and to check the computer simulation results obtained.
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6.1. Experimental Setup

The tests were carried out on a solidly earthed source supplied by a power transformer rated
800 VA, 400/100 Vac and Dyn1 connection group. Two line module emulators with equivalent circuit
“pi” were used with the following features: R = 88.48 m(), L = 4 mH and C = 4 pF each capacitor.
The real cable used has the following characteristics: R = 1.8 (), L = 22 mH and C = 4.9 nF with a total
cable length of 300 m. Two overcurrent protection relays of type MRI4 by Woodward-Seg are used
as disturbance recorders to store the values of the currents flowing in the active conductors and the
shields of the cables. A second transformer rated 800 VA, 400/100 Vac and Dyn11 is used to supply
different loads in delta connection. Figure 14 shows the experimental setup and the RLC features of
the line module emulators used.

® A4

® a4 ®
l_l
@E@ @D@i |@|i@ ®

Figure 14. Experimental setup. 1: Protection relays; 2: Auxiliary power supply; 3: Power supply;
4: Loads; 5: Ground fault switch; 6: Transformer; 7: PC; 8: Cables; 9: Line modules; 10: RLC parameters
of the line modules (9) used.

Several single ground faults at all phases in lines and cables were carried out in the network
erected in the laboratory. Tests were developed at 100 V phase-to-phase voltage and load currents
of less than 1 A with different cos¢ values. The positions where the ground faults were developed
(indicated in Figure 15) are represented schematically in Figure 16.
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Figure 15. Ground fault positions. A: At the end of the cable; B: Between the first and second sections
of the cables; C: Between the second and third sections of the cables; D: In the transition at the end of
the cables; E: Between the first and second trams of the line modules; F: Behind the two line modules.

e

2 ravsronuer () ® Q ;E_L)
[ A
] i|/ i 1—1 o I

-

TRANSFORMER SOURCE

N

s}:fé.rgs CABLE SECTIONS LINE MODULES A
R-L
J I swewos T
c c
- | |

Figure 16. Ground fault positions: schematic representation.

6.2. Angle Analysis of the Experimental Power Distribution

In the experimental circuit test shown in Figure 16, the network is solidly grounded at the
beginning of the overhead line side whereas the transformer which supplies the load has a delta
connection in its higher voltage side. The angular differences AL1S1, AL252 and AL3S3 obtained in
the tests in a system ungrounded at the cable line side and solidly grounded at the overhead line
side were:

e  Ground fault in overhead side: if the angular difference between the active and respective shield
of the currents in the phase with a fault is less than 50°.

e  Ground fault in the cable line side: if the angular difference between the active and respective
shield of the currents in the phase with a fault is clearly over 50°.

Figures 17 and 18 show the angular difference between phase and shield currents when there
is a ground fault in phase L1 in the overhead side at fault point E, and at the cable line side in fault
point C. The test results included in Tables 3-5 show values of variations in AL1S1, AL252 and AL353
over 50° and below 50° when the ground fault is developed at the overhead line side.
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Angle change between currents in conductors and shields.
Ground fault at the overhead side in E.
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Figure 17. Angular differences with ground fault at the overhead side in phase L1. Fault point E.
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Figure 18. Angular differences with ground fault at the cable line side in phase L1. Fault point C.
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Tables 3-5 show the results of AL151, AL252 and AL353 in ground fault locations A, B, C, D in the

cable line side, and in locations E and F at the overhead line side.

Table 3. Ground fault at overhead and cable line sides in phase L1. Variation in phase angles between

currents in the conductors and their respective shields.

Fault at Cable Line Side

Fault in Phase L1
Place of the Fault Variation in Phase Angles
AL1S1 AL2S2 AL3S3
A 66.32° 11.02° 0.33°
B 65.93° 10.24° 0.26°
C 64.89° 9.82° 0.20°
D 64.25° 9.31° 0.18°
Fault at Overhead Line Side
Fault in Phase L1
Place of the Fault Variation in Phase Angles
AL1S1 AL2S2 AL3S3
E 30.80° 32.31° 27.16°
F 29.12° 31.86° 26.02°
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Table 4. Ground fault at overhead and cable line sides in phase L2. Variation in phase angles between

currents in the conductors and their respective shields.

