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Abstract: The requirements for the increased penetration of renewable energy sources in electrical power
systems have led to a dominance of power electronic interfaces. As a result, short-circuit currents have
been reduced by the thermal limitations of power electronics, leading to problems associated with the
sensitivity, selectivity, and reliability of protective relays. Although many solutions can be found in the
literature, these depend on communications and are not reliable in all grid topologies or under different
types of electrical fault. Hence, in this paper, the analysis of ground fault currents and voltages using a
wavelet transform in combination with a new algorithm not only detects such ground faults but also
allows them to be cleared quickly and selectively in scenarios with low fault current contribution due to
a full penetration converter-interface-based generation. To verify and validate the proposed protection
system, different ground faults are simulated using an arc ground fault model in a grid scheme based
on the IEEE nine-bus standard test system, with only grid-forming power converters as generation
sources. The test system is modelled in the MATLAB/Simulink environment. Therefore, the protection
relays that verify all the steps established in the new algorithm can detect and clear any ground defect.
Simulations are also presented involving different fault locations to demonstrate the effectiveness of the
proposed ground fault protection method.

Keywords: grid-forming power converter; wavelet transform; renewable energy sources; electrical
faults; fault detection; arc ground faults

1. Introduction

Highly volatile fuel prices, stringent energy security requirements and climate change
have driven the growth in the use of renewable energy sources in electrical power systems.
Most renewable energy sources require power electronic interfaces, i.e., converters, as
wind and solar generation are the most common forms [1]. Due to the high penetration
requirements of renewable energy sources, power electronics play an important role in
ensuring the stability and performance of electrical power systems [2]. However, new
challenges have also arisen, and particularly in connection with protection systems to detect
electrical faults [3].

To protect the semiconductor switches of the converters, current limiters are included
that maintain the fault current level below the maximum design value [4]. The fault current
that is delivered depends on the design parameters, which differs from one converter to
the next and between manufacturers. The control of the converter and the thermal capacity
of the semiconductor switches are also important factors affecting the magnitude of the
fault current [5].

Due to the thermal restrictions on semiconductor switches, converters are designed to
limit the maximum current to 1-2 p.u. of the rated current, unlike synchronous generators,
which can provide a short-circuit current of up to 5-8 p.u. of the rated current [6].

Overcurrent protective relays are the most widespread protection in its application,
and they need a minimum amount of current to operate. Converter-based generators
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cannot supply a level of short-circuit current that is higher than required by the protective
relay [7]. The design of overcurrent protection relays for small fault currents can cause
nuisance tripping [5]. There is, therefore, a need to develop new protection techniques.
The literature contains numerous proposals for protection systems, and some of these are
reviewed below.

Voltage-based detection techniques, as proposed in [8-10], can be used to identify
faults with low current levels, since any fault causes a drop in the grid voltage. When
the voltage signal measurement is lower than the allowed value of the voltage drop, the
protection relay trips [11]. The main disadvantage of voltage-based protection methods is
that any voltage drop in the grid can cause the unnecessary tripping of the protection relay.
The protection also cannot recognize high-impedance faults, and this technique is designed
for grids with specific characteristics, meaning that it depends on the grid configuration
and may not be suitable for grids with multiple configurations [12].

Another approach [13,14] is to use energy storage systems (e.g., flywheels, supercapaci-
tors, etc.) with high short-circuit capabilities to increase the fault current supplied. Although
this allows for the implementation of conventional overcurrent protection, the high costs
involved rule out its implementation.

Differential protection is another common method and was presented in [15-17]. In
this method, the currents entering and leaving the protected zone are compared, and the
protection system only operates when the difference between these currents is greater than
a pre-set threshold. This scheme requires protective relays at each end of the line, which
increases the cost. In addition, a communication infrastructure is required to send current
measurements from both ends of the line, which also increases the cost and compromises
the safety of the protection system. Furthermore, measurements need to be synchronized.
Finally, unbalanced loads and transients can lead to protection failure [11].

To detect and isolate faulty areas in the grid, the distance protection strategy presented
in [18] mainly relies on admittance or impedance measurements. Normally, distance
protection does not require communication between relays [19]. However, the distance
protection scheme has several drawbacks, such as problems with measurement accuracy
due to the presence of harmonics, inaccuracy in the admittance measurement due to fault
resistance, and the difficulty of measuring impedance /admittance in short lines [12].

