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Abstract: The integration of distributed generation (DG) into a distribution network changes the
network’s topology. Three-stage current protection for a radial distribution network cannot meet
the requirements of relay protection for a distribution network with DG. A directional relay that is
based on the positive sequence fault component (PSFC) can effectively identify faults in the positive
and negative directions and can be used to solve the adaptability problem with three-stage current
protection in a multi-source distribution network. However, DG and the traditional generators
have different fault characteristics and are affected by different control strategies, which may lower
the sensitivity of a directional relay based on the PSFC or even cause mal-operation. Focusing on
this problem, this paper proposes an improved directional relay that is adapted to a distribution
network with inverter-interfaced generation (IIG) integration. The improved scheme divides the
operation zone of the directional relay based on the PSFC into sensitive and insensitive areas. If the
result of a phase comparison is located in the insensitive area, further identification is needed
according to a comparison of the current amplitudes. Simulation experiments are carried out based
on PSCAD/EMTDC, and their results verify the correctness of the proposed scheme.

Keywords: inverter-interfaced generation; positive sequence fault component; directional relay

1. Introduction

In recent years, with the development of distributed generation (DG) technology, DGs have
become widely used in the distribution network. However, the integration of DGs into a distribution
network changes the network’s topology from single-ended to double-ended or multi-ended.
Therefore, the three-stage overcurrent protection, which is applied to the single-ended network,
is not suitable for such scenarios [1–6].

To solve this problem, the traditional directional overcurrent protection (DOP), which utilizes
the phase relationship between the voltage and the current to identify the direction of a fault,
is proposed [7–13]. Reference [7] utilizes time-current characteristic curve (TCC) to improve the
coordination of the overcurrent relay, but it still uses the traditional directional overcurrent protection
to identify the fault direction. A DOP based on the cascade forward neural network (CFNN) is
proposed in [8], however, the fault current characteristics of DGs are very complicated, if a fault has
not been included in the training situations, the reliability of the relay may be affected. A DOP scheme
based on the phase difference of the positive sequence component of the pre-fault and post-fault
current is proposed in [9]. An adaptive DOP criterion by calculating the equivalent voltage and
impedance is proposed in [10]. In addition, pilot protection based on the traditional DOP is proposed
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in [11,12]. Unfortunately, [9–12] do not consider the low-voltage ride through (LVRT) requirement of
DGs. The traditional DOP may mal-operate in the cases of a wind farm increasing the reactive power
output [13]. Reference [13] uses a load encroachment function as a solution, but the function does not
consider the effect of high transition resistance. To summarize, problems with directional overcurrent
protection may arise in the following two situations:

• A high-impedance ground fault, which may result in difficulties with identifying the direction of
the fault;

• A change in the reactive power output of inverter-interfaced generators (IIGs), which may cause
the mal-operation of the traditional directional overcurrent relay.

To improve the traditional directional overcurrent protection, the directional relay based on
the positive sequence fault component (PSFC) has been widely used due to its ability to withstand
transition resistance [14].

However, the fault characteristics of DGs are affected by the control strategies, which are different
from conventional generators. The directional relay based on the PSFC is not suitable for the distribution
network with IIG integration. In [15], the influence of IIGs on the directional relay based on the PSFC
was analyzed. The authors pointed out that the phase angle of the equivalent positive sequence abrupt
impedance (PSAI) of the IIG will vary from 0 to 180◦, which may lower the sensitivity of the directional
relay—or even cause its mal-operation. Unfortunately, no effective solution has been proposed yet.

In view of the low sensitivity or mal-operation of the directional relay based on the PSFC for a
distribution network with IIGs, this paper proposes an improved directional relay. Compared with the
directional relay based on the PSFC, two improvements are proposed in this paper:

• The operation zone is divided into a sensitive area and an insensitive area;
• An auxiliary criterion based on current amplitude comparison is added. If the result of the phase

comparison is located in the insensitive area, then direction of the fault is further determined
according to the result of the current amplitudes comparison.

This paper is organized as follows: the principle of the directional relay based on the PSFC and its
adaptability in the distribution network with IIG integration is studied in Section 2. An improved
directional relay based on an operation zone partition and a current amplitude comparison is proposed
in Section 3. In Section 4, the correctness of the improved directional relay is verified by simulation.
Section 5 concludes the paper.

