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The growing penetration of converter interfaced generation creates unprecedented challenges to protection
strategies at all voltage levels. This paper proposes a novel Negative Sequence Current Injection (NSCI)-based
active protection scheme for islanded microgrids. The faulty section identification method based on the negative
sequence current increment between the pre-injection and current generation steady state conditions enables the
scheme to achieve an excellent High Impedance Fault (HIF) detection capability. The proposed NSCI control
algorithm maintains the phase angle of the negative sequence current fixed during injection progress, thus
providing a highly discriminative feature which facilitates the correct identification of the faulty section. As no
form of communication is required the proposed protection scheme can be very cost-effective and flexible in
practical applications. Following the detailed description of the principle of operation and the setting procedure,
a systematic simulation-based validation is undertaken considering a variety of influencing factors such as fault
type, resistance and position, as well as impact of load distribution under HIFs, and possible presence of Syn-
chronous Generators (SGs). The results show that the scheme has an excellent detection and discrimination
ability, especially during unbalanced faults, and is not affected by load distribution or behaviour of other sources,

including SG.

1. Introduction

With continually increasing proportion of renewables in the power
system generation mix, resulting from the internationally accepted zero-
carbon emission targets [1], the converter-interfaced Distributed Gen-
eration (DG) is playing an increasingly dominant role in the integration
of renewable energy sources into existing electricity systems. A micro-
grid, where the DG is widely applied, is an essential formation of the
power system as the penetration of renewables is growing towards 100
% according to some sources [2]. This change has brought many chal-
lenges to the existing protection methods.

As this is a known challenge, there are many methods in technical
literature which deal with protection issues in microgrids, including
both standard approaches and unconventional methods. The authors of
[3] and [4] use differential protection in distribution system, which can
be effective but typically is quite costly owing to the onerous commu-
nication requirements. In [5] and [6], traveling wave-based protection
methods are proposed to isolate the faulty section rapidly, however,
communication is still a challenge and sampling frequency needs to be
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carefully selected. A number of papers utilize an adaptive approach
where protection adjusts the relay settings according to network topol-
ogy [7] or fault level [8]. However, these methods usually require full
knowledge of the network in advance and/or heavy calculation during
operation [9], significantly increasing complexity of such schemes.
More recently, artificial intelligence-based protection methods are being
proposed to identify the HIF [10], however, a huge amount of data from
fault inception tests is required for training purposes, limiting the
accessibility in real-life application. As for other methods, a voltage-
based scheme is proposed in [11], and a total harmonic distortion-
based scheme is suggested in [12], however, these methods might not
solve the relay coordination issues.

A separate group of fault detection methods, termed typically as
active protection, has also been considered. In this approach the pro-
tective device is designed to recognize a specific distinct pattern or a
feature in the measured signal which is purposefully generated into the
network by an active source. As the inverter connected DGs are highly
controllable, they have a great potential to actively participate in the
fault detection and clearance process, which may offer notable
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advantages over the passive approaches. The converter interfaced DG
can act both as a current and voltage source and can also rapidly adjust
the behavior according to its control algorithm. Often, harmonic, inter-
harmonic or sub-harmonic frequencies are generated to distinguish the
signal from the fundamental frequency. For example, the authors in [13]
configured a differential protection scheme by injecting inter-
harmonics. Although interesting idea, it is still expensive for microgrid
applications due to communication requirements. In [14], the
researcher designed a non-communication scheme using the 5th-order
harmonics injection, but the injected signal is only used for fault
detection rather than faulty section identification. In [15], all DGs are
required to inject different kinds of high-order harmonics to isolate the
faulty section, which limits the practical application. In [16], synthetic
harmonics are used to protect microgrid, however, communication is
still necessary in this method. In [17], a traveling wave based active
protection method is built by injecting a current waveform. However,
the method is tested only under the network with each measurement
point over 30 km away from the injection point, thus it cannot be
applied for protecting shorter lines without increasing the bandwidth,
and therefore, the cost of hardware.

The work described in this paper can address at least two main
challenges: (1) Difficulty in relay coordination when operating in
islanded mode. The conventional overcurrent relay assumes that the
fault current will flow from a centralized generator to down-stream
sections. However, in an islanded microgrid with multiple sources, the
relay is likely to suffer from the non-deterministic direction of power
flow during faults, leading to protection coordination problems [18]; (2)
Cost of protective equipment. The application of advanced protective
techniques based on high frequency components or travelling waves can
be effective, but due to short line lengths in typical microgrids much
higher sampling rates are required to extract the desired fault current
features, which incurs higher cost [17].

To address these challenges, this paper proposes a Negative
Sequence Current Injection (NSCI)-based active protection scheme
capable of identifying and isolating the faulty section in an islanded
microgrid. The key novel aspect of the scheme consists in performing
active injection of the negative sequence current (from a dedicated
inverter connected source) which is combined with negative sequence
based faulty line selection. To the authors’ best knowledge, even though
many negative sequence-based protection methods have been developed
[19], all of which are passive methods and there are no published
methods which utilize active injection of negative sequence current for
protective purposes. With a single active source operating at system
frequency (at any location), the scheme enables a simple
communication-free time graded design (including backup) which has
excellent detection and discrimination capability demonstrated through
systematic simulation studies.

The remainder of this paper is organized as follows: Section 2 in-
troduces the operating principle of the proposed scheme. Section 3 de-
scribes the optimized process for establishing the protection settings.
Section 4 presents the simulation-based performance evaluation and the
comparative study of proposed scheme with other methods. Section 5
draws the key conclusions from the paper.