The proposals in the literature have significant disadvantages associated with the pro-
tection of future grids. Currently, a grid protection strategy is sought that is not dependent
on communications, and that is reliable in any grid topology (grid-connected, isolated,
with synchronous generation or power electronic interfaces) and under different types of
electrical fault (phase-to-ground, arc faults, high-impedance faults, etc.).

In addition, the performance of protections for detecting ground faults based on line
differential, distance and overcurrent schemes are quite different from the performance of
the scheme proposed in this paper. A line differential method uses different algorithms
to stabilize its actuation under through faults. Such algorithms detect different levels of
harmonics, and the tripping characteristic is then shifted accordingly as a function of the
severity of these harmonics. This type of protection normally relies on a dynamic change
in the setting of the tripping curve stabilization current versus the differential current to
determine whether to trip or not. In the distance protection, the zero-compensation factor
needs to be defined to achieve good performance. In this kind of protection, the negative
sequence components are evaluated to trigger its actuation. Overcurrent protection schemes
evaluate the value of the current using harmonic filters to assess mainly the fundamental,
second and fifth harmonic levels, and then take a decision on whether or not to trip as a
function of these settings [20].

The novel contribution of this research is the application of wavelet transform analysis
to detect ground faults in a generation scenario of 100% converter interface penetration
without synchronous generators, which will be the trend in future electrical power systems.
The Daubechies mother wavelet is used to obtain the values of the detail coefficients
to selectively detect any ground fault, regardless of the values relied on by traditional
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protection schemes. This research also demonstrates the performance of the suggested
technique through a complete simulation of arcing faults in a grid with 100% renewable
energy sources based on power electronic interfaces. All the components involved in the
study were modelled in the MATLAB/Simulink environment, including the control of the
grid-forming converter.

This paper is organized as follows: Section 2 presents the grid model along with its
specifications. In Section 3, the grid-forming VSC control and its current limit strategy are
introduced. Section 4 describes the arc ground fault using the Cassie model. In Section 5, a
wavelet transform analysis is proposed for the detection of faults with low current levels.
Section 6 explains the operational sequence of the protection relay algorithm. Section 7
presents and discusses some results. Finally, conclusions are given in Section 8.

2. Grid Model

A 50 Hz grid model has been outlined using the standard IEEE nine-bus test system,
as illustrated in Figure 1, in which the synchronous generators are replaced by grid-forming
voltage source converters (VSCs). The positions of the protection relays, transmission
lines and the main transformer specifications can also be found in Figure 1. The shunt
admittance (Y) and the series impedance (Z) are expressed in per unit (p.u.) values with a
Spase = 100 MVA and a Vj,5, = 230 kV.

Bus 8
Bus 2 Bus 7 230 1;3\/ Load\gv') Bus 9 Bus 3
18KV 230kV o, L00M 230kV  13.8kV

35 Mvar

T2 e » T3
72 Z=0.0085+j0.072 8182 Z=0.00119+;0.1008 92
73 Y=0+j0.0745 Y=0+j0.01045 93
G2 18/230 I7=1 =1 230/13.8 G3

100 MVA Z70.0625 Sy <0 Pl 250.0586 100 MVA
YNdl1 £3 ¢ 3 YNdII
SR A
T3 sS4
< 33
Bus 5 N w2 62w ~ Bus 6
230KV 3, WSI GIE N W63 230KV
83 =4
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sMw LD S oMW
50 Mvar < T S S 30Mvar
Il >~ o
N S

Bus 4
230kv 16.5/230
Tl 7-j0.0576
Bus 1 YNdI1
16.5kV Gl
100 MVA

Figure 1. Standard IEEE nine-bus test system.

Three grid-forming VSCs rated at 100 MVA are connected to buses 1, 2, and 3, and
three loads, modelled as constant impedances, are connected to buses 5, 6, and 8, for
which the specifications are given in Figure 1. The electric grid and the generators are
connected through three MV /HYV transformers, which are modelled as a three-phase linear
transformer. The electric grid has six transmission lines, modelled by a nominal 7t section,
and nine buses.