2. The Principle of the Directional Relay Based on the PSFC and Its Adaptability

2.1. The Principle of the Directional Relay Based on the PSFC

The directional relay based on the PSFC identifies the direction of the fault according to the phase
relationship between the fault voltage and current at the relay location [16].

Figure 1 shows the positive sequence fault additional network of a conventional double-ended
power system. Supposing that an internal fault occurs and the IIG connects to the N-side, we take the
N-side relay as an example.
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Figure 1. The traditional double-ended power system: (a) a diagram of the traditional double-ended
power system; (b) the positive sequence fault additional network.
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The measured impedance of the N-side relay is:

∆
.

Un1

∆
.
In1

=

.
Un1 −

.
Un|0|

.
In1 −

.
In|0|

= −Zn (1)

where ∆
.

Un1,
.

Un1,
.

Un|0| are the fault components of the positive sequence voltage , the post-fault positive
sequence voltage, and the pre-fault positive sequence voltage, respectively; ∆

.
In1,

.
In1,

.
In|0| are the fault

components of the positive sequence current, the post-fault positive sequence current, and the pre-fault
positive sequence current, respectively; and Zn is the equivalent impedance of the N-side system.
Ignoring its resistance, the PSFC’s impedance angle at the N-side θn1 is:

θn1 = arg(
∆

.
Un1

∆
.
In1

) = −90◦ (2)

It can be seen from Equation (2) that the maximum sensitivity angle of the directional relay based
on the PSFC is −90◦. Considering a certain margin, the criterion for identifying the positive direction
of the relay is:

− 180◦ < θn1 < 0◦ (3)

2.2. Control Strategy and Fault Characteristics of the IIG

The vector decoupling control method is usually adopted in IIGs, which generally directs the
grid’s positive sequence voltage to the d-axis. The output power equation of the IIG is:{

P = udid + uqiq = Uid
Q = uqid − udiq = −Uiq

(4)

where the subscripts d and q represent the d-axis and q-axis component, respectively; and U is the
positive sequence voltage at the point of common coupling (PCC). Figure 2 shows a diagram of the
vector decoupling control method.
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Under normal circumstances, the IIG operates under a unit power factor, and adopts the double
loop control strategy with an outer voltage loop and an inner current loop [17].

In the case of a fault, the IIG should possess a low-voltage ride through (LVRT) capability in order
to meet the reactive power support requirements of the system. The reference values of the d-axis and
q-axis currents idre f and iqre f are shown in Equation (5):
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
idre f = min

{
P
U ,

√
imax2 − i2qre f

}
iqre f =


0, U > 0.9
1.5(0.9−U), 0.2 ≤ U ≤ 0.9
imax, U < 0.2

(5)

where imax is the inverter’s maximum output current. The fault current provided by the IIG is influenced
by the voltage sag and the control strategy, which is different from that used in a synchronous generator.

2.3. The Effect of IIG Fault Characteristics on the Directional Relay

Since the structure and the control method in IIGs are different from those of conventional
synchronous generators, the fault characteristics are very complicated, which greatly affects the
reliability of the conventional directional relay’s operation. Given that the grid-connected inverter
of IIGs are nonlinear and the superposition principle cannot be used, it is necessary to define the
equivalent positive-sequence abrupt impedance (PSAI) of the IIG (i.e., ∆Z1) as shown in Equation (6):

∆Z1 =

.
U1 −

.
U|0|

−

( .
I1 −

.
I|0|

) (6)

where
.

U1,
.

U|0| are the post-fault positive sequence voltage and the pre-fault positive sequence voltage
at the outlet of the IIG, respectively; and

.
I1,

.
I|0| are the post-fault positive sequence current and the

pre-fault positive sequence current at the outlet of the IIG, respectively. The positive direction is from
the busbar to the line, as shown in Figure 3.
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Figure 3. Topology of an inverter-interfaced generator (IIG).