2. Operating principle of NSCI-based scheme
2.1. Protection scheme arrangement and operation

The proposed NSCI-based scheme is designed to operate in islanded
mode, which is considered most challenging from the protection
standpoint. In grid-connected mode, it is assumed that effective pro-
tection scheme can be implemented using more conventional passive
methods, and therefore, not considered in this paper.

The scheme requires that the selected buses of the protected micro-
grid are equipped with the purposefully designed relays which monitor
the local voltage and current and can control the circuit breakers of the
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lines connected to that bus. No communication between the relays is
required as all the required signals and data are available locally at each
bus or switchboard. This is illustrated using a simplified microgrid with
five selected buses presented in Fig. 1 with parameter settings in Table 1.
To fulfil the function of a source for active protection, one of the DGs, in
this case the Voltage Source Converter (VSC) at bus 3, is equipped with
dedicated control feature facilitating negative sequence current injec-
tion. To ensure overall stability, the grid-forming functionality for the
microgrid is provided by the VSC; at bus 1 which is voltage-controlled,
and the remaining VSCs at other buses are current-controlled. Each of
the VSCs has a rating of 10 MW. The circuit breakers (CBs) are installed
at the end of each line, and there are also loads (LDs) placed at each bus.

The main stages of operation of the NSCI-based protection scheme
are illustrated in Fig. 2. Initially, the presence of a fault is detected
independently by each relay either by the drop in positive sequence
voltage magnitude below 0.95pu, or the increase of negative-to-positive
sequence voltage ratio above 0.05pu. The comparison thresholds are
selected according to ANSI C84.1 standard [20] in order to detect un-
balanced faults, and to provide security against transient load switching
of up to 5 MW in a microgrid. Then, it is determined whether the fault is
balanced or unbalanced (“Fault type discrimination” in Fig. 2) by
comparing the maximum value of local negative sequence current
(Iomax) against a fixed threshold (Io) according to (1):

Ny o Vi

Dinax > Ty = 0.2Dyi, = 0.2 0 Bez

@

where Nj; is the minimum value of negative-to-positive sequence
voltage ratio when the fault is expected to be detected, i.e., 0.05 pu
(refer to fault detection logic in Fig. 2), Vi, is nominal line-to-line
voltage. The threshold is based on the value of minimum anticipated
negative sequence current (Ion;) during a solid unbalanced fault, thus
the lowest value of Iy, (the worst-case scenario) is achieved under the
highest possible line impedance in the fault loop (Zjemax) in the
microgrid. In the test network of Fig. 1, it is the impedance from bus 1 to
bus 5. As the total fault loop impedance can be further increased by fault
resistance (especially during HIFs), I,y includes additional 80 % sensi-
tivity margin (i.e. threshold set at 0.215,,;,) to ensure high resistive faults
can also be detected.

After fault type discrimination, a dedicated DG starts to inject the
negative sequence current, which is initiated by the relay connected at
the same bus. During the NSCI period the relay at each bus calculates the
Fault Direction Indicator (FDI) to identify whether the fault occurred on
the Left-Hand-Side (LHS) or Right-Hand-Side (RHS) from the relay.
Finally, after considering the tripping logic, the fault is isolated by
correct circuit breakers after a pre-set time delay.

Referring to the example in Fig. 1, where a fault occurs on line 4, the
presence of the fault is detected by all relays but the relay closest to the
active injection DG additionally initiates the NSCI process on the DG
controller. In this case REL3 initiates active injection on VSCs. This
process has two distinct stages: preparatory pre-injection stage, and
current generation stage.

During pre-injection stage, the relay at each bus captures the steady
state Negative Phase Sequence (NPS) current magnitude and phase
angle (evaluated by Fast Fourier Transform). This establishes a reference
point for measuring negative sequence current increment during the
current generation stage. At the same time, the active DG makes a choice
from two different control methods according to fault type discrimina-
tion. For balanced faults, angle control is disconnected in the NSCI
control algorithm since there is no stable negative sequence current
angle. For unbalanced faults, angle control is enabled. The reference for
the angle controller is derived from the current which points in the di-
rection of the fault. To select the correct current reference, the Current
Angle Selection (CAS) indicator (2) is used, which is defined as the angle
difference between one of the negative sequence currents (in this paper
the angle of the RHS current Oog, is used) and the bus negative
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Fig. 1. Microgrid topology.

Table 1

Parameters of the simplified microgrid model.
Simulation parameters Value
Nominal voltage 11 kv
Nominal frequency 50 Hz

10 MVA for each DG

0.242 + j2.42 Q for each DG

5 MW for the DG at bus 1, 2&4;

10 MW for the DG at bus 3

0.1 + jO.1 Q/km for each line

2.5 km for each line

5 MW for the load at each selected bus

DG rating
Filter impedance
DG reference power

Line impedance
Line length
Load power

sequence voltage Gaypre.
AaZ(C/\S) > ‘925’1"‘6 - 02‘/1"6‘ @

Both angles are measured during the pre-injection stage. The CAS
indicator defined in this way, enables correct identification of the fault
direction. From the sequence network analysis, it is established that for a
fault on the RHS the CAS indicator defined by (2) always has a value
above 90°. For any other fault on the LHS, the CAS indicator will be
below 90°. The reference angle selection logic is illustrated in the con-
verter controller algorithm in Fig. 5 (‘Angle control’ at the bottom left
corner).

