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Abstract: The transient fault characteristics of an inverter-interfaced renewable energy
(IIRE) overhead outgoing line may cause misoperations of existing protection schemes.
This paper uses directional comparison of the post-fault transient energy to construct the
ultra-high-speed (UHS) unit protection for an IIRE plant’s overhead outgoing line. The
proposed method could identify the internal faults accurately in various fault scenarios.
Compared to conventional traveling wave-based protection, distance protection and differ-
ential protection, the proposed scheme can overcome the high sampling rate difficulty and
remain effective when the fault inception angle is zero. The scheme is also tested under
conditions of noise, parallel lines, and CT saturation. The simulation results demonstrate
that the proposed method is immune to these factors, which make the scheme more reliable
and applicable in commercial industries.

Keywords: inverter-interfaced renewable energy (IIRE); overhead outgoing line protection;
post-fault energy; directional protection

1. Introduction

To address the increasingly severe energy crisis and environmental challenges, [IRE
technologies, such as wind and photovoltaic power generation, have made great progress
in recent years. By 2024, the cumulative installed capacity for wind power and photovoltaic
systems is projected to reach 467 million kW and 714 million kW, respectively. This
growth will lead to a rising proportion of IIRE —particularly represented by permanent
magnet direct-drive wind turbines and photovoltaic systems. However, the increasing
deployment of power electronic equipment has introduced changes in the system’s fault
characteristics [1,2]. The weak feed conditions, time-varying impedance and disparities
between positive and negative sequence impedances have brought about many challenges
to the conventional protection of an IIRE plant’s overhead outgoing line. As a result, these
traditional protection schemes may fail to operate correctly [3,4].

Numerous studies were conducted on the adaptive analysis of distance protection
of overhead outgoing line in an IIRE plant. Despite these improvements in conventional
distance protection, they still could not reach an acceptable reliability in correctly identifying
internal faults [5-9]. Unlike traditional synchronous generators, IIRE has short-circuit
currents with limited amplitude and controlled phase angles, which can cause distance
protection to misoperate. Distance protection is based on power frequency components, so
it needs at least one full cycle (20 ms) to respond, leading to slower operation.

Differential protection, as one of the conventional protection schemes of IIRE’s out-
going line, is largely affected by renewable energy fault characteristics, leading to risks of
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maloperation. Renewable energy sources create weak fault signals, which reduce the sensi-
tivity of conventional differential protection. According to references [10-12], conventional
current differential protection may misoperate due to phase distortion and limited fault
amplitude when renewable energy is connected to a weakly synchronized system.

Traveling wave protection is another approach for transmission line protection, which
is based on fault propagation characteristics [13-16]. References [17-21] identify fault
direction by analyzing the polarities of voltage and current traveling waves. Additionally,
the fault direction can be evaluated based on the amplitudes or energies of forward and
reverse traveling waves [22-24]. Furthermore, references [25-28] introduce the concept
of composite surge impedance, defined as the ratio of the first voltage traveling wave to
the first current traveling wave, which is used to determine the fault direction. However,
challenges arise from the difficulty of capturing the wave head and the need for a high
sampling rate [29], which make these protection schemes not reliable when the fault
inception angle is zero [30,31]. In summary, traveling wave-based protection relies on the
detection of the initial traveling wave head and requires a very high sampling rate, making
it difficult to be implemented in the industry.

This paper proposes a UHS unit protection of the overhead outgoing line of an IIRE
plant based on transient energy. The principle of this method is easy to implement and the
sampling rate is 10 kHz, which makes it more reliable and more applicable in commercial
industries.

2. Materials and Methods
2.1. Analysis of Post-Fault Transients in IIRE Plant’s Overhead Outgoing Line

The schematic diagram of a typical IIRE plant’s overhead outgoing line is shown in
Figure 1, where G1~Gy, respectively, represent the equivalent sources of the IIRE wind
turbine in the wind farm; the length of the collection line in wind farm is generally no
more than 20 km. In general, the voltage level of the collection bus is 35 kV. In China, the
voltage level of the overhead outgoing line is 220 kV or 330 kV, and the voltage level of the
transmission line RT is 500 kV or 750 kV. f; and f, are fault locations and Line SP is the
protected line.
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Figure 1. Schematic diagram of typical IIRE plant’s overhead outgoing line fault.

