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Abstract

Fault behaviours of converter-interfaced renewable energy sources (CIRESs) are greatly diverse from those of synchronous
generators (SGs), so the traditional proportional restraint differential protection may fail to be activated. In order to deal with
this issue, a comprehensive current amplitude ratio-based pilot relay is proposed. Since the fault current from CIRESs is
much smaller than that of SGs, so phase current amplitude ratio on both end is lower than 1. In order to improve protection
sensitivity for high resistance faults and grounding faults, sequence current ratio is also introduced to constitute a comprehensive
protection criterion. The proposed method only uses the amplitude feature, so it has a lower time synchronization requirement
for the currents on both terminals. Meanwhile, it can be applied for different fault ride through (FRT) strategies because the
current limiting is always satisfied. Furthermore, the proposed method is easy to be deployed in protection devices after a small
revision is done for the original protection algorithm. PSCAD simulation demonstrates that the proposed method is effective
for different fault scenarios.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Renewable energy sources (RESs) have become an important part of modern power systems due to the low-
carbon and sustainability [1,2]. Many European countries such as Denmark have declared that all the electric power
will be from RESs by 2050 [3]. Different from synchronous generators (SGs), converter-interfaced RESs (CIRESs)
are integrated into the grid through full-power inverters [4,5], so their distinctive fault signatures will threaten the
correct operation of power system protection [6].

Pilot relay is often deployed on the transmission system because of absolute selectivity and short response
time [7]. Among numerous pilot protection methods, the most frequently used is proportional restraint type
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differential protection [8]. However, the fault current angle of CIRESs depends on current command values, but
the related angle for SGs relies on the sequence impedance and the internal potential [9]. As a result, a big phase
angle difference on both terminals may be present in some control strategies, which will result in the misoperation
of differential relays [10]. In addition, when the integrated capacity of RESs is small, the operating current is close
to the restraint current, so the sensitivity of the differential protection is relatively low [11]. In addition, directional
elements on both terminals can communicate with each other to constitute a directional pilot protection [12]. A
salient advantage for this protection is that it has minimum bandwidth requirements since only logic signals are
transmitted [13]. However, the impedance angle of CIRESs may be far offset from 90° in some cases, so directional
pilot protection faces adaptive problems [14]. Another pilot protection is called pilot distance protection that is
constructed by two sides of distance relays with the communication system [15], but distance relays are vulnerable
to fault resistance due to the weak infeed of CIRESs, so the pilot distance protection is also affected [16].

In order to cope with this issue, some new pilot protection methods have been put forward. The concept of
differential impedance was introduced in [17], and internal or external faults can be identified by the difference in
the impedance amplitude, but this scheme had a high demand for data synchronization on both ends. With reference
to proportional restraint differential protection, a new pilot protection was constructed in [18] by comparing the
differential impedance and braking impedance, but its performance will be severely degraded even though small
fault resistances are added. In addition, the above two methods also use voltage phasors, so voltage transducers must
be installed. Researchers in [19] came up with a pilot protection on account of the current frequency difference,
but it is only applicable for doubly-fed induction generators (DFIGs). Travelling-wave protection methods also
attracted some attention in recently years, but it needs a high sampling rate [20,21]. Some scholars come up with
time-domain differential protection methods. In [22], the relationship between the different current and the derivative
of the different voltage was analysed by establishing the circuit equations for internal and external faults, and the
correlation difference was utilized to identify internal faults, but it is susceptible to high-frequency harmonics.
In addition, the transient current difference on both sides could be identified by Cosine similarity and Euclidean
distance in [23,24], but all the sampling values within 10 ms or 20 ms need to be transmitted to the remote end.
In order to reduce the requirements for communication, a phase current amplitude ratio-based pilot protection was
proposed in [25] because the fault current from CIRESs is much smaller than that on the grid side. However, the
method can be a bit low for high resistance faults and grounding faults, therefore, more work needs to be done.

A comprehensive current amplitude ratio-based pilot protection is proposed, and it has the following advantages:
(1) the protection principle is simple and can be easy to be deployed in protection devices. (2) Sequence current
ratios are introduced to enhance the protection sensitivity for high resistance faults and grounding faults. (3) The
proposed method has a low command for communication and strict data synchronization is not necessary. Simulation
results in PSCAD validate the proposed method.