The reference angle ensures that during the current generation stage,
injected current flows from the injection bus towards the faulty section
and creates the NPS current increment in the microgrid in the same
direction as the initial negative sequence fault current. The relay at each
bus evaluates the resultant negative sequence current increment be-
tween pre-injection stage and current generation stage based on (3).
Using this increment, the Fault Direction Indicator (FDI) is determined
depending on the type of fault (4). For balanced faults, the magnitude of
the current increment is used, while for unbalanced faults, the real part
of the increment phasor is utilized.

(balanced fault)
(unbalanced fault)

FDI = { ab )

R{AL}

The FDI identifies whether the monitored bus is inside or outside of
the Source-to-Fault Path (SFP), i.e., the zone between the injection bus
and the fault. Under normal operating condition of the microgrid, only
low level of negative sequence current, caused by the unbalanced gen-
eration and load, is expected, which is overlapped with the fault current
at pre-injection stage. However, this initial unbalance has negligible
influence on the proposed method as the protection philosophy is based
on the current increment, which is primarily affected by the injected
current from active DG.

Fig. 3 shows the two different relay operation modes depending on
whether the relay is at a non-injection or an injection bus. For any non-
injection bus (Fig. 3(a)), there are at least 2 CBs, one of which is ex-
pected to be pointing towards the injection bus while the others pointing
away from the injection bus, except for the bus at the end of a radial
system (e.g., bus 1 in Fig. 1) where only 1 CB is installed. If the measured
point (bus) is determined to be inside SFP (FDI > Al,y), the CB pointing
away from injection bus will trip but the CB pointing towards the in-
jection bus will be blocked. However, if the bus is determined to be
outside SFP (FDI < Aly), the CB facing the injection bus will be acti-
vated and the other CB will be blocked. For a relay at an injection bus
(Fig. 3(b)), faulty section identification method depends on the result of
fault type discrimination. Under balanced fault, if the current measuring
point is inside SFP, the CB on the same side as the measuring point will
trip; otherwise, the CB on the opposite side will trip. Under unbalanced
fault, the fault-side is the same as the side where current angle is selected
for NPS current injection, which is determined earlier by CAS indicator
(2), therefore, the CB on that side will trip.

To ensure proper faulty section discrimination and to provide backup
without the use of communications, all CBs are arranged in a time-
graded system. Table 2 shows the time delay settings for the CBs in
the microgrid shown in Fig. 1. For the CBs on the LHS of each bus, the
time delay increases from bus 2 to bus 4. For the CBs on the RHS of each

AL = Lgen — Lpre = AL2AG, 3 bus, the time delay increases from bus 4 to bus 1. The relay at bus 1
always trips the RHS CB as there is only one CB. In this way, the relays
are coordinated by a time-graded system and the CB with a longer time

Relay(s)
Fault | V; <095p.u. Fault CAS
occurred detected indicator
— 2 0 OR o Faulttype NSCI
A D zbth discrimination
B
. CB trips with Fault
FDI calcul . >,
caleulation fixed time delay isolated

Fig. 2. Fault isolation process.
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Faultis detected

Lypre is measured

Lypre is measured &
A8 (cas) is calculated

L5 gen is measured to
calculate: Al,

*

I gen is measured to
calculate:R{Al,}

Trip the CB pointing
away from injection bus

Trip the CB pointing
towards injection bus

End

(a) Relay operation at non-injection bus

I gen is measured to
calculate: AL,

ALy > Alyepsr)?

Yes Trip the CB Yes | Trip the CB at non-
at LHS FDI-measuring side
Trip the CB Trip the CB at FDI-
at RHS measuring side
End

(b) Relay operation at injection bus

Fig. 3. Relay operation logic following a fault at different buses.

Table 2
Relay time coordination for microgrid in Fig. 1.

Circuit breaker position Time delay setting (in Seconds)

Bus 1 Bus 2 Bus 3 Bus 4
LHS N/A 0.05 0.2 0.35
RHS 0.5 0.35 0.2 0.05

delay can provide backup for the CB with shorter time delay.

2.2. Negative sequence current injection (NSCI) control

The active current injection is the key element of the proposed
scheme. Fig. 4 demonstrates the variation of the positive and negative
sequence currents (with their reference values) within the converter of
the DG selected for active current injection. Initially, in normal opera-
tion, positive sequence current is produced by the converter to generate
balanced 3-phase power. When the fault occurs at 0.05 s, the positive
sequence current initially increases but as soon as the fault is detected by
the relay, the converter ramps down positive sequence current reference

to zero. The whole process takes approximately 20 ms. The fault
detection time delay around 3 ms results in a small peak during current
dynamics before ramping down. The following 40 ms after ramping
down is introduced as a waiting time to ensure fault current has reached
the steady state, and thus, enabling more accurate measurement of the
current phasor (this is pre-injection stage). Then converter injects
negative sequence current (generation stage) with trapezoidal magni-
tude envelope during the following 80 ms, which has the amplitude of
0.3p.u. and this amount of amplitude ensures that the injected current
increment can be observed by relay at each selected bus in the
microgrid.