Taking an internal fault as an example, when combined with Equation (2), the relationship between
θn1 and ∆Z1 is shown in Equation (7):

θn1 = arg(∆Z1) − 180◦ (7)

If the system is powered by a conventional double-ended source, ∆Z1 is equal to the equivalent
impedance of the backside system. If the phase angle of ∆Z1 is 90◦, according to Equation (7), the PSFC
that is calculated from the relay location has an impedance angle of −90◦ at the maximum sensitivity
angle. However, the fault characteristics of the IIG are affected by the control strategy—unlike
conventional sources. The equivalent PSAI phase angle of the IIG may range between 0 and 180◦.
Under certain circumstances, θn1 may be very close to the boundary between the positive and
negative operation zones, which may lower the sensitivity of the directional relay—or even cause
mal-operation [15,16]. As a result, the phase angle of the equivalent PSAI is no longer 90◦, and the
performance of the directional relay based on the PSFC may be affected.
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In the case of an asymmetric fault, the IIG usually adopts the control strategy of restraining the
negative sequence current. The reference values of the active power Pre f and the reactive power Qre f
are shown in Equation (8): {

Pre f = udidre f
Qre f = −udiqre f

(8)

By using Park’s Transformation, the positive sequence fault current (
.
I1ϕ) at the outlet of the IIG

can be expressed by the reference values of the d-axis current idre f and the q-axis current iqre f , as shown
in Equations (9) and (10):  I1m =

∣∣∣idre f + jiqre f
∣∣∣

θ1i = arctan(
iqre f
idre f

)
(9)

.
I1ϕ =

I1m
√

2
ej(θ1i+θϕ) (10)

In Equation (10), the subscript ϕ can represent phase A, phase B, or phase C (θa = 0◦, θb = −120◦,
or θc = 120◦). Similar to Equations (9) and (10), the positive sequence fault voltage (

.
U1ϕ) at the outlet

of the IIG is shown in Equations (11) and (12). U1m =
∣∣∣ud + juq

∣∣∣ = |ud| = k1

θ1u = arctan(
uq
ud
) = 0◦

(11)

.
U1ϕ =

U1m
√

2
ej(θ1u+θϕ) (12)

In Equation (11), k1 is the drop coefficient of the positive sequence voltage; and uq is equal to zero
because the positive sequence voltage is directed to the d-axis.

In the case of normal conditions, the IIG generally works under a unit power factor. Considering
the abrupt phase angle of the positive sequence voltage, the pre-fault current (

.
I|0|ϕ) and the pre-fault

voltage (
.

U|0|ϕ) are shown in Equation (13):
.

U|0|ϕ = 1
√

2
ej(θ1u+θϕ−∆θ)

.
I|0|ϕ = k2√

2
ej(θ1u+θϕ−∆θ) (13)

where k2 is the ratio of load current to rated current; and ∆θ is the abrupt angle of the positive sequence
voltage. Substituting Equations (10), (12), and (13) into Equation (6), the expressions of the equivalent
PSAI and the phase angle are shown in Equations (14) and (15), respectively:

∆Z1 = − k1−ej(−∆θ)

I1mej(θ1i)−k2ej(−∆θ)

= −
k1−cos ∆θ+j sin ∆θ

idre f−k2 cos ∆θ+j(iqre f +k2sin∆θ)

(14)

arg∆Z1 = arctan − sin ∆θ
−k1+cos ∆θ − arctan

−Qre f /k1+k2 sin ∆θ
Pre f /k1+k2 cos ∆θ

= arctan

Qre f
k1

cos ∆θ−
Pre f

k1
sin ∆θ+k1k2 sin ∆θ−Qre f

Qre f
k1

sin ∆θ+
Pre f

k1
cos ∆θ+k1k2 cos ∆θ−Pre f−k2

(15)

Based on [15,18,19], the equivalent PSAI of the IIG is influenced by the control strategy, the fault
condition, the load current, and so on. If ∆θ can be ignored (cos ∆θ = 1, sin ∆θ = 0), the simplified
expression of the equivalent PSAI phase angle is shown in Equation (16):

arg∆Z1 = arctan
Qre f /k1

Pre f /k1 − k2
(16)
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According to the LVRT requirement, the IIG needs to provide reactive power to support the
voltage [20], i.e., Qre f > 0; thus, arg∆Z1 is located at 0~180◦. If (Pre f /k1 − k2) > 0, arg∆Z1 will decrease
as Qre f decreases or Pre f increases, until arg∆Z1 is equal to 0◦; if (Pre f /k1 − k2) < 0, arg∆Z1 will increase
as Qre f increases or Pre f decreases, until arg∆Z1 is equal to 180◦. When the IIG is integrated into an
N-side system, the PSFC’s impedance angle that is calculated by the N-side relay θn1 will vary between
−180◦ and ~0◦. In addition, if ∆θ cannot be ignored, Equation (15) is needed to analyze the phase
angle of the PSAI. Analyses show that θn1 may be close to the boundary of the positive direction and
the negative direction, which can greatly reduce the sensitivity of the directional relay or even cause
its mal-operation.