3. Grid-Forming VSC Control

An analysis of grid-forming VSC control is essential, as the generation units with
converter interfaces are the only generators in the grid evaluated here and play a key role
in the fault behavior. A grid-forming VSC control has been modelled together with the
IEEE nine-bus system, to study and verify the proposed detection fault strategy.
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3.1. Grid-Forming VSC Cascaded Control Scheme

Figure 2 shows the cascaded control scheme of the grid-forming VSC with the inner
voltage and current control loops, which are realized in the synchronous rotating frame
(dq), together with the cross-coupling and feed-forward terms. The current references are
determined by the voltage loop. They are then passed to the current loop, which produces
the modulated voltage for the linearization stage. Finally, the modulation signals are sent
to the switching stage of the power converter. An outer control based on the P-f droop
control determines the control angle 6 by the integral of the angular frequency as shown in
(1), and another based on the Q-V droop control gives the voltage reference ez 4 as shown
in (2). The primary control is represented by the equations below [21,22]:

w* :wset'f'mp(P* _Pmes) (1)

e;d = Vet + mq(Q* - Qmes) (2)

where the active power reference and the output are given by P* and Py, respectively; the
angular frequency output reference and the set value are given by w* and ws.;, respectively;
my is the active power droop gain; the reactive power reference and the output are given
by Q* and Qjes; e; 4 is the voltage reference; Vi, is the set voltage value of reactive power
droop; and m is the reactive power droop gain.

Vgd

<«

Current Limitation

Figure 2. Cascaded control scheme for the grid-forming VSC [21].

The p.u. parameters of the grid-forming VSC used in MATLAB/Simulink simulations
are provided in Table 1.

Table 1. Grid-forming VSC parameters (in p.u).

Parameter Value Parameter Value Parameter Value
L 0.2 R¢ 0.01 Cs 0.2
Kic 160 kpc 2 H1 0.75
Kiv 7.8 kpv 1 H2 1

Where kp,c and ki are proportional and integral gains of the current controller, respectively;
kpy and kyy are the proportional and integral gains of the voltage controller, respectively; Cy, L¢
and Ry are the filter capacitance, inductance, and resistance, respectively; and the gains H1 and
H2 reduce the disturbances introduced into the control.

A current limitation strategy was also designed to prevent damage to the VSC due to
overcurrent. This strategy must be included in the control scheme of the converter in order
to achieve the main objective of protecting the semiconductor switches. In the following
sections, the current limiting strategy is explained.
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3.2. Current Limit Strategy

The main objectives are to keep all components of the converter within their rated
values and to avoid overcurrent during transient events. By setting the limiting current
between the two inner loop controllers, as shown in the Current Limitation block in Figure 2,
the reference switching current is limited and its dg components are constrained by vector
amplitude saturation [23].

This method requires calculating the current reference amplitude

@‘ and the vector
angle 6, resulting from the DQ components using the following equations [23]:

o=+ (1) ®
I*
0dg = tan~! <IZ‘> 4)

The absolute value of the reference current amplitude ’E‘ can be limited. The current

amplitude can be determined and limited according to the ability of the converter components
to handle the overcurrent, as shown in Figure 3. The angle is also required to calculate
the saturated values of each current component. Thus, in the same way as a synchronous
generator, the grid-forming VSC can give a grid-impedance-dependent P/Q ratio in the event
of a fault [23]. Since a limiting value of I, = 2 p.u. is set, the converter can supply a certain
amount of overcurrent in the case of a fault.

Ij“t I(;r(]” Imax ’;’I :;
<€— Equation (5) [€ _/_ Equation (3) [€—
& &
<— Equation (6) [« Equation (4) [€—
1 S I

Figure 3. Implementation of vector amplitude saturation [23].

Where [23]:
I = cos (édq) -I;Zt )

I = sin (04y) T30 (©)

4. Arc Grounding Fault Model

Most short-circuits in electrical power systems are ground faults; the most common
of these are arcing faults, and the investigation of short-circuit faults shows that these
represent more than 80% of the total [24].

The simulation of arcing models makes it possible to better understand the arcing
events that appear in high-voltage electrical power systems. The three mathematical models
of arcing are physical models, black box models, and parameter models, as described
below [25].

4.1. Physical Models

These are based on fluid dynamics rules, such as the laws of thermodynamics in
conjunction with Maxwell’s equations and involve complicated mathematics.

4.2. Black Box Models

These describe the behavior of the arc and are used to simulate arc-circuit interactions.
The arc is described through one or more differential equations relating its conductance to
the circuit variables, such as the arc voltage and arc current.
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4.3. Parameter Models

These are more precise than black box models, but their parameters are acquired from
complex equations and tables.

Since the internal conditions of the arc are very complex, a black box model is often
used to characterize the arc in order to better understand its electrical characteristics. The
Cassie model is a classic example, and gives good results for arcs with high currents [25].
Therefore, the Cassie model was implemented in the IEEE nine-bus system to simulate an
arcing fault and to analyze the proposed detection strategy in a more realistic way.