2. The tested system with CIRESs

A 220 kV transmission line with a CIRES power plant is established in PSCAD, as depicted in Fig. 1. The
length of the transmission line is 80 km, the capacity of the power plant is 500 MW, and the grid impedance is
0.3+j9.42 Q.

CIRES power plant
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Fig. 1. The studied line topology with CIRESs.

In addition, the positive- and zero-sequence unit impedances of the transmission line are respectively 0.076+0.338
2 and 0.284+0.824 2. Under this circumstance, the CIRES capacity is one-third of the short-circuit capacity of the
grid measured at Bus 1. Pilot protection was installed at Rj, and R,; to protect the entire transmission line. Four
internal fault points are located at 0 km, 20 km, 40 km, 60 km and 80 km, which are respectively marked as F1,
F2, F3, F4 and F5, and two external fault locations F6 and F7 are placed at left hand of Bus 1 and the right hand
of Bus 2.
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The grid-side controller based on decoupled sequence control is depicted in Fig. 2. The DC voltage is controlled
to generate positive-sequence d-axis current reference on normal operation, and the negative-sequence current
references are usually set to O [25]. The used voltage components and current components in the controller are
measured at the right side and left side of the LCL filter. When a fault occurs, the outer voltage loop will be cut
off, and positive-sequence current references will be set according to specific fault ride through (FRT) strategy in
grid codes. In order to prevent the overvoltage on the DC side, a chopper circuit is installed.

Edcref: - Ildref
Edc

Vewm

Fig. 2. The control diagram of CIRESs.

3. Problem statement

In this section, three common pilot protection methods will be analysed combined with typical FRT strategies.
3.1. Proportional restraint differential protection

Aimed at conventional transmission systems, the current angles on both terminals are the opposite on normal
operation, but both are the same for in-of-zone faults, so the protection criterion of differential relays is [24]:

Iop = Iova and Iop = kIres
s Ires = |IS - IW|
where I.; denotes the restraint current, and /,, denotes the operating current. I,,0 denotes the starting current, and
k denotes the restraint coefficient that is set to 0.8 in this paper.
For SGs, the phase-A analytic expression for a three-phase fault is as follows [13]:
ﬁEq\OI cos @ o t/Ta
Xd

.. ey
Iop = |IS + Iy

isg = \/qu|0|/xd cos(wot + @) — (2)

where Egjo; denotes the induced voltage source, xq4 is the synchronous reactance, and T, is the decay time constant
of the DC component. In addition, ¢ is the fault initial angle.

As shown in (2), the current angle is decided by sequence impedances and the induced voltage source before
a fault, but the fault current angle of CIRESs depends on the specific control strategy, and its analytic expression
is [26]:

1
icIRES = \/MCOS <a)t + 01y + arctan (Ilqref>> 3)

ldref
where w denotes the synchronous angular velocity, and 6, denotes the phase-locked angle, and the maximum fault
current is 1.2 p.u. in this paper.
It can be known from (3) that the fault current angle for CIRESs relies on the current references that are usually
set according to the required FRT strategy. For this reason, the phase angle difference on both terminals might be
very large in some cases. Therefore, proportional restraint differential protection faces huge challenges.
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The FRT strategy about reactive current in Denmark is utilized to validate the performance of proportional
restraint differential protection. With reference to the FRT strategy in Fig. 3, Iiqer is given according to the voltage
drop. After that, /iger is calculated using the current limiting value and /igef. In addition, wind turbines must
maintain the normal operation in Area A; In Area B, wind turbines must be connected to the grid within a fixed
period of time, and they are allowed to be separated from the grid in Area C [27].

When CIRESs adopt the above the FRT strategy and a BC fault occurs at F1, the phase angle difference on both
ends and operation results (/,, divided by /) of proportional restraint differential relays are illustrated in Fig. 3.

The voltage at PCC (%
wn
(=]

10 Ared C |

0 10 20 30 40 50 60 70 80 90 100
The reactive power current percent (%)

Fig. 3. FRT regulation in Denmark.