In summary, the directional relay based on the PSFC only utilizes the phase comparison, which is
liable to be affected by IIG integration in terms of sensitivity and reliability. Therefore, it is necessary to
develop an improved directional relay that is suitable for the distribution network with IIG integration.

3. Improved Directional Relay Based on an Operation Zone Partition and a Current Amplitude Comparison

According to the analysis in Section 2.3, due to the low sensitivity—or even the mal-operation of
the directional relay based on the PSFC—two improvements are proposed in this paper:

• The operation zone is divided into a sensitive area and an insensitive area (Section 3.1);
• An auxiliary criterion based on current amplitude comparison is added (Section 3.2). If the result

of the phase comparison is located in the insensitive area, then the direction of the fault is further
determined according to the result of the current amplitudes comparison.

3.1. Operation Zone Partition of the Directional Relay

3.1.1. The Sensitive Area (SA)

According to Equation (2), when a positive fault occurs, the maximum sensitivity angle of the
directional relay based on the PSFC is −90◦. As shown by the yellow shade in Figure 4, −135◦ was taken to
approximately −45◦ as the sensitive area. If the result of the phase comparison is located in the sensitive
area, i.e., −135◦ < θ1 < −45◦, the directional relay can clearly identify that a positive fault has occurred.
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Figure 4. The sensitive area and the insensitive area.

3.1.2. The Insensitive Area (ISA)

The boundary between the positive and negative directions of the directional relay based on the
PSFC is −180◦ and 0◦. If a positive fault occurs at the outlet of the IIG, the measured phase angle θ1

may be located near the boundary. Considering a certain margin, the definition of the insensitive area
is shown in terms of the green shade in Figure 4.
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The sensitive area and the insensitive area together constitute the operation zone. If θ1 is outside
the operation zone, the directional relay will identify that it is a negative fault. The definition of the
negative direction area (NDA) is shown in Figure 4.

If the result of the phase comparison is located in the insensitive area, i.e., −45◦ < θ1 < 10◦ or
−190◦ < θ1 < −135◦, the directional relay cannot be sure that a positive fault has occurred. Thus, it is
necessary to introduce an auxiliary criterion to further identify the direction of the fault.

3.2. Auxiliary Criterion for the Direction of a Fault Based on a Current Amplitude Comparison

When the result of the phase comparison is located in the insensitive area, mal-operation may
occur due to low sensitivity, and the phase comparison will not be able to reliably identify the direction
of the fault. Therefore, further identification is needed based on a comparison of the current amplitudes.

Taking the distribution system shown in Figure 5 as an example, we first choose the proper
location where the IIG is integrated to guarantee that the minimum short-circuit current (Ismin) that the
equivalent system provides is greater than the maximum short-circuit current (IIIGmax) that the IIG
provides with a certain margin, as shown in Equation (17):

Ismin > kIIIGmax (17)

where k is the margin coefficient. k = 2 is adopted in this paper.
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Figure 5. A diagram of the distribution network with IIG integration.

Relay 3 or 4, shown in Figure 5, is taken as an example in order to provide a detailed explanation.
According to the source which the fault current originated from, the relay can be divided into two

categories: the system-side relay and the IIG-side relay. Taking the fault occurring at k1 in Figure 5 as
an example, Relay 3 belongs to the system-side relay because the fault current flowing through Relay 3
is produced by the equivalent system power source G1. Whereas Relay 4 belongs to the IIG-side relay
because the fault current flowing through Relay 4 is produced by the IIG.

If Equation (17) is satisfied, then 1.5IIIGmax can be set as the threshold. The direction of the
short-circuit current can then be identified according to the following current amplitude comparison.

1. If the short-circuit current at the relay location is greater than 1.5IIIGmax, then identify that the
short-circuit current is provided by the conventional power source G1;

2. If the short-circuit current at the relay location is smaller than 1.5IIIGmax, then identify that the
short-circuit current is provided by the IIG.