Cassie assumed that power losses occur only through convection, which implies that
the temperature in the arc remains constant. As a result, the cross-sectional area of the arc
is proportional to the current, and the voltage across the arc is constant [25]. The Cassie arc
model represents the dynamic properties of an arc.

5. Wavelet Transform Analysis

Fourier analysis is a standard method for analyzing a time-domain waveform in the
frequency domain [26]. When obtaining the Fourier transform of a signal with transients,
one of the difficulties of this approach becomes apparent. The Fourier transform of the
signal is evaluated at a given frequency using a weighted average over the entire period,
and since a transient form only a very small part of the total time duration of the signal,
its contribution to the frequency domain representation of the signal may be negligible
compared to the contribution from the rest of the signal [27]. Consequently, it is difficult to
identify the prominent frequency features of signal transients using a frequency domain
representation [28]. In addition, the representation of the signal in the frequency domain
does not provide information about the timing of the transients. As a result, the Fourier
transform lacks a multi-resolution representation in terms of both time and frequency [29].

In contrast to the Fourier method, the wavelet transform offers both time and frequency
localization [30]. This makes it possible to identify and evaluate the transients that can
occur in electrical power systems [31]. Using wavelet coefficients, faults can be detected,
since during transients they reach the maximum value of the modulus [32]. Thus, whether
the coefficients exceed the established thresholds, a discrimination between faults and the
nominal values of the electrical power system can be perfectly performed.

The wavelet transform can be used to extract information from a transient signal
in the time domain by decomposing the signal into a high-frequency band with a short
window scale and a low-frequency band with a long window scale, as opposed to the
Fourier transform. This makes it particularly effective for analyzing signals with harmonics
using the discrete wavelet transform (DWT), as seen in Equation (7) [33].

DWT (s, m, k) = \}a Y s(n)¥* (k — b) @)

a

where s(n) is the input signal to be decomposed, ¥ is the mother wavelet, and the scaling
and translation parameters a = a3 and b = nay' respectively, are functions of integer
parameter m.

The mother wavelet that is developed for the wavelet transform analysis must perform
well in extracting the primary properties of the input signal as well as having appropriate
harmonic removal features [20]. There are several mother wavelets such as Haar, Daubechies,
Biorthogonal, Coiflets, etc.

Depending on the sampling frequency of the original signal, the number of decom-
position steps is determined. The first decomposition has two elements: a high-frequency
element D1 and a low-frequency element Al. As a function of the sampling frequency
fs, the frequency band of D1 element is f;/2 — f;/4 Hz, whereas the frequency band of
Al element is f;/4 — 0 Hz. In the second decomposition, the Al element is decomposed
into D2 element for the high-frequency band (fs/4 — f;/8 Hz) and A2 element for the
low-frequency band (f; /8 — 0 Hz) [34].
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This procedure is repeated until the appropriate frequency band is attained and the
proper information can be retrieved from the assessed signal. In Figure 4, the decomposition
developed by the DWT can be seen. A and D represent the approximation and detail

coefficients, respectively [35].

. High Pass Filter

Llevel 3/Scale 8

D1 Level 1/5cale 2 . (5o Pass Eilias
o :
14 14
5
D2 Level 2/Scale 4
»
Al | d
- S
A2
1Y
1 4
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Figure 4. Frequency bands of the discrete wavelet transform related to decomposition steps [35].

In this paper, a wavelet transform analysis is applied to the voltage and current
waveforms, using the wavelet toolbox in MATLAB, with the one-dimensional multi-scale
technique to detect faults in electrical power systems with 100% renewable energy sources

based on power electronic interfaces.

6. Protection Relay Algorithm

The sequence of operation of the proposed fault detection method is illustrated in
Figure 5, which shows the steps to be carried out by the protection algorithm at each of the

18 relays included in the standard IEEE nine-bus test system.