Fig. 5 presents the block diagram of the NSCI control algorithm
which consists of four main parts: Ramp down current control, trapezoid
magnitude control, angle control and Polar to Cartesian transform.
Ramp down current control is used to reduce the positive sequence
current to zero. Positive sequence current reference is controlled by
power control under normal operation, which will be switched to ramp
down the current immediately after the fault is detected. The trapezoidal
shaping of the magnitude reference signal reduces dynamic oscillations
which can otherwise result from step changes in magnitude control. As

Postive sequence & negative sequence current dynamics
T T T T

600
—©S— I ref
"o
—H=— 12 ref
—p 4
< i
= NSCI start 7 = 7
3
100 |- - .y
ot ———%— ‘/ g
o
B
-100 Pre-injection stage ~ Current generation stage 7
| | 1 |
0 0.05 0.1 0.15 0.2 0.25

time (s)

Fig. 4. Current dynamics during NSCI progress.
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Fig. 5. NSCI control algorithm.

for angle control, the PI controller is disconnected under balanced faults
while connected under unbalanced faults to maintain the continuity of
the selected current angle during the NSCI injection as defined by (5).

(92g"8.f' - 93) (kl’ + ki/s)7

Orinj = { 0

where 6 is the injected current angle, o, is the selected current angle,
Oaref is the reference value measured from the steady state of 6y at pre-
injection stage. The angle controller has two switches, one switch en-
ables/disables PI angle controller based on the type of fault being
detected, and the other switch determines which current phasor angle to
take as a reference based on (2). Additionally, to ensure the correct
phase angle of the injected NPS current a Polar to Cartesian trans-
formation is used, which will convert the Polar axis components into
Cartesian axis components to provide negative sequence current refer-
ences for converter’s inner current control based on (6) and (7):

(I > L)

(I, < L) ®

(6)

Linres = DLy ® c05(62:7)

7

For any unbalanced fault, the angle reference is a4, Which is the
angle of the measured NPS current before the injection starts (unwrap-
ped angle of 6, frozen in memory by the Sample & Hold component,
triggered by I»,,). For a three-phase balanced fault the angle is set to zero
as there is no negative sequence current before the injection starts. The
relay operating logic externally controls the position of the logical
switches of the DG NSCI controller (indicated by red boxes in Fig. 5).
This also includes positive sequence component control which is ramped
down to zero after a fault is detected.

Lpres = boinj ® 5in(02in)

3. Evaluation of protection settings
This section explores the current response characteristics during

active injection using sequence network analysis, in order to achieve
best compromise protection settings for the proposed scheme.

3.1. Current variation characteristic

The measured current at different points in the network is affected by
many factors such as the fault type, measuring point location, injected

current magnitude and phase, and even the distribution of load
impedance. In this paper, the current flow at each measured point
during NSCI progress is analyzed using the equivalent circuit as shown
in Fig. 6 where Z, represents the equivalent fault impedance seen
from the terminals of the negative sequence network, which under
three-phase balanced fault condition is equal to the fault resistance, i.e.,
Zf(eq) = Ry. Under phase-to-phase fault and two-phase to earth fault,
Zf(eq) > Ry due to the series connected impedances in positive and
negative sequence networks. Under single phase-to-earth fault,
Zs(eq) > 3Ry, since the positive, negative and zero sequence networks are
connected in series together, the current flowing through the measured
point is lower due to large Zq).

As an incremental model is used (applying superposition theorem), it
is assumed that there are no other sources in the network producing
negative sequence current increment at the same time as the active
NSCI. Each measured point divides the whole network into two parts
with different load impedances. The impedance Z,, is the total equiva-
lent load impedance of the microgrid section which does not include the
injection bus, and Z, is the total equivalent load impedance of the
microgrid section which includes the injection bus. The phasor Al is the
increment between the pre-injection and current generation stages. The
solid red line represents the main path where the majority of injected
NPS current is flowing from the dedicated DG towards the fault. At the
same time, the injected NPS current also flows through the parallel
connected impedances of the loads, i.e., Z, and Z,, as shown by the
dashed red lines. Al is the current magnitude variation for a

AIz(out)
I i ——
2pre ?‘_ ==
I i
]
Zn| || ZfCe}
v i
v
\ A
Y Y Y
decrease  increase decrease

Fig. 6. Equivalent circuit of a microgrid at the current generation stage.
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measured point located inside SFP, and Al (o is the current magnitude
variation for a measured point located outside SFP. At each measured
point, the magnitude variation can be approximated using the current
divider principle. The conditions of inside and outside SFP are presented
in (8) and (9) respectively. Theoretically, with Z . tending to infinitely,
the fault ‘disappears’ from the circuit and both magnitudes converge to
the same value C as defined by (10). As can be seen, the common
convergence value C is only related to the injected current magnitude
(I2inj) and the load impedance distribution (Z,, and Z,) in the microgrid.

Z,

Abyiny = by ® ——— ¥
" ZulZye + 22
A
Al o) = boinj ® - — )
o 2] Zy + ZWHZf(ElI)
lim Al lim Al I Zn o (10)
— =L, e —=
Rfl—';noo 2(in) R/li/neo 2(out) 2inj Zm + Zn

Fig. 7(a) and 7(b) demonstrate the relay tripping logic for balanced
fault at a specific bus with the threshold Al sr). FDI is always a positive
number, and the current increment is equal to the measured current at
current generation stage since the negative sequence current at pre-
injection stage is zero (I = 0). The measured point will be discrimi-
nated as inside SFP when AI, > Al gp), or outside SFP otherwise. This
further determines the tripping of local circuit breakers (LHS or RHS)
according to relay operation logic in Fig. 3. Fig. 7(c) and 7(d) show the
relay tripping logic for unbalanced fault at a non-injection bus with the
threshold AL ur). In this case the real part of the phasor increment is
used which can be either positive or negative. The measured point is
discriminated as inside SFP if M{AL} > ALnwr and outside SFP
otherwise. The relay operation is determined by the logic shown in Fig. 3
(a). It should be noted that, by design, the DG controller injects the
negative sequence current that is aligned in phase with the angle of the
measured fault current during the pre-injection stage. Therefore, it is
expected that the phase angle of the current increment, i.e., the current