Based on the above analysis, if the access point of the IIG is reasonably selected, the system-side
and the IIG-side directional relays adopt different positive direction criteria, as shown in Equations (18)
and (19), respectively, which can help to correctly discriminate the direction of the fault.

For the system-side relay (e.g., Relays 1 and 3), the positive fault should satisfy Equation (18):

Im > kIIIGmax (18)
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For the IIG-side relay (e.g., Relays 2 and 4), the positive fault should satisfy Equation (19):

Im < kIIIGmax (19)

where Im is the measured current at the relay location; and IIIGmax is the maximum short-circuit current
provided by the IIG.

3.3. Implementation of the Improved Directional Relay

According to the above analysis, IIG integration may lower the sensitivity of the directional
relay based on the PSFC, or even cause its mal-operation. Therefore, we propose an improved
directional relay based on a combination of the operation zone partition and the current amplitude
comparison. The operation zone partition identifies where the result of the phase comparison is located
(sensitive area, insensitive area and negative direction). When the result of the phase comparison
is located in the insensitive area, the current amplitude comparison step is performed. The current
amplitude is compared with the threshold to identify the direction of the fault.

Figure 6 shows the flow of the implementation of the improved directional relay. The steps in the
process are as follows:

1. Calculate the PSFC impedance angle θ1 = arg ∆
.

U1

∆
.
I1

at the relay location;

2. If θ1 is outside the positive operation zone, the directional relay identifies that the fault has
occurred in the negative direction;

3. If θ1 is in the sensitive area, the directional relay identifies that the fault has occurred in the
positive direction;

4. If θ1 is in the insensitive area, perform the current amplitude comparison step. For system-side
relay, if Im > 1.5IIIGmax, the relay identifies that the fault has occurred in the positive direction;
for IIG-side relay, if Im < 1.5IIIGmax, the relay identifies that the fault has occurred in the positive
direction. If the contrary is true, it identifies that the fault has occurred in the negative direction.Energies 2019, 12, x FOR PEER REVIEW 9 of 13 
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Figure 6. Flow chart of the improved directional relay.
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Taking the IIG-side’s Relay 4 as an example, the working principle of the improved directional
relay is shown in Figure 6. The working principle of system-side relay is similar.

4. Simulation Analysis

In order to verify the correctness of the improved directional relay proposed in this paper,
a simulation model of the distribution network with IIG integration was developed and is shown in
Figure 5. The voltage level is 10 kV; the equivalent capacity of an external system with a traditional
source is 100 MW; the IIG’s capacity is 1.5 MW; the length of lines L1, L2, L3, and L4 is 5 km; and the
unit length impedance Zl = 0.1 + j0.39 Ω/km. In this paper, Relays 3 and 4 are taken as examples to
study the performance of the proposed directional relay in various scenarios.

4.1. Performance of Proposed Directional Relay with IIG Access

To verify the correctness of the proposed directional relay, the PSCAD/EMTDC was utilized to
simulate various scenarios. Sections 4.1.1 and 4.1.2 show the results for the fault locations k1 (4 km
away from busbar A) and k2 (1 km away from busbar B).

4.1.1. The Fault at k1

Taking a three-phase short circuit as an example, the voltage and current waveforms of Relays 3
and 4 are shown in Figures 7 and 8, respectively.
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Figure 7. Voltage and current waveforms of Relay 3 during a three-phase fault at k1: (a) voltage;
(b) current.
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Figure 8. Voltage and current waveforms of Relay 4 during a three-phase fault at k1: (a) voltage;
(b) current.

Based on the symmetrical component method and using the Fourier algorithm, the PSFC’s voltage
and current were extracted. The PSFC’s impedance angle at Relays 3 and 4 are −115◦ (sensitive area)
and −157.6◦ (insensitive area), respectively. Therefore, Relay 3 identifies that a positive fault has
occurred, and Relay 4 requires a current amplitude comparison. The root-mean-square (RMS) current
of Relay 4 is 0.151 kA, which is less than the current threshold 1.5IIIGmax = 0.279 kA. Under these
circumstances, Relay 4 belongs to the IIG side, and identifies that a positive fault has occurred according
to Equation (19).
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4.1.2. The Fault at k2

Taking a three-phase fault as an example, the voltage and current waveforms of Relays 3 and 4
are shown in Figures 9 and 10, respectively.