Bus "i" - Feeder "m"
U,,iUp;U.; LoimIvimIcim
V¥ 2R 2R ]
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Figure 5. Flowchart of the operational sequence of the protection relay.

|  sterd

STEP 2

| steps |

STEP 4

| steps |

D4

Ad

Llevel 4 /Scale 16

—

—




Electronics 2023, 12, 1085

8 of 16

The operational sequence consists of five steps that are explained below:

e  Step 1: measure the three-phase voltage waveform for bus i and the current waveform
for a feeder m coupled to bus i, and calculate their voltage and current detail coefficients
by applying the wavelet transform.

e  Step 2: calculate the values Uy, ;, Uy ; and Uy, ; as the differences between the voltage
detail coefficients, i.e., as Uy, ; = U;; — Uy, Uy = Up; — U ;and Uy, = U ; — Uy 5, and
calculate the values I ; ,, Iy i and I ; ,, as the differences between the current detail
coefficients, i.e., as Livim =laim — Inims Iocim = Ipim — Icim and Laim=Icim — Ioim-

e  Step 3: Check whether the differences between the voltage detail coefficients and
current detail coefficients obtained in Step 2 are higher than the voltage threshold
value and the current threshold value, respectively. Such thresholds are taken as half
of the maximum values of the detail coefficient for voltages and currents.

e  Step 4: check whether the maximum differences between the voltage detail coefficients
and current detail coefficients that have exceeded their established thresholds have the
same phase sub-index x and y, i.e., Uy; and Ly ; 1, Upej and Iy j py, OF Uy and Iy j -

o  Step 5: Trip feeder m coupled to bus i.

7. Results

To verify the correct performance of the wavelet transform analysis in terms of detecting
ground faults in grids with the full penetration of renewable energies based on power electronic
interfaces, three arc faults (phase-to-ground) were simulated for the instant t = 3.95 s at different
locations of the grid. The first was in phase A atload A, the second in phase B on the transmission
line from bus 4 to bus 6, and the third in phase C on the transmission line from bus 8 to bus 9.

The waveforms of the voltage and current were analyzed for all the protection relays of
the IEEE nine-bus system using the Daubechies mother wavelets dB3 and dB2, respectively.
The choice of mother wavelet will depend on the type of signal to be analyzed and the
information to be obtained from it. In particular, for the analysis of electrical power systems,
the Daubechies family gives the most suitable and reliable results, in addition to outstanding
performance in the detection of waveform discontinuities [36,37]. Since the behavior of
the voltage and current waveforms is not the same during a fault event, it is necessary to
use signal decompositions at different scales. Fast and short transient disturbances will be
detected at lower scales (dB2), while slower, longer transient disturbances will be detected
at higher scales (dB10) [38].

The threshold values of the protection relays for the detail coefficients were also set based
on the results obtained in the multiple simulation studies performed on the IEEE nine-bus
test system. Since every electrical power system has different configurations and buses, the
thresholds must be studied for each, and this is carried out for all protection systems.

7.1. Fault at Load A

A phase-to-ground arc fault was simulated in phase A at load A of the grid model.
The three-phase voltage and current waveforms during the fault are illustrated in Figure 6.
The voltage in the faulty phase was reduced to the arcing voltage at the same instant as
the fault occurs, while the current in the faulty phase was increased to 2 p.u. Hence, the
amount of current was not high enough to reach the tripping threshold of the protection, as
the difference from the rated current was insufficient.

To detect faults, the voltage and current waveforms measured at the protection relays
were decomposed using wavelet transform analysis up to level 4 with dB3, and up to level
1 with dB2. Figure 6 shows the wavelet coefficients of the current and voltage in phase
A, which show very fast detection of the disturbance generated by the fault, within the
range of one and a half cycles. The results of the simulation with all the values of the
detail coefficients for the voltage and current phases at each protection relay during the
phase-to-ground arc fault are listed in Table 2.

Based on the results in Table 2, the protection algorithm illustrated in the scheme in
Figure 5 was executed. We obtained the differences in the voltage and current detail coefficients
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between the phases (i.e., A-B, B-C, and C-A) and compared them with the threshold values.
The voltage threshold was set to 0.15 and current threshold was set to 1.9. Figures 7 and 8
show the results of the protection algorithm, and it can be seen that the differences in the
voltage and current detail coefficients clearly indicate the location of the fault.

In Figures 7 and 8, relays 51, 52 and 53 exceeded the thresholds established in the
protection algorithm. Only relay 53 was tripped, as it had the largest difference between
the current detail coefficients of the bus. The fault was, therefore, cleared correctly, with
selectivity and without sensitivity problems.