Fault at Cable Line Side

Fault in Phase L2

Place of the Fault Variation in Phase Angles

AL1S1 AL2S2 AL3S3

A 0.29° 66.45° 12.08°
B 0.25° 65.99° 10.93°

C 0.21° 65.02° 9.88°

D 0.16° 64.67° 9.33°

Fault at Overhead Line Side
Fault in Phase L2

Place of the Fault Variation in Phase Angles
AL1S1 AL2S2 AL3S3
E 1.29° 31.78° 16.29°
F 1.11° 25.11° 12.11°

Table 5. Ground fault at overhead and cable line sides in phase L3. Variation in phase angles between

currents in the conductors and their respective shields.

Fault at Cable Line Side

Fault in Phase L3

Place of the Fault Variation in Phase Angles

AL1S1 AL2S2 AL3S3

A 12.58° 0.30° 67.34°
B 10.13° 0.26° 66.86°
C 9.01° 0.20° 65.78°
D 8.92° 0.18° 64.02°
Fault at Overhead Line Side
Fault in Phase L3
Place of the Fault Variation in Phase Angles

AL1S1 AL2S2 AL3S3
E 17.34° 1.35° 32.45°
F 14.22° 1.18° 23.67°

6.3. Wavelet Analysis of the Experimental Power Distribution Network

The cD1 coefficients obtained from the angular differences in the tests between currents in the
shields and in the active cables in a system that is ungrounded at the cable line side and solidly

grounded at the overhead line side were:

Ground fault in overhead line side: if the cD1 coefficient values are lower than 50 in all phases.

Ground fault in the cable line side: if the cD1 coefficient values are much higher than 50,

i.e., 100 or more.

Figure 19 shows the dB2-cD1 coefficient values of the angular difference between phase and shield
currents when there is a ground fault in phase L1 in the overhead line side at fault point E. These values
of the dB2-cD1 coefficients are higher than the values obtained from the simulated case shown in
Figure 12. This difference is related to the physical disposal of the real cables in the laboratory which
are wound in coils instead of been laid under the ground as they were considered in the simulated
model. Figure 20 shows at the cable line side in fault point C. Table 6 shows the big differences in the
values of the dB2-cD1 coefficients from ground faults at the overhead line side to ground faults at the

cable side.
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dB2-cD1 Coefficients for ground fault in phase L1 at the overhead side in position E
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Figure 19. Wavelet analysis of the angular differences with a ground fault at the overhead line side in

phase L1. Fault point E.

dB2-cD1 Coefficient values for ground fault in phase L1 at the cable side in location C
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Figure 20. Wavelet analysis of the angular differences with a ground fault at the cable line side in phase

L1. Fault point C.

Table 6. Ground fault at overhead and cable line sides. Wavelet analysis: experimental results.
Overhead line side solidly grounded and cable line side isolated.

Fault at Cable Line Side

Fault at Overhead Line Side

Fault in Phase L1 Fault in Phase L1
Location of the Fault W (dB2-cD1 Coefficients) Location of the Fault W (dB2-cD1 Coefficients)
AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
A 152.24 2.45 18.29
B 145.88 1.96 14.12 E 4.80 0.03 0.50
C 142.01 0.80 7.21
D 13654 069 475 F 4.66 0.02 042
Fault at Cable Line Side Fault at Overhead Line Side
Fault in Phase L2 Fault in Phase L2
Location of the Fault W (dB2-cD1 Coefficients) Location of the Fault W (dB2-cD1 Coefficients)
AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
A 20.04 154.31 3.01
B 1659 14822 242 E 004 48 059
C 9.92 143.67 0.89
D 682 13808  0.82 F 003 472 048
Fault at Cable Line Side Fault at Overhead Line Side
Fault in Phase L3 Fault in Phase L3
Location of the Fault W (dB2-cD1 Coefficients) Location of the Fault W (dB2-cD1 Coefficients)
AL1S1 AL2S2 AL3S3 AL1S1 AL2S2 AL3S3
A 2.66 19.44 153.01
B 149 1518 14478 E 047 004 434
C 0.81 6.96 140.12
D 052 397 13496 F 051 002 4l
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7. Conclusions and Future Work