Energies 2019, 12, x FOR PEER REVIEW 10 of 13 

 

 
(a) 

 
(b) 

Figure 8. Voltage and current waveforms of Relay 4 during a three-phase fault at k1: (a) voltage; (b) current. 

Based on the symmetrical component method and using the Fourier algorithm, the PSFC’s 
voltage and current were extracted. The PSFC’s impedance angle at Relays 3 and 4 are −115° (sensitive 
area) and −157.6° (insensitive area), respectively. Therefore, Relay 3 identifies that a positive fault has 
occurred, and Relay 4 requires a current amplitude comparison. The root-mean-square (RMS) current 
of Relay 4 is 0.151 kA, which is less than the current threshold max. . kA1 5 0 279IIGI = . Under these 
circumstances, Relay 4 belongs to the IIG side, and identifies that a positive fault has occurred 
according to Equation (19). 

4.1.2. The Fault at k2 

Taking a three-phase fault as an example, the voltage and current waveforms of Relays 3 and 4 
are shown in Figures 9 and 10, respectively. 

 
(a) 

 
(b) 

Figure 9. Voltage and current waveforms of Relay 3 during a three-phase fault at k2: (a) voltage; (b) current. 

 
(a) 

 
(b) 

Figure 10. Voltage and current waveforms of Relay 4 during a three-phase fault at k2: (a) voltage; (b) current. 

The PSFC’s impedance angles at Relays 3 and 4 are −114° (sensitive area) and 65.85° (negative 
direction), respectively. Therefore, Relay 3 identifies that a positive fault has occurred, and Relay 4 
identifies that a negative fault has occurred. 

In addition, Table 1 lists the impedance phase angle and the short-circuit current amplitude 
under two-phase and two-phase to ground faults. “~” means that there is no need to compare the 
current amplitude; “SA”, marked by yellow shade, means the sensitive area; “ISA”, marked by green 
shade, means the insensitive area; “NDA” means the negative direction area; “+” denotes a positive 

1.99 2 2.01 2.02 2.03 2.04 2.05
-10

-5

0

5

10

t/s

u/
kV

 

 

u4a
u4b
u4c

1.99 2 2.01 2.02 2.03 2.04 2.05
-0.4

-0.2

0

0.2

0.4

t/s

i/k
A

 

 

i4a
i4b
i4c

1.98 1.99 2 2.01 2.02 2.03 2.04 2.05
-10

-5

0

5

10

t/s

u/
kV

 

 

u3a
u3b
u3c

1.99 2 2.01 2.02 2.03 2.04 2.05
-2

-1

0

1

2

t/s

i/k
A

 

 

i3a
i3b
i3c

1.98 1.99 2 2.01 2.02 2.03 2.04 2.05
-10

-5

0

5

10

t/s

u/
kV

 

 

u4a
u4b
u4c

1.99 2 2.01 2.02 2.03 2.04 2.05
-2

-1

0

1

2

t/s

i/k
A

 

 

i4a
i4b
i4c

Figure 9. Voltage and current waveforms of Relay 3 during a three-phase fault at k2: (a) voltage;
(b) current.
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Figure 10. Voltage and current waveforms of Relay 4 during a three-phase fault at k2: (a) voltage;
(b) current.

The PSFC’s impedance angles at Relays 3 and 4 are −114◦ (sensitive area) and 65.85◦

(negative direction), respectively. Therefore, Relay 3 identifies that a positive fault has occurred,
and Relay 4 identifies that a negative fault has occurred.

In addition, Table 1 lists the impedance phase angle and the short-circuit current amplitude under
two-phase and two-phase to ground faults. “~” means that there is no need to compare the current
amplitude; “SA”, marked by yellow shade, means the sensitive area; “ISA”, marked by green shade,
means the insensitive area; “NDA” means the negative direction area; “+” denotes a positive fault; “−”
denotes a negative fault; and the blue shade means that the fault current amplitude is smaller than
1.5IIIGmax = 0.279 kA.

As shown in Table 1, for the system-side Relay 3, when a fault occurs at k1 or k2, the PSFC’s
impedance angle is located in the sensitive area, and the current amplitude comparison step is not
needed. Thus, Relay 3 identifies that the fault occurs in the positive direction.