Current Phase ATHD: 57.07 %

5_ T T T T T T T
— IA
3 — g
o
= —_
z o} >
[+]
£
=
(&)
_5_ | 1 | 1 | | |
4
o 2
T
o
S o
-2
1
S 05
e
(] 0
(o]
= 0.5
o_ .
>
-1

Cd4 - dB3

3.8 3.85 3.9 3.95 4 4.05 41 4.15 4.2
Time (s)

Figure 6. Three-phase currents and voltages and the Wavelet coefficients for the current and voltage
in phase A during a phase-to-ground arc fault at the fault location (i.e., on the load side).
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Table 2. Detail coefficients during phase-to-ground arc fault at load A.
Detail Coefficients
Relay No. Voltage (Cd4-dB3) Current (Cd1-dB2)
Phase A Phase B Phase C Phase A Phase B Phase C
41 258 x 1071 1.42 x 1071 1.45 x 1071 1.78 x 1072 1.02 x 1072 1.26 x 1072
12 258 x 101 1.42 x 1071 1.45 x 1071 1.63 x 1072 9.40 x 1073 1.36 x 1072
43 258 x 101 1.42 x 1071 1.45 x 1071 8.10 x 1073 1.71 x 102 8.70 x 103
51 4.08 x 107! 1.02 x 10~} 9.92 x 1072 1.44 8.90 x 1073 1.01 x 1072
52 408 x 107! 1.02 x 1071 9.92 x 1072 2.41 1.73 x 102 1.72 x 1072
53 408 x 1071 1.02 x 1071 9.92 x 1072 3.78 2.76 x 1072 2.59 x 1072
61 1.66 x 1071 1.07 x 101 9.97 x 1072 550 x 1073 3.60 x 1073 4.00 x 1073
62 1.66 x 1071 1.07 x 1071 9.97 x 102 550 x 1073 2.70 x 1073 520 x 1073
63 1.66 x 1071 1.07 x 10~} 9.97 x 102 1.80 x 1073 9.92 x 104 850 x 1073
71 1.62 x 1071 1.56 x 1071 1.51 x 1071 8.30 x 103 8.30 x 1073 1.48 x 1072
72 1.62 x 1071 1.56 x 1071 1.51 x 1071 340 x 1073 2.80 x 1073 2.70 x 1073
73 1.62 x 1071 1.56 x 1071 1.51 x 1071 1.64 x 1072 1.06 x 1072 1.15 x 1072
81 1.56 x 1071 1.28 x 1071 1.89 x 1071 2.50 x 1073 520 x 1073 240 x 1073
82 1.56 x 1071 1.28 x 1071 1.89 x 1071 1.06 x 1072 450 x 1073 220 x 1073
83 1.56 x 1071 1.28 x 1071 1.89 x 1071 2.70 x 1073 1.80 x 1073 9.20 x 1073
91 1.58 x 1071 1.70 x 1071 1.89 x 1071 3.30 x 1073 3.60 x 1073 8.10 x 1073
92 1.58 x 1071 1.70 x 101 1.89 x 1071 2.70 x 1073 4.60 x 1073 1.60 x 1073
93 1.58 x 1071 1.70 x 1071 1.89 x 1071 6.10 x 1073 1.07 x 1072 430 x 1073
0.35
N AB
_ ] I eC
0.3F [ ea
Threshold
0.25
0.2+
<
T
o
0.15
0.1
0.05 H
0

41 42 43 51 52 53 61 62 63 71 72 73 81 82 83 91 92 93
Protection relay

Figure 7. Differences in the voltage Cd4-dB3 at load A.
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Figure 8. Differences in the current detail Cd1-dB2 at load A.

7.2. Fault on Transmission Line from Bus 4 to Bus 6

In this case, a phase-to-ground arc fault was simulated in phase B, on the transmission
line from bus 4 to bus 6 of the grid model. Table 3 shows all the values of the detail coefficients
obtained for the voltage and current phases at each protection relay during the fault.

Table 3. Detail coefficients during phase-to-ground arc fault at transmission line from bus 4 to bus 6.