The weak feeding characteristics of the IIRE makes the fault current of the overhead
outgoing line smaller compared to the fault current of the grid system. Here, an A-G fault
occurs at the midpoint of Line SP, the phase A current waveforms of Terminal S and P is
shown in Figure 2, and Figure 3 is obtained after spectral analysis, from which it can be
seen that most of the energy is concentrated in the 50 Hz bandwidth, but a large amount
of energy still exists in the high frequency bandwidth, which contains rich post-fault
information [21,32]. These transients are carried by the traveling waves of currents and
voltages, whose propagation is shown in Figure 4 [33].
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Figure 2. The phase A current of Terminal S and P in the event of faults.
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Figure 3. Spectral analysis of fault currents on wind farm side of map.

Wind Farm S Overhead  p R T  Grid
systems outgoing line systems
Rs fi Re
HO-a D—\—D §
(a)
N S P R T
| ! / ! ! !
T T e T T T
A
T
i S
\/
t
(b)

Figure 4. Schematic diagram: (a) typical IIRE plant’s overhead outgoing line fault, (b) propagation of
traveling waves.

2.2. UHS Unit Protection Algorithm of IIRE Plant’s Overhead Outgoing Line

As discussed in Section II-A, the post-fault transients can be utilized to construct a
novel protection scheme. This paper utilizes the post-fault transient energy to form the
protection scheme, and the detailed principle is illustrated as follows.
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The system of Figure 1 is simplified to a steady-state overhead outgoing system as
shown in Figure 4a, and according to the superposition theorem, the post-fault superpo-
sition network is shown in Figures 5 and 6, where Figure 5 indicates a forward fault and
Figure 6 indicates a reverse fault. The following analysis is based on an A-G fault in a
single-phase system, and the principle can be applied to a three-phase system by means of
the Karenbauer transform [21].

Figure 6. The superposition network under a reverse fault.

The current flowing outward from the bus is specified as its positive direction. For
relay Rs, the positive direction is the flow from bus S to the P side. The transient energy is
calculated as follows:

P(t) = Au(t)Ai(t) (1)

h+T
S, = /t1 P(b)dt @)
where Au(t) and Ai(t) indicate the calculated superimposed voltage and current, P(t) is
the transient power, t; is the time at which the initial traveling wave arrives at the relay,
and T represents the data window. As shown in Figure 5 for a positively oriented fault, S;
and Sp, , respectively, denote the energy absorbed by Zy and Line NS after the fault, and
Zy is the equivalent impedance of the wind farm system to the bus N. Thus,

Sry = —S1 — S, 3)
For reverse direction faults, we obtain
SRy = S2+ 51, 4)

where S; and Sy, represent the energy absorbed by Zr and the Line SP after a fault,
respectively. Zg is the equivalent impedance of the gride system to the bus P. S;,and S;,
Si,,and Sy, are all positive.

Take the following system as an example, for relay R;,if Rs < 0, set Sp flag = 1,
otherwise Sg,, = 0; this logic applies to the other relay Rp as well.

The protection scheme presented in this paper is illustrated in Figure 7. Firstly, the
relays at the two terminals of the protected line collect the voltage and current measure-
ment samples.
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Figure 7. Block diagram of overall protection scheme.

Secondly, the three-phase currents and voltages are decoupled by Karenbauer’s phase-
to-mode transformation, which is shown in Equation (5).

Thirdly, the post-fault transient energy of both terminals is calculated via Equation (2).

Finally, the direction is compared to identify whether the fault is internal or external,
according to the logical judgment shown in Figure 7.

1 1 1
b _
=11 2 1 (5)
1 1 =2

If a positive direction fault is detected in both sides of the protected line, it indicates
that the fault is internal. Otherwise, the fault is identified as an external one.

3. Results

In this section, the performance of the proposed method is discussed, and tests are
conducted under different scenarios.

3.1. Simulation Model

In PSCAD/EMTDC, the IIRE plant’s system shown in Figure 1 is constructed, includ-
ing 100 equivalent IIRE sources. The configuration of the overhead outgoing line is shown
in Figure 8, and a frequency-dependent model is used. The rated capacity of the IIRE plant
is 200 MW, and the system frequency is 50 Hz. The wind farm side is connected to the grid
system through the transformer, which is boosted to 330 kV, and then further boosted to
750 kV, and the stray capacitance on the busbar is 0.01 uF. The sampling rate of the relay

Rs in Figure 1 is 10 kHz. The overhead outgoing Line SP is the protected line and f,, f,
denote the fault location on different line segments, respectively.
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Figure 8. Line configuration of overhead outgoing line.