For the IIG-side Relay 4, when a fault occurs at k1, the PSFC’s impedance angle is located in the
insensitive area, and the current amplitude comparison step is needed. Since the current of Relay 4
is less than 1.5IIIGmax, Relay 4 identifies that the fault occurs in the positive direction. When a fault
occurs at k2, the PSFC’s impedance angle is located in the negative direction and can be directly
judged as a negative fault. The above-presented results of direction of the fault are consistent with the
actual situation.
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Table 1. Relay identification results when faults occur at different locations.

Fault
Location

Fault Type Relay 3 Relay 4

θ1
Fault Current

Amplitude/kA
Identification

Result θ1
Fault Current

Amplitude/kA
Identification

Result

k1
3ph −115◦ SA ~ + −157.6◦ ISA 0.151, (< 1.5IIIGmax ) +

2-10 2ph −113.2◦ SA ~ + −153.4◦ ISA 0.119, (< 1.5IIIGmax ) +

2-10 2ph-g −109.7◦ SA ~ + −142.7◦ ISA 0.138, (< 1.5IIIGmax ) +

k2
3ph −114◦ SA ~ + 65.85◦ NDA ~ -

2-10 2ph −115.1◦ SA ~ + 64.64◦ NDA ~ -
2-10 2ph-g −111◦ SA ~ + 68.79◦ NDA ~ -
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4.2. Advantages over the Directional Relay Based on the PSFC

In order to explain the advantages the improved directional relay compared with the directional
relay based on the PSFC had, a special case is taken into consideration. Suppose no load current in
the network under normal operation as shown in Figure 5, a three-phase fault occurs at k3 (the end
of line L2), the calculated angle of the directional relay based on the PSFC at Relay 4 is −172.2◦,
which approaches to the operating boundary of the directional relay as shown in Figure 11.
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It can be seen from Figure 11 that the sensitivity of directional relay based on PSFC is very low
under such a scenario. Considering the measurement error and disturbance, the calculated angle of
the directional relay based on the PSFC may be less than −180◦, and the directional relay based on
PSFC will not operate.

Compared with the directional relay based on the PSFC, the improved directional relay proposed in
this paper can operate accurately under the same scenario. The reasons are given below: −172.2◦ locates
in the insensitive area, according to Figure 4. Considering the measurement error and disturbance,
the calculated angle may vibrate around −180◦, thus the auxiliary criterion based on current amplitude
comparison is needed. The root mean square (RMS) of measuring current at relay 4 is 0.144kA, which is
smaller than the current threshold 1.5IIIGmax = 0.279 kA, therefore, a positive fault can be clearly
identified by Relay 4 according to Figure 6.

In summary, for system-side relay, the directional relay based on the PSFC is normally able to
accurately identify the direction of the fault, and is more sensitive to positive faults. When a positive
fault occurs for IIG-side relay, the PSFC’s impedance angle may be located in the insensitive area.
The sensitivity of the conventional directional relay based on the PSFC is lowered, and the fault can be
accurately identified by the auxiliary criterion, based on the current amplitude comparison.

In fact, a distribution network normally has multiple IIGs integrated into it. A further series of
simulations showed that the directional relay proposed in this paper is applicable in such a scenario
as well.

5. Conclusions

The fault characteristics in IIGs are different from those in a conventional synchronous generator,
which may lower the sensitivity of the directional relay based on the PSFC—or even cause its
mal-operation. Focusing on this problem, this paper proposes an improved directional relay which is
adapted to a distribution network with IIG integration. The improved directional relay divides the
operation zone of the directional relay into a sensitive area and an insensitive area. If the result of the
phase comparison is located in the insensitive area, a further identification is performed according to a
current amplitude comparison, which enables the directional relay to accurately identify the direction
of the fault. Based on PSCAD/EMTDC simulations, we draw the following conclusions:
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1. For system-side relay, the directional relay based on the PSFC can accurately identify the direction
of the fault and has higher sensitivity to positive faults.

2. For IIG-side relay, the impedance angle of the PSFC may be located in the insensitive area, and the
sensitivity of the directional relay based on the PSFC may be lowered. However, the application
of the current amplitude comparison enables the relay to accurately identify the direction of
the fault.
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