Detail Coefficients

Relay No. Voltage (Cd4-dB3) Current (Cd1-dB2)
Phase A Phase B Phase C Phase A Phase B Phase C
11 239 x 1071 468 x 1071 1.91 x 1071 8.90 x 1073 2.16 x 1072 8.70 x 1073
42 2.39 x 101 468 x 101 1.91 x 1071 450 x 1073 425 x 1072 590 x 1073
43 2.39 x 101 468 x 1071 1.91 x 1071 1.06 x 1072 1.43 x 1072 8.70 x 1073
51 6.42 x 1072 1.26 x 1071 9.92 x 1072 3.00 x 1073 5.20 x 1073 250 x 1073
52 6.42 x 1072 1.26 x 1071 9.92 x 102 220 x 1073 4.60 x 1073 590 x 1073
53 6.42 x 1072 1.26 x 1071 9.92 x 1072 1.80 x 1073 3.70 x 1073 7.10 x 1073
61 1.01 x 1071 3.75 x 101 1.50 x 1071 9.70 x 1073 3.65 x 1072 1.05 x 1072
62 1.01 x 1071 375 x 1071 1.50 x 1071 1.05 x 1072 3.44 x 1072 1.02 x 1072
63 1.01 x 1071 3.75 x 1071 1.50 x 1071 290 x 1073 1.18 x 1072 2.70 x 1073
71 1.62 x 10~1 1.56 x 10~1 1.51 x 10~1 1.02 x 102 9.90 x 1073 8.30 x 1073
72 1.62 x 1071 1.56 x 1071 1.51 x 1071 7.10 x 1073 2.80 x 1073 2.60 x 1073
73 1.62 x 1071 1.56 x 10~1 1.51 x 1071 1.14 x 102 1.11 x 1072 1.00 x 102
81 1.56 x 1071 1.28 x 1071 1.89 x 1071 9.70 x 1073 2.80 x 1073 240 x 1073
82 1.56 x 1071 1.28 x 1071 1.89 x 1071 240 x 1073 330 x 1073 2.60 x 1073
83 1.56 x 1071 1.28 x 1071 1.89 x 1071 2.20 x 1073 250 x 1073 5.80 x 1073
91 1.58 x 1071 1.70 x 1071 1.89 x 1071 420 x 1073 5.50 x 1073 350 x 1073
92 1.58 x 1071 1.70 x 1071 1.89 x 1071 1.70 x 1073 2.20 x 1073 1.70 x 1073
93 1.58 x 1071 1.70 x 1071 1.89 x 1071 4.60 x 1073 7.30 x 1073 490 x 1073

From the results obtained, the voltage threshold was set to 0.135 and the current threshold
was set to 0.019. It can be seen from Figure 9 that relays 41, 42, 43, 61, 62 and 63 exceeded
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the voltage threshold, and from Figure 10 that relays 42, 61 and 62 exceeded the current
threshold. In this case, however, only relays 42 and 61 were tripped, as they had the largest
difference between the current detail coefficients on each bus. Thanks to the developed
protection algorithm, the unnecessary tripping of protection relay 62 was avoided as it was
not responsible for protecting the transmission line that connected buses 4 and 6.

03r
I AB
I BC
0.25 - (I o7
Threshold

0.2

T 0.15

Cd4

0.1

0.05

41 42 43 51 52 53 61 62 63 71 72 73 81 82 83 91 92 93
Protection relay

Figure 9. Differences in voltage Cd4-dB3 on the transmission line from bus 4 to bus 6.

0.04

I AB
0.035 [ BC
(I o7

Threshold

0.03

0.01

0.005

41 42 43 51 52 53 61 62 63 71 72 73 81 82 83 91 92 93
Protection relay

Figure 10. Differences in current Cd1-dB2 on the transmission line from bus 4 to bus 6.

7.3. Fault at Transmission Line from Bus 8 to Bus 9

In this case, a phase-to-ground arc fault was simulated in phase C of the transmission line,
from bus 8 to bus 9 of the grid model. Table 4 below shows the values of the detail coefficients
obtained for the voltage and current phases at each protection relay during the fault.
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Table 4. Detail coefficients during phase-to-ground arc fault at transmission line from bus 8 to bus 9.