In Fig. 4(a), the phase angle differences for phase-B and phase-C are respectively 70.492° and 125.867°, so the
phase-B ratio in Fig. 4(b) is higher than the threshold value, but the phase-C ratio is lower than the threshold value.
Therefore, the phase-C differential protection will refuse to operate.
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Fig. 4. The related measurements of differential relays for FRT in Denmark. (a) Angle difference, (b) operating results.

Another FRT strategy used in some North America utilities is that CIRESs do not inject reactive power into
the grid during a fault. At this time, the angle differences on both sides and three-phase ratios for the proportional
restraint differential protection are depicted in Fig. 5.

The angle differences of phase-B and phase-C in Fig. 5(a) are larger than 90°, so the ratios in Fig. 5(b) for
phase-B and phase-C are respectively 0.758 and 0.508 that are smaller than the threshold value, so the differential
protection will refuse to operate. Compared with the FRT strategy in Denmark, the control scheme without reactive
power injection is more harmful to the correct operation of the differential protection.

3.2. Directional pilot protection

Directional relays play an important role in directional pilot protection. For the high-voltage transmission
lines, the fault component based directional relays (FCBDRs) are often used including positive-sequence FCBDRs
(PSFCBDRs), zero-sequence directional relays (ZSDRs) and negative-sequence directional relays (NSDRs). For a
fault at the positive direction of the relay, the impedance angle measured by these directional relays should settle
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Fig. 5. The related measurements of differential relays for FRT in North America. (a) Angle difference, (b) operation results.

within between —180° and 0°. For a phase-A grounding at F2, the measured impedance angles are illustrated in
Fig. 6 when FRT strategies in Denmark and North America are used.

The detected impedance angle for PSFCBDRs in Fig. 6(a) and is close to —180°, so this protection has a low
sensitivity under Danish FRT strategy. In Fig. 6(b), it is equal to 66.891°, so the directional relay will misjudge the
fault direction for the FRT scheme used in North American utilities. In addition, ZSDRs in Fig. 6(a) and (b) can
operate correctly under two FRT strategies because the zero-sequence circuit is only composed of the part of the
transmission line and the main transformer and does not include the equivalent impedance of CIRESs. For NSDRs,
the negative-sequence current from CIRESs is always negligible, so the detected impedance angles for NSDRs in
Fig. 6(a) and (b) will have a large oscillation, and NSDRs cannot detect the fault direction reliably.

180 =
" PSCBDRs| %0 i PSCBDRs
» ! ! NSDRs @ il NSDRs
o 90F, - ZSDRs | o 90Fi! - ZSDRs
=) : & |
g i < |
= 0 = O[T
2 ! 2 |
2 ' 2 | i
g -90 : T S -90rT TR =
= ) rl Best angle = : .=' IBest angle
] e P
-180 - S : ;
600 610 620 630 640 600 610 620 630 640
Time (ms) (a) Time (ms) (b)

Fig. 6. Operation results of directional elements for two FRT schemes. (a) Denmark, (b) North America.

3.3. Pilot distance protection

The performance of pilot distance protection depends on that of distance relays. If a BC fault occurs at F3 with
10 Q of fault resistance, the measured impedance trace is illustrated in Fig. 7 under two FRT strategies.

It can be known in Fig. 7 that the impedance traces are finally oriented at the third quadrant and the fourth
quadrant for two different FRT control strategies, so distance protection will fail to operate, and pilot distance
protection will also have adaptive problems.

4. Comprehensive current amplitude ratio based pilot protection

In this section, the fault current amplitude feature will be studied, and a comprehensive current amplitude
ratio-based pilot protection will be put forward.

4.1. Protection principle

For a fault at the transmission line, the simplified circuit diagram is depicted in Fig. 8.
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Fig. 7. Operation results of distance relays for two FRT schemes.
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(1-2)z, Az,
. Zg
I R,
Eq

Fig. 8. The simplified fault equivalent circuit.