I'm 15ide SFP
AlL> Alyensry

Outside SFP
Al < Alypesr)
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angle difference between pre-injection and current generation stages,
can only be either close to 0’ (measurement inside SFP) or close to 180"
(measurement outside SFP). As all phasor increments in the microgrid
are expected to be nearly in parallel with the real-axis, it is most
appropriate to use the real part of the current increment as a guiding
quantity which provides the best directional discrimination.

3.2. Protection setting design

The protection settings under balanced and unbalanced faults need
to be looked at differently due to different negative sequence current
variation characteristics. To graphically illustrate the adopted protec-
tion setting approach, Fig. 8 demonstrates the theoretical variation
curve of FDI with respect to fault impedance together with the designed
thresholds at one measurement point (bus 2 RHS) in the microgrid in
Fig. 1. The curves are charted from the mathematical Egs. (8), (9) and
(10). Under balanced fault, FDI is always positive for the measured
points located both inside and outside of SFP. The margin between the
conditions of inside and outside SFP is decreasing with the increase of
fault impedance since both curves are converging to the common
convergence value C. Therefore, the FDI threshold is C as calculated by
(10) for each bus. Under unbalanced fault, with the increase of fault
impedance, the value of FDI will be positive and converge to ‘C’ when
inside SFP while will be negative and converge to ‘ —C’ when outside
SFP. Therefore, there will always be a large margin between the two
conditions to identify the fault direction and the FDI threshold is chosen
at 0.2C.

The choice of 0.2C needs further clarification. As the value of C is
dependent on load impedance which changes in real time and cannot be
accurately pre-determined in most practical cases, the calculation of C is
performed under the assumption that the load power is evenly distrib-
uted among all buses in the microgrid. However, with the load variation
in real life, the actual convergence value can be higher or lower than the
one obtained using the assumed load distribution in the microgrid,
making HIF protection less effective. To compensate for this simplifying

Im p6ide SFP
AlL> Alyensry

Outside SFP
Al < Alynry

A Y

]den \\
A/I's y Re
7, 2(out))

7
> _ -7 AbLnsr)

(a) Balanced fault (inside SFP)

t

I
Outside SFP : Inside SFP
R{ALL} < Alenur) :ER{AIZ} > Alpury

lden

1
1
/
7
4

7
_ -7 ALtnr)

(b) Balanced fault (outside SFP)

Im

1
Outside SFP : Inside SFP
R{ALL} < Alyenur) :ER{AIZ} > ALnur)

| ~ ~ lden V\A\IZ(nut):
o AlzGin) Re & Re
1 T
IZpre 1 lZpre 1
1 1
Alenry Alyenwry

(c) Unbalanced fault (inside SFP)

(d) Unbalanced fault (outside SFP)

Fig. 7. Relay tripping logic at a specific bus under the conditions of inside and outside SFP for balanced and unbalanced faults.
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Fig. 8. Theoretical curve and threshold of FDI.

assumption and ensure correct operation under different loading con-
ditions in practice, a sensitivity margin of 80 % is assumed. Setting
threshold at 0.2C for unbalanced fault can cope with potentially severe
load variation which affects the common convergence value. Table 3
summarizes the operations and protection settings under different fault
types and buses. For the injection bus the earlier established CAS indi-
cator threshold of 90° is used. The effectiveness of this setting, especially
for discrimination under unbalanced faults, will be verified in section 4
through detailed simulation results.

4. Simulation based performance evaluation

The validation test of NSCI-based protection scheme is performed on
the islanded microgrid in Fig. 1 with the proposed protection settings
applied. Several factors which can influence the scheme response have
been considered, including fault type, fault position, fault resistance,
and the impact of an additional Synchronous Generator (SG) of varying
size. Additionally, to confirm the validity of the assumption about even
distribution of loads (made in setting calculation), a few alternative load
distributions have been considered both in terms of real power and
power factor.

4.1. Assessing the effectiveness of HIF detection

The impact of load distribution on the effectiveness of detecting

Table 3
Summary of operations and protection settings.

Fault type Balanced fault Unbalanced fault

Fault type discrimination I < by I > Iy

method

Injection method Angle control Angle control

disconnected connected
Non-injection Inside SFP AL, >C R{AL} > 0.2C
bus Outside A, <C M{AL} < 0.2C
SFP
Injection bus Inside SFP AL, >C Abycas) > 907
Outside AL, < C Abacasy < 90

SFP
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faults is investigated first, using the test cases 1-5 as defined in Table 4.
Case 1 serves as a reference, as it reflects the even load distribution
assumed for the calculation of settings (i.e., 5 MVA connected at each
bus and operating at unity power factor). To analyze the impact of the
demand distribution in the microgrid, the loads nearest to the injection
are selected as they are most likely to impact on the protection operation
(i.e., loads 3 and 4). The uneven distribution of real power (cases 2 and
3) and power factor (cases 4 and 5) are both included in the test. Under
each case a series of fault conditions is considered including different
fault types and fault positions in the microgrid. Each simulation is
repeated with fault resistance gradually increasing until the scheme
stops operating so that the value of maximum detectable fault resistance
(Rfmax) can be established.