Detail Coefficients

Relay No. Voltage (Cd4-dB3) Current (Cd1-dB2)
Phase A Phase B Phase C Phase A Phase B Phase C
41 1.52 x 1071 1.41 x 1071 1.92 x 1071 510 x 1073 590 x 1073 6.40 x 1073
12 1.52 x 1071 1.41 x 1071 1.92 x 1071 410 x 1073 4.80 x 1073 530 x 1073
43 1.52 x 1071 1.41 x 1071 1.92 x 1071 840 x 1073 8.10 x 103 4.80 x 1073
51 7.16 x 1072 8.61 x 1072 1.14 x 1071 590 x 1073 1.80 x 103 230 x 1073
52 7.16 x 1072 8.61 x 1072 1.14 x 1071 1.70 x 1073 150 x 103 1.70 x 1073
53 7.16 x 1072 8.61 x 102 1.14 x 1071 1.30 x 1073 1.40 x 1073 940 x 1073
61 1.04 x 1071 1.13 x 1071 9.08 x 102 480 x 1073 220 x 1073 3.00 x 1073
62 1.04 x 1071 1.13 x 1071 9.08 x 102 2.10 x 1073 2.00 x 1073 2.70 x 1073
63 1.04 x 1071 1.13 x 1071 9.08 x 1072 1.10 x 103 1.10 x 1073 530 x 1073
71 1.76 x 1071 231 x 101 2.00 x 101 1.24 x 1072 9.80 x 1073 1.34 x 1072
72 1.76 x 1071 2.31 x 1071 2.00 x 101 350 x 1072 6.20 x 1073 5.70 x 1073
73 1.76 x 1071 231 x 1071 2.00 x 101 1.22 x 1072 2.35 x 1072 1.70 x 1072
81 1.64 x 1071 2.03 x 101 330 x 1071 1.12 x 1072 5.80 x 1073 2.18 x 102
82 1.64 x 1071 2.03 x 1071 3.30 x 1071 7.00 x 1073 6.90 x 1073 6.18 x 1072
83 1.64 x 1071 2.03 x 101 3.30 x 1071 460 x 1073 5.40 x 1073 1.38 x 1072
91 2.30 x 1071 2.33 x 1071 7.05 x 1071 1.70 x 1073 1.70 x 1073 9,50 x 1073
92 2.30 x 1071 2.33 x 1071 7.05 x 1071 250 x 1073 1.80 x 1073 1.94 x 1072
93 230 x 1071 233 x 101 7.05 x 1071 550 x 103 2.80 x 1073 1.12 x 1072

<
T

Cc

Now from the results obtained, the voltage threshold was set to 0.24 and the current
threshold was set to 0.028. From Figure 11, relays 91, 92 and 93 exceeded the voltage
threshold, and from Figure 12, it is seen that only relay 82 exceeded the current threshold.
In this case, only relays 82 and 92 were tripped as they registered the largest difference
between the current detail coefficients for each bus.

0.5
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41 42 43 51 52 53 61 62 63 71 72 73 81 82 83 91 92 93
Protection relay

Figure 11. Differences in the voltage Cd4-dB3 on the transmission line from bus 8 to bus 9.
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Figure 12. Differences in the current Cd1-dB2 on the transmission line from bus 8 to bus 9.

8. Conclusions

In this paper, a new protection technique was presented that solves the problems of
detecting ground faults due to the low fault current contribution of grid-forming power
converters in an electrical power system with 100% converter-interface-based generation. To
develop this technique, the IEEE nine-bus test system was used to reproduce the behavior of
a grid with 100% renewable energy sources, which are based on power electronic interfaces.
A complete grid-forming VSC model was designed to replicate the role of grid sources in
an electrical power system. In addition, an arc ground fault scheme was modelled using
the IEEE nine-bus system to simulate a realistic electrical fault scenario.

The protection algorithm performed a wavelet transform analysis to decompose the
voltage and current waveforms measured where the protection relays are installed. Once
the detail coefficients have been obtained, the protection algorithm processes and analyses
them to detect ground faults, providing full selectivity in the identification of the faulty
transmission line. The results of a simulation show that the proposed protection technique
operates reliably under different ground fault scenarios; this is because the wavelet trans-
form analysis makes it possible to detect singularities in high and low frequency voltage
and current signals and allows them to be classified in terms of time and magnitude when
they occur. The differences between the nominal load current and fault current are in the
range of 1 p.u., whereas the detail coefficients provide differences of up to 10 p.u. In this
way, the problems with sensitivity and selectivity that prevent actual protection relays from
detecting ground faults with low current contribution are solved.

In addition, currently installed protection relays to protect transmission lines are
usually segregated line differential relays, distance relays and directional ground fault
relays whose minimum tripping times are not usually less than 30 ms. Thanks to the use of
the wavelet transform, the ground fault detection times do not exceed one complete cycle,
so the tripping time of the new proposed method will not exceed the tripping times of the
currently installed protection systems.

Based on the results and experience obtained from the application of this wavelet
transform to fault detection, generalized configurations cannot be established for all cases
and applications, and a rigorous depth study is, therefore, required for each scenario to
choose the best wavelet configuration. Future work will focus on phase-to-phase faults,
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multiple generation technologies and real-time tests of the algorithm with hardware-in-the-
loop tools.
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