In Fig. 8, CIRESs are equivalent to a controllable current source, and the grid is equivalent to a voltage source
with an impedance. Z;, is the entire line impedance, and A is the ratio of the line impedance between the fault

location and Bus 2 to the entire line impedance. R, is the fault resistance. At this time, the currents on both ends
should satisfy the following relationship:

js AZy + Zs) = ES — (Iw + Is) R, @)
Therefore, the current ratio § can be expressed as:
. Es/Iw — Ry
= |Is/ly| = | ——> 5
§ = [Is/ k] AZL+ Zs + R, ©)

Since the maximum fault current from CIRESs is 1.2 p.u., the amplitude of Es/lyw is slightly smaller the load
impedance, and much larger than R, and (AZy+Zs+R;) when fault resistance is not too high. Therefore, the value
of £ is usually larger than 1. However, the fault current of CIRESs sometimes may be equal to O due to the lack
of the light and wind, so the final protection criterion is as follows:

e = |Iw/Is| < et (6)

where 7 is the protection setting value.

However, the protection sensitivity is relatively low for high resistance faults and grounding faults, so positive-

and negative-sequence current amplitude ratios are also introduced to enhance the protection sensitivity, so the
comprehensive amplitude ratio can be expressed as:

e = |Iw/Is| < nsee, m = |Ewi/Is1| < et

. (7
m = |Iwz/Is2| < et

where subscripts 1 and 2 denote the corresponding positive- and negative-sequence components.

When one of 7, 11, and 7, is satisfied, the protection is activated to trip the line. The setting principle will be
detailed in the next section.
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4.2. Protection setting

For the SG current in (2), it will contain the attenuated DC component in the transient process, which will
lead to a small error to extraction of power frequency components, so its impact needs to be considered in the
protection setting. In addition, the current transducers (CTs) on both ends may have a difference in both types and
measurement accuracy. When these factors are considered, the setting value is:

Nset = 1 — Prel Per Pst Pnp ®)

where pr denotes the reliability factor that is usually from 1.2 to 1.3. p.; denotes the error coefficient of the CT
that is usually is set to 1.1. py denotes the CT same type coefficient. When CTs on both ends belong to the same
type, pg is 0.5, and it will be taken as 1 when they are different. p,, denotes non-periodic component coefficient.
It is set to 1 when a fast saturation relay is adopted, and if there is a series resistance to eliminate the unbalanced
current, ppp can be chosen between 1.5 and 2 [28]. According to the above content, 74 can be taken as 0.82. Since
the impact of the DC component and CTs on phase currents and sequence currents is basically same, so the setting
value is unified for n¢, 1y, and ;.

The proposed protection does not have the phase selection function when sequence current ratio is used, so it
needs an extra phase selector because the single-phase tripping is required for the transmission system. In addition,
the fault starting element should be also used. The specific flowchart is depicted in Fig. 9.

A7 1 2} <Mset

‘ Fault starting element

The local relay
operates

The protection on the
remote end is activated

‘ Fault phase selection

Fig. 9. The detailed flowchart.

5. Simulation analysis

Simulation analysis will be done considering the impact of different factors. CIRESs always operates at the unity
power factor on normal operation, and the FRT strategy in Denmark will be used during a fault at 600 ms.

5.1. Different fault points and fault types

First, the simulation results about phase current ratio for internal faults at F1 are depicted in Fig. 10. The proposed
approach can detect this internal fault in Fig. 10(b) for the same fault conditions. For AG faults and ABC faults
Fig. 10(a) and (d), n¢ for faulty phases is always smaller than the threshold value, which proves that this new
protection can operate correctly. However, the phase-C sensitivity is very low for BCG fault in Fig. 10(c) because
there will be a large zero-sequence current on the CIRES end at this time. Therefore, positive- and negative-sequence
current amplitude ratios is necessary to enhance the protection sensitivity, as shown in Fig. 11.

The curve with the lowest sensitivity between faulty phases in Fig. 10 is taken as ny in Fig. 11 because the
worst case needs to be considered in the protection field. For AG faults and BC faults in Fig. 11(a) and (b), n;
is the highest, and 7, is the smallest due to no negative-sequence current from CIRESs, so the criterion based on
negative-sequence current amplitude ratio has the highest sensitivity. In addition, ny is larger than n; in Fig. 11(c),
so the method based positive-sequence current ratio has higher sensitivity for BCG faults. For ABCG faults in
Fig. 11(d), n; is basically equal to ns because the fault currents only include the positive-sequence currents on both
ends, and the curve 7, is meaningless at this time. Similarly, 7, before the fault time in Fig. 11 is also meaningless,
so the criterion based on negative-sequence current ratio should be activated after the fault are identified.
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Fig. 10. The performance of the phase current ratio for internal faults. (a) AG faults, (b) BC faults, (c) BCG faults, (c) ABCG faults.
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Fig. 11. The performance of the comprehensive ratio for internal faults. (a) AG faults, (b) BC faults, (c) BCG faults, (c) ABCG faults.