The results for all 5 cases are summarized in Table 5. The highest
value around 18.8Q occurs under balanced fault and the lowest value
around 3.8Q occurs under single phase to earth fault. This is consistent
with the sequence network analysis in section 3.1 as the larger equiva-
lent fault impedance in negative sequence circuit is always expected
under unbalanced faults which leads to lower fault current, making the
fault more difficult to detect. It should be noted that the results confirm
that load active and reactive power variation do not have significant
influence on the fault detection ability of the scheme. This verifies the
assumptions made during the settings calculation relating to load dis-
tribution and scheme sensitivity margin. Additionally, it can be
observed that in terms of fault location line 1 has the smallest value of
Rfnax compared to other lines under the same fault type. Since line 1 is
nearest to the voltage-controlled VSC; (strongest source in the micro-
grid), the undervoltage based fault detector is somewhat less effective.
However, this effect does not have a major impact on the HIF detection
ability of the scheme.

4.2. Performance of the fault direction indicator (FDI)

Assuming the fault has been detected, the correct determination of
the fault direction is the second crucial element of the successful fault
isolation. This aspect can be particularly challenging during resistive
faults. The FDI calculated by each relay during the NPS current gener-
ation stage determines the fault direction according to the thresholds
presented in Table 3. To better appreciate the impact of various factors
on FDI the results in the following subsections are presented graphically.
The Figs. 9 to 11 present values of FDI against the setting thresholds
(dashed lines) with fault resistance increasing in 1€Q steps. The last point
is plotted at the value of Rfyq, as determined in Table 5.

4.2.1. Impact of fault type and position

The impact of fault type and faulty section on FDI is evaluated at a
specific measured position, i.e, bus 4 LHS, which is presented in Fig. 9. It
can be seen that under various test conditions, the maximum detected
fault resistance Rynqy is different, which is determined by the utilized
fault detection method (Fig. 2).

Table 4
Load power setting of different test cases.

Case n. Load
o.

Load 3 Load 4 Load 1,2 &5

S Power S Power S Power
(MVA) factor (MVA) factor (MVA) factor

1 5 1 5 1 5 1
2 1 1 1 5 1
3 1 1 9 1 5 1
4 5 0.6 5 1 5 1
5 5 1 5 0.6 5 1
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Table 5
Maximum detectable fault resistance (in Q).
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Case n.o. Fault type & section
Balanced fault Phase B to earth fault Phase B & C to earth fault Phase B to C fault
Line 1 Line 2 Line 3 Line 4 Line 1 Line 2 Line 3 Line 4 Line 1 Line 2 Line 3 Line 4 Line 1 Line 2 Line 3 Line 4
1 13.1 15.5 17.2 16.7 3.9 5.9 6.6 6.2 8.0 8.9 10.2 9.8 9.0 11.9 13.1 12.4
2 13.4 15.6 17.4 17.0 3.9 5.9 6.7 6.3 8.1 9.3 10.4 10.0 9.0 11.9 13.2 12.6
3 12.8 15.3 17.0 16.3 3.9 5.9 6.6 6.0 7.8 9.1 10.1 9.6 9.0 11.9 13.0 12.2
4 12.6 16.9 18.8 18.2 3.8 5.7 6.5 6.0 8.1 10.2 11.5 10.9 8.9 11.8 13.0 12.3
5 12.6 16.8 18.5 17.8 3.8 5.7 6.5 6.0 8.1 10.1 11.1 10.6 9.0 11.9 13.0 12.3
) Table 4. In all scenarios the fault is applied in line 3. The FDIs of
; . Bus 4.|eﬁ'han?'s'de . . . measured points located at bus 3 RHS (inside SFP) and bus 4 LHS
— — — Balanced faultthreshold (C) (outside SFP) are used for analysis. The results are presented in Fig. 10
250 ° ggg?:g:; f::;fr:tlf:;efm'd 020 4 which is divided into part (a) balanced faults, and (b) unbalanced faults.
A Balanced faultin line 2 Under balanced faults, as can be seen from Fig. 10(a), the identifi-
o Dalancediaulinine cation of fault direction can be challenging especially with fault resis-
200 ;- A B-Efaultinline2 T tance above 10Q. For example, in Case 2, the FDI at bus 3 RHS reaches
. - 2 S(:Ef;a:ﬂtl':l::]: 14 the threshold C at Ry = 17Q, leaving no margin for direction discrimi-
%ﬁ u A % BCfaultinline2 nation. Similarly, in Case 3, the FDI at bus 4 LHS reaches the threshold at
%0 ;l bl " " oa ", © BCfaultinined ] Ry ~ 13 Q. This issue is the direct effect of uneven active power distri-
On o R "mg " amog bution which has a in impact on the convergence value C (due to
2 100l 00 oag SR I ) changing load resistance distribution).
O e e e e e Rttt By Under unbalanced faults, as in Fig. 10(b), although the FDI at bus 3
T a8 AA RHS (inside SFP) is affected by the load distribution in a similar manner
50l e ® ' B | to the balanced fault, the FDI values do not come close the threshold
P which is now set to 0.2C. This setting is possible because the FDI at bus 4
_f_. _________________________________________________________ LHS (outside SFP) is always negative. Therefore, it can be concluded that
0" J under all unbalanced faults, the fault direction identification is not
influenced by active power variation at all due to the intrinsically large
b FDI margin. This verifies that under unbalanced faults, the proposed
-50 _@}@ & 1 protection method is highly discriminative (including HIFs) and is not
@Qi@ A g & %6 6 6 6 % » affected by active power variation of the loads in the microgrid.
1 Regarding the power factor variation (cases 4 and 5), only a very
-100 1 1 L ! . L - - minor impact on the FDI can be observed in Fig. 10, for both balanced

0 2 4 6 8 10
fault resistance (Ohm)

12

Fig. 9. Impact of fault type & faulty section on FDI (Case 1 condition).