3.2. Simulation Verification

(1) Simulation of Typical Faults: It is assumed that an A-G fault occurs at f;, ata
distance of 20 km from the bus S, with a fault inception angle of 45°, with a fault resistance
of 100 Q. S, = —499.48 k] < 0 and Sg, = —7355.6 k] < 0. Since the transient energy
absorbed on both sides is negative, the fault is identified as a forward fault; therefore, it
is determined to be the internal fault. Here, an A-G fault occurs at a distance of 50 km
from the bus R, with a fault inception angle of 45° and with a fault resistance of 100 (),
Srg = —6074.1 k] < 0 and Sg, = 601.92 k] >0. It can be seen that the fault is a forward
fault for bus S, a reverse fault for bus P. In this case, the fault is identified as an external one.
To verify the impact of fault types on the proposed method, extensive simulations were
conducted in this study, and the results showing in Figure 9 indicate that the method is
immune to the fault type.

(2) Effect of Fault Location: To verify the effect of fault location on the proposed
method, set the fault type as an A-G fault, with the fault inception angle of 0°, and a fault
resistance of 100 Q). From Figure 10, it can be seen that the protection operates correctly
regardless of whether it is an internal fault or a close-in fault. In addition, the fault location
in Figure 10a means that the fault occurs in the line length from bus R, and in Figure 10b,
the fault occurs in the line length from bus S.
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Figure 9. Cont.
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Figure 9. Fault identification results of different fault types: (a) Internal Fault, (b) External Fault.
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Figure 10. Fault identification results of different fault locations: (a) External Fault, (b) Internal Fault.

(3) Effect of Fault Inception Angle: According to references [22-27], it can be seen that
conventional traveling wave-based protection is largely affected by the fault inception angle.
However, the proposed method is not affected by the fault inception angle and remains
effective even when the fault inception angle is zero. When setting the fault resistance as
100 ), Figure 11 shows the results for various fault inception angles and different fault
types. Obviously, the final result is immune to the fault inception angle.
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Figure 11. Fault identification results of different fault inception angle: (a) Internal Fault, (b) External
Fault.

(4) Effect of Fault Resistance: The simulation results are carried out in the case where
the fault resistance is 100/200/400 ), respectively. It is obvious from Figure 12 that the
proposed method can identify the internal fault, and it is immune to fault resistance.

(5) Effect of Parallel Line System: This section discusses the performance of the
proposed method in a parallel line system. The system is set up in PSCAD, as shown in
Figure 13. Fault f1 and 2, respectively, represent an internal fault and external fault and are
all at the midpoint of the line. An A-G fault occurs with a fault inception angle of 45°, and
a fault resistance of 50 (). Here, the fault occurs at f1, and the transient energies calculated
on both sides of the Line SP are Sg, = —259.3752 k] and Sg, = —398.2975 k]. Here, the
fault occurs at f2, and the transient energies are Sg, = 103.5088 k] and Sg, = —99.7948 kJ.
Thus, it can effectively identify the internal fault.

(6) Effect of Current Transformer (CT) Saturation: CT saturation typically occurs at
the half cycle after fault inception and will lead to distortion in current samples. The
conventional fundamental frequency-based methods usually suffer from CT saturation
and may misoperate in such scenarios. However, the proposed method is based on the
propagation characteristics of traveling waves, which travel at the speed of light. The
length of an IIRE plant’s overhead outgoing line generally does not exceed a few tens of
kilometers. Even if the fault occurs at the farthest end, the sample time window of the
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proposed method will not exceed 2 ms. At this point, saturation has not yet occurred,
which means the proposed method is naturally not affected by CT saturation.
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Figure 12. Fault identification results of different fault resistances: (a) Internal Fault, (b) External Fault.
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Figure 13. IIRE plant’s overhead outgoing line with parallel line system model.

Here, an internal and external A-G fault are used as examples to show this advantage.
The fault occurs at a distance of 20 km from bus S. As shown in Figure 14a, the current
transformer is saturated, and the secondary samples have obvious distortion. The transient
energy on each side of the line is Sg, = —189.7596 k] and Sg, = —48.5937 k], indicating
an internal fault.