In addition, Fig. 12 depicts the measurements of this new protection for external failures at F6. Since the curves

for four kinds of fault types are similar, so only the performance for AG faults and BC faults is given.
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Fig. 12. The performance of the comprehensive criteria for external faults. (a) AG faults, (b) BC faults.
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It can be seen from Fig. 12 that n¢, 7, and 1, are close to 1 at 640 ms and higher than the setting value for AG
faults and BC faults, so the comprehensive criteria can be blocked reliably.

5.2. Faults with different fault resistances

In this part, the impact of fault resistance will be considered. Since the fault current on the grid side is the
smallest when a fault appears at the exit of Rj,, the ability to resist fault resistance is also weakest at this time.
Therefore, the simulation results for different fault resistances are given in Table 1 for faults at F1. Since the fault
resistance is usually smaller than 20 2 for BC faults, the maximum value is set to 20 2. In addition, the maximum
fault resistance for grounding faults is taken as 100 €2. All the values in Table from the data at 640 ms.

In Table 1, 1, is much smaller than the setting value for asymmetric faults, so this new protection can be activated
to trip the line even for high resistance faults. However, the comprehensive criterion can only withstand 25 € of
fault resistance for ABCG faults, so more effective methods can be studied for this fault scenario.

Table 1. Amplitude ratio under different fault resistances.

Fault type Fault resistance (£2) ne m 12
10 1.210 1.210 0.010
AG 25 1.740 1.597 0.010
50 2.728 1.495 0.002
100 2.766 1.379 0.002
5 0.720 0.844 0.002
BC 10 0.740 0.907 0.002
15 0.761 0.976 0.002
20 0.787 1.050 0.002
10 1.473 0.749 0.001
25 1.532 1.198 0
BCG 50 2.041 3.610 0.002
100 2.350 2.314 0.004
10 0.476 0.475 /
25 0.606 0.605 /
ABCG 50 1.411 1.408 /
100 7.692 7.650 /

5.3. Faults with different FRT strategies

The impact of FRT strategies must be analysed in this part. Besides FRT strategies in Denmark and North
America, another two will also be analysed. For the controller based on sequence control, the control objective
of suppressing active power fluctuation or suppressing reactive power fluctuation can be achieved [14]. The
performance of the comprehensive ratio under four control strategies is given in Fig. 13 when a BC fault appears
at F3. For suppressing active power oscillation, the average active and reactive power references Py and Qg are
respectively equal to 0.5 p.u. and 0.2 p.u., and the power references are the same for suppressing reactive power
oscillation.

1, in Fig. 13(a) and (b) is the smallest and close to 0 because negative-sequence current references are usually
set to 0 under FRT schemes in Denmark and North America. Additionally, 7, is no longer equal to O for suppressing
active and reactive power fluctuation in Fig. 13(c) and (d), but is still the smallest. Since 7, is always lower than
the threshold value, the comprehensive criterion is effective for different FRT strategies.

6. Conclusion

The controlled current angle of CIRESs can bring about the misoperation of the conventional proportional
restraint differential protection, and the simulation results validate this conclusion combined with different FRT
strategies.
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Fig. 13. The performance of the proposed method for diverse FRT schemes. (a) Denmark, (b) North America, (c) eliminating active power
oscillation, (c) eliminating reactive power oscillation.

So as to cope with this issue, a comprehensive current amplitude ratio-based pilot protection is put forward.
Since the CIRES fault current is much smaller than that on the grid side, the current amplitude ratio on both ends
will be smaller than 1. For protection sensitivity for high resistance faults and grounding faults, sequence current
ratio is also utilized to form a comprehensive criterion. The proposed approach only uses amplitude feature, so the
strict time synchronization is not necessary. In addition, it is easy to be deployed in the protection devices because
fast Fourier algorithm is still being used. Furthermore, it is also applicable for the scenario that CIRESs have no
output power. PSCAD simulation results confirm the effectiveness and reliability of the proposed scheme.
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