The discrimination margin is the difference between the FDI values
for inside SFP and outside SFP measurements. The wider the margin the
more effective and reliable the threshold-based discrimination can be. In
Fig. 9 it can be seen that under balanced faults, the discrimination
margin is getting narrower, as the FDI values are converging towards the
value of C as fault resistance increases. This is both for inside SFP
measurement (fault on line 4), and outside SFP (i.e., fault on line 1 or 2).
Under unbalanced faults, when measured point is inside SFP (fault on
line 4), the FDI values are lower compared to balanced fault condition
due to the larger Zq) as shown in Fig. 6, but still remain above the value
of C. However, when measured point is outside SFP (fault in line 1, 2) the
FDI is negative and tends towards —C which preserved great discrimi-
nation margin regardless of the fault resistance. Therefore, fault direc-
tion can be identified by FDI correctly under all fault conditions and
with resistances up to the HIF sensitivity margin. It should be noted that
unbalanced faults always have wider discrimination margin.

4.2.2. Impact of load distribution and power factor

Compared with the fault event which does not impact the property
(the C) of a microgrid under normal condition, the load power swing has
a significant influence on the value of C due to the modification of load
impedance distribution in microgrid. The impact of load active power
and power factor on the FDI is assessed using the 5 cases as defined in

and unbalanced faults.

4.3. Impact of Synchronous Generator (SG)

Considering that a microgrid may contain a Synchronous Generator
(SG) in the mix, this section evaluates the potential impact of such SG on
the proposed method and evaluates the maximum acceptable SG ca-
pacity in the microgrid from the correct protection operation standpoint.
In this test, VSC; is replaced by an SG with varying capacity. The load
power distribution is the same as in case 1 (Table 4).

As in the previous section, the impact is assessed by monitoring the
values of FDI under a variety of scenarios with increasing fault resis-
tance. The results are presented in Fig. 11. The fault is assumed to be on
line 3 with measured points of bus 3 RHS (inside SFP) and bus 4 LHS
(outside SFP) chosen for analysis. Due to its typically low internal
impedance, the SG can draw a large proportion of the current from the
active injection point, thus influencing the detection capability of the
scheme. The convergence value C is also decreased with the increase of
SG capacity, making HIF protection less effective especially for balanced
faults with resistances above 4Q. Under unbalanced faults, although the
convergence value is lower as a result of SG connection and the
discrimination margin is narrower, the threshold setting of 0.2C still
allows for clear distinction between the conditions of inside and outside
SFP, as long as the fault can be initially detected. Therefore, it can be
concluded that the proposed method can operate in the presence of SG
effectively with the performance being only affected during high
impedance balance faults above 4Q. The result validates that the correct
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Fig. 10. Impact of load power distribution on FDI (Fault in line 3).

fault direction identification can be maintained under unbalanced faults
with SG capacities up to 30 MW, i.e., 1.2 times the total load power of
the test microgrid, which should cover most practical situations of
islanded microgrids.

4.4. Comparative study of the proposed method

The comparative study of the proposed scheme with other microgrid
protection methods has been demonstrated in Table 6. It can be
observed that the advantages of proposed method are cost-effective,
flexible to implement and reliable under the load disturbance, since
only one active DG is required in this scheme without any location
limitation or communication requirement and the protection setting
strategy has ensured a large sensitivity margin. Although the maximum
detectable fault resistance of the proposed method could be lower than
few differential protection and artificial intelligence-based protection
methods as in [10] and [22], the excellent performance of proposed
method under HIF is still notable among existing protection methods for

microgrids. Furthermore, the scheme includes inherent backup func-
tionality through time graded tripping logic, which is not provided by
many other protection methods.

There are two limitations for the proposed scheme. Firstly, the
voltage component-based fault detection method might work incor-
rectly under the severe single-phase load disturbance when a huge
negative sequence voltage/current is generated, besides, the highly
resistive fault becomes hard to be observed when it comes to the large-
scale network, thus improving the fault detection method can be the
further work especially in the large system, like using signal processing-
based or Al-based methods to detect the fault. Secondly, the time delay
due to the active current injection progress, i.e., the waiting time of
current dynamics at pre-injection and current generation stages as
shown in Fig. 4, makes the proposed method own a longer operating
time, which can be a potential weakness when compared with
communication-based methods such as differential protection, traveling
wave-based protection and so on. However, the scheme is more
economical in practical microgrid applications without communication
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Fig. 11. Impact of SG capacity on FDI (Fault in line 3).
Table 6 balanced loading condition and the system parameters are included in
able

Comparison of the proposed scheme with other protection methods.

Disadvantages of
proposed method

Methods for
comparison

Advantages of proposed method

Overcurrent N/A

protection [21]

e Convenient power flow analysis
by using the NPS component-
based circuit.

e Less sensitive to loading

condition.
Differential protection =~ Without communication, cost- Slow operation
[4,22] effective Weak HIF detection

capability
Without communication, cost- Slow operation
effective
e Simple in operation
o Less calculation algorithm
Simple in operation

Traveling wave-based
protection [5,6]

Adaptive protection
[71

Artificial intelligence-
based protection
[10]

Harmonic injection-
based active
protection [15,16]

Slow operation

Weak HIF detection
capability

Flexible to use with only one N/A
active DG, without the
limitation of installation
location.