A new auto-reclosing blocking method for combined overhead-cable lines in power distribution
networks has been presented in this article. This method is applicable when the transition
overhead-cable is close to the substation where the measurements of currents in shields and conductors
are done. The shields of the cables are grounded at both ends. The proposed ground fault auto-reclosing
method is based on two analyses. The first evaluates the difference between the currents in the active
part of the cable and those in the shields, whereas the second analysis uses the wavelet Daubechies dB2
and extracts the coefficients cD1 from the same differences used in the first analysis. If the argument
differences between the currents in the conductors of the cable and those in the shields have a phase
variation just after a ground fault occurs with higher values than a reference difference and, at the
same time, the Daubechies-cD1 coefficients of such differences have values over a reference threshold,
then a ground fault has occurred in the cable line side and the reclosing is blocked. On the other
hand, if the phase variation just after a ground fault takes place between the currents in the conductor
of the cable and those in the shields has lower values than a reference argument difference, and the
Daubechies-cD1 coefficients of such a variation have very small values, the ground fault has occurred
at the overhead line side, and the reclosing is released.

The simulations turned out to be totally satisfactory and the experimental results of the laboratory
tests showed that the localization of the ground fault is correct. This novel technique has important
advantages compared to up-and-running ground fault detection systems:

e Itdiscriminates whether a ground fault happens at the overhead line side or cable line side;
e It does not use any voltage measurement;

e It does not use any directional criterion;

e It does not use the residual ground fault current to localize the ground fault;

e It does not consider any distance calculation to localize the ground fault;

e It does not consider any differential tripping criterion to localize the ground fault.

The aforementioned advantages of the proposed technique make it easier to determine where
the ground fault is and, consequently, to allow the protection relay to make the best possible use of
the auto-reclosing functionality. The stability of the grid is also improved because wrong reclosing
commands are not sent while ground fault conditions are active.
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Abbreviations

The following abbreviations are used throughout the article:

AC Alternating Current

AND Logical Function

CT Current Transformer

cD Detail Coefficient

DWT Discrete Wavelet Transformation

Dynl Delta-Star with Ground Connection of Power Transformer
Dynl1 Delta-Star with Ground Connection of Distribution Transformer
dB2 Daubechies 2 Mother Wavelet

GMD Geometric Mean Distance

HF High Frequency

LF Low Frequency

SB Single Bonding

ALISj variation of the argument difference between the current in phase i and that in shield j
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Indices and Sets

Index of each conductor

i
j Index of each shield
k Index of each level of detail coefficients in wavelet analysis
m Index of each level of approximation coefficients in wavelet analysis
Parameters
A,B,C,D,EF ground fault situation in laboratory tests
Am approximation level “m” for wavelet analysis
Co zero sequence capacitance value
] direct sequence capacitance value
G negative sequence capacitance value
De equivalent distance for ground return
Dm detail level “m” of wavelet analysis
f frequency
fs sampling frequency
Iy ground fault current
I current in conductor 1
I, current in conductor 2
I3 current in conductor 3
j imaginary part of complex vector
L length of the conductor
L1 phase one
L2 phase two
L3 phase three
Lo zero sequence inductance value
Ly direct sequence inductance value
L, negative sequence inductance value
In logarithm
R real part or resistance of any impedance
Re(ao) resistance of the conductor in AC
Ry zero sequence resistance value
Ry direct sequence resistance value
Toc outer radius of the conductor
Is average radius of the shield
Rs(ac) resistance of the shield in AC
Rsa ground resistance of substation A
Rsp ground resistance of substation B
R¢ ground resistance of any tower of distribution lines
S1 shield of conductor in phase L1
S2 shield of conductor in phase L2
S3 shield of conductor in phase L3
Scs distance between axes of conductor and shield
Sss distance between axes of shields
ta tripping time for impedance zone A
ts tripping time for impedance zone B
tc tripping time for impedance zone C
U voltage difference between shield ends
Uic induced voltage in shield 1 of conductor 1 due to circulating currents in conductors
Uyc induced voltage in shield 2 of conductor 2 due to circulating currents in conductors
Usc induced voltage in shield 3 of conductor 3 due to circulating currents in conductors
Uss induced voltage in shield 1 of conductor 1 due to circulating currents in shields
Uyg induced voltage in shield 2 of conductor 2 due to circulating currents in shields
Usg induced voltage in shield 3 of conductor 3 due to circulating currents in shields
Up residual voltage
X imaginary part or reactance of any impedance
Zc self-impedance of a conductor
Zcs mutual impedance between conductor and shield
Zy impedance zone I
Zy, line impedance
Zs self-impedance of a shield
Zss mutual impedance between shields

19 of 20
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