An external A-G fault occurs at f2, with a distance of 20 km from bus P. Similarly,
as shown in Figure 14b, the current transformer is saturated, and the secondary sam-
ples are obviously distorted. The transient energy calculated on both sides of the line is
Srs = —36.7459 k] and Sg,, = 43.6396 k]. Thus, the fault is determined as external.
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Figure 14. CT primary and secondary side currents on overhead outgoing line under (a) an internal
A-G fault and (b) an external A-G fault.

(7) Effect of Noise: The impact of noise on the proposed method is discussed in
this section. An A-G fault is set at f1 on the overhead outgoing line, with a distance of
20 km from bus S. The white noise of 20 dB is added to the measurement samples. The
transient energies calculated on both sides of the Line SP are S, = —98.1793 k] and
Sr, = —495.25973 K], which indicates the fault is internal. If the fault occurs at f2, with a
distance of 20 km from bus R, the transient energies calculated on both sides of the Line
SP are Sg, = —125.7254 k] and Sg, = 139.8637 k]. The fault is correctly determined as
external. Therefore, the proposed method has a good tolerance of noise.

3.3. Comparison of Proposed Method with Traditional Protection

(1) Distance protection: The basic principle of distance protection is to identify the
fault by determining the impedance from the sending terminal of the line to the fault point.
The measured impedance Zp, is calculated as in Equation (6) and the threshold impedance
Zset is set as in Equation (7) [34].

Zm= ©
Ig
Zset = KrelZsp (7)

where Z sp is the impedance of Line SP, and the reliability coefficient K,,; is typically set as

0.85 [9]. The protection logic is as follows: if ’Zm} > ‘ngt , the fault is treated as external;

otherwise, if ’Zm‘ < ’Z set |, the fault is treated as internal.
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Here, an internal A-G fault occurs on the overhead outgoing line at a distance of 20 km
Zsot| = 4557.7,

from bus S. According to the distance protection scheme described above,
| Zm| = 5389.5. Since | Zum | >| Zea
In contrast, the transient energy is calculated on both sides of Line SP,

Srg = —334.2178 k] < 0 and S, = —1232.1436 k] < 0; therefore, the proposed method is
able to correctly identify the fault as internal.

, the distance relay will incorrectly treat this fault as external.

(2) Differential protection: Its action equation is shown as follows [35]:
Iop > Iop,OIres < res (8)
Iop 2 Iopo + kLiesIres > Iresp

where Iop = ‘Il + DI, Les = ‘Il — Ib|, I, I are the currents on both sides of the protected
line. Take the following Figure 15 as an example: if the calculated result falls into the action
area, the fault is identified as internal, otherwise the fault is identified as external.

16
141
12f
10r

< Action Area
< osf
0.6
0.41r

0.21

0 .
0.5 0.6 0.7 0.8 0.9 1 11 12 13

| [KA

Figure 15. Operational result of differential protection.

In the IIRE system, the limitation of the short circuit current further leads to the
differential current amplitude close to the braking current amplitude. The weak feeding
characteristics of IIRE in the power system make this phenomenon even more pronounced.
In cases of higher fault resistance and smaller fault inception angles, the short circuit current
is even smaller. Since the differential protection only utilizes power frequency component
information for protection, which contains limited fault information, it usually misoperates
in the IIRE system.

The proposed method utilizes transient information over a broad frequency band-
width, and thus it could achieve higher sensitivity and enable faster fault identification.

Here, an internal A-G fault occurs on the overhead outgoing line, at a distance of
20 km from bus S, and differential current protection is used to identify the fault. The
action result is shown in Figure 15. However, the result shows that the fault is incorrectly
identified as external. In contrast, the transient energy calculated on each side of Line SP is
Srg = —177.4918 k] < 0 and Sg, = —1250.3568 k] < 0; therefore, the proposed method
can correctly identify the fault as internal.

4. Conclusions

This paper uses the directional comparison of post-fault transient energy to construct
the UHS unit protection for an IIRE plant’s overhead outgoing line. The fault is determined
by discussing the polarity of the transient energy on both sides of the line. Compared to
conventional traveling wave-based protection, the proposed method is able to overcome
the high sampling rate difficulty and remain effective when the fault inception angle is
zero. Various scenarios were tested in this study, including fault type, fault resistance, and
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fault location. The results show that the proposed method is immune to these factors. The
scheme is further tested in the presence of noise, parallel lines, and CT saturation, and the
simulation results show that the proposed method is still effective. These advantages make
the proposed method more reliable and applicable in commercial industries.
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