More compatible with power
system

Large sensitivity margin

Harmonics contents- Slow operation
based protection

[12]

requirement, while still preserving excellent discrimination. Thereby,
the proposed method can be particularly suited to smaller scale micro-
grids where overall cost can become a barrier.

4.5. Implementation in a large network

To validate the operation of the proposed method in a larger
network, the scheme is implemented in the modified IEEE 13-bus system
with additional DGs as shown in Fig. 12. The network is operated in a

10

Table 7. The VSCg is voltage-controlled and the remaining VSCs at other
buses are current-controlled. The VSCg is the dedicated active DG for
NSCI during the fault. The FDIs at the measured point of bus 3 (on the
side of line 9) are used for analysis when balanced and unbalanced faults
occur on line 3, 9 and 11, and the test results are summarized in Fig. 13
with increasing fault resistance values. When the measured point is in-
side SFP (Fault in line 3), the FDIs are always above the threshold
(marked in red), providing the fault remains within the high impedance
detection limit. When the measured point is outside SFP (Fault in line 9
& 11), the FDIs are always below the C for balanced faults, and lower
than 0.2C under unbalanced faults. Therefore, the proposed protection
strategy is shown to work effectively in a larger network such as the IEEE
13-bus system.

In the large-scale network with complicated topology and high
number of buses, the NSCI method may fail to detect the fault, and
therefore, may not trigger the dedicated active DG. Moreover, the ca-
pacity of one dedicated VSC might not be sufficient to ensure the flow of
injected current into the entire system, thus the relays located at the far
end of some branches may not be able to capture the current increment.

However, with careful design, it should be possible to implement the
proposed method in a complex network, using one of the two suggested
approaches:

o Splitting the network into a few zones and including the active DG
for injection in each zone. In this way, the fault current becomes
more obvious in the small zone and the fault can be detected by the
relay at injection bus (active DG can be triggered).

e In the cases where discrimination is not required for all individual
lines, a possible solution is to consider several buses (e.g. at the
remote part of the microgrid) as a group, dedicating one selected
relay to protect this group of buses instead of protecting each line. In
this way, the grouped buses/loads can draw sufficient amount of
injected current from active DG and the scheme can still operate
effectively.
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Fig. 12. Modified IEEE 13-bus system [23].
e The operation of the scheme is determined by the clearly defined
Table 7 . active response of a single converter in the microgrid, and therefore,
Parameters of the modified IEEE 13-bus system. . X
does not depend on the behavior or other inverter connected sources
Simulation Value which can vary in design, fault response and dynamic behavior.
parameters o The scheme can be cost effective as only fundamental frequency
Nominal voltage 11 kv signals (phasors) are used, and no communication between the relays
Nominal frequency 50 Hz is required
e The scheme only requires one dedicated DG to inject current without
DG rating 10 MVA for each DG location constraint. This enhances the flexibility of the proposed

Filter impedance
DG reference power

0.242 + j2.42 Q for each DG
9 MW at bus 2; 9 MW at bus 3; 6 MW at bus 8; 8 MW at bus 9

Line impedance
Line length

0.1 + j0.1 Q/km for each line
1 km for each line

Load power 2.5 MW at bus 1; 4 MW at bus 2; 3 MW at bus 3; 4 MW at bus
4

3 MW at bus 5; 6 MW at bus 6; 3 MW at bus 7; 4 MW at bus 8;
2.5 MW at bus 9; 3 MW at bus 10; 2 MW at bus 11; 2 MW at
bus 12;

1 MW at bus 13;

5. Conclusion

This paper proposes a novel NSCI-based active protection scheme for
an islanded microgrid. The theoretical foundations and the principle of
operation of the scheme are explained, including fault detection, fault
type discrimination, current angle selection indicator measurement,
NSCI control algorithm, fault direction indicator measurement, and the
time-graded coordination of the relays which facilitates backup. The
rationale for the best compromise protection settings is also developed
based on the sequence network analysis during the active injection
progress. The simulation-based performance evaluation validates the
reliable behavior of the proposed method under a variety of influencing
factors such as the fault type, faulty section, load power distribution and
power factor, as well as potential presence of SG.

The key advantages for the scheme over passive schemes can be
summarized as follows:

11

method in practical applications.

The scheme has a strong capability to detect and discriminate during

high impedance faults. This is particularly evident during unbal-

anced faults which form a vast majority of all faults in there-phase
systems.

e Due to the use of incremental value measurement and detection, the
scheme maintains high performance under changing network
loading conditions.

e The scheme can cope with the presence of a synchronous generator
and other inverter connected sources.

e The time-graded coordination of the relays facilitates protection
backup.

e The active injection method is implemented using a relatively minor
modification to the existing current control of the converter, which
enables one of the DGs to operate temporarily as a negative sequence
current source with controllable amplitude and phase angle.

The above advantages make the proposed solution a very attractive
candidate when it comes to protecting a converter-dominated islanded
microgrid. Further validation of the scheme will be performed using
Hardware-in-the-loop (HiL) setup in a real-time laboratory
environment.
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Fig. 13. Implementation in the modified IEEE 13-bus system.
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