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Abstract: In response to the poor reliability in identifying fault direction in distribution networks
with Inverter Interfaced Distributed Generators (IIDGs), considering the control strategy of low-
voltage ride-through, a fault direction criterion based on post-fault positive-sequence steady-state
components is proposed. Firstly, the output steady-state characteristics of IIDGs considering the
low-voltage ride-through capability are analyzed during grid failure, and the applicability of existing
directional elements in a distribution network with IIDGs connected dispersively is demonstrated.
Subsequently, for the typical structure of an active distribution grid operating under flexible modes,
the positive-sequence voltage and current are examined in various fault scenarios, and a reliable
direction criterion is suggested based on the difference in post-fault positive-sequence impedance
angles on different sides of the lines that are suitable whether on the grid side or the IIDG side. Lastly,
the reliability of the proposed direction criterion is verified by simulation and the results indicate that
the fault direction can be correctly determined, whereas phase-to-phase and three-phase short circuit
faults occur in different scenarios, independent of the penetration and grid-connected positions of
IIDGs, fault location, and transition resistance. It is suitable for fault direction discrimination of an
IIDGs multi-point grid-connected system under a flexible operation mode.

Keywords: renewable energy system; IIDG; positive-sequence component; direction criterion; flexible
operation mode

1. Introduction

To ensure the selectivity and reliability of active distribution network protection
with IIDGs connected dispersively, the widely adopted scheme is to increase directional
elements on the existing current protection [1-3] or to apply distance protection or longitu-
dinal protection based on fault direction discrimination information [4-6], among which
accurate direction discrimination is the key to influence the correct action of protection.
Traditional directional elements are suitable for power grids with a single power type
and stable operation. However, in an active distribution network with dynamic changes
in network structure, operation mode, and fault characteristics, the performance of the
traditional directional elements may be degraded, and they may fail because of the strong
coupling nonlinear connection between the IIDG output current and the PCC voltage [7-10].
Therefore, it is necessary to study a new fault direction criterion.

At present, many research results on a direction criterion for different application
scenarios in active distribution networks have been achieved. The fault direction is de-
termined by extracting the current phases of any two feeders on the bus in [11] and the
current phases of the fault components with more than three lines on the bus are used, and
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the sensitivity is high [12]. In [13], the fault range is reduced to a fault search area by com-
paring the current amplitudes at multiple locations, and then the fault direction is judged
using the phase relationship of the currents in the area, which has good adaptability to the
change in the network structure. The methods are based on multi-position information
and cannot meet the requirements of local protection. In [14], the phase difference between
the positive-sequence currents before and after fault is adopted without considering the
IIDG control mode, and it is not suitable for cases where there are branches in the line.
Furthermore, taking the quantity defined by the positive-sequence fault component of
the measured current as a reference value, the fault component phase is compared to
determine fault direction [15], which is not only applicable to any line whether there are
branches or not, but also is not affected by the load current. However, because IIDG is
equivalent to the series of voltage sources and impedance, it is not suitable for on-site
operation to make the application limited. In [16], based on the fact that the upstream
current provided by the system is greater than the downstream current provided by IIDGs,
direction discrimination is achieved on the grid side and IIDG side according to different
direction discrimination logics using a short circuit current only, but the protection may
fail when the system operation mode changes. In [17], considering that the fault current
lags behind the voltage when a fault occurs in the positive direction, the fault direction is
judged, but misjudgment is inevitable if the premise is not met. The direction reference
symbol is constructed based on the zero-crossing characteristics of the prefault current to
determine fault direction in [18], but it is not suitable for the scenario where the reverse
power flow may occur. The methods are effective only for certain application scenarios
and the flexibility is poor. A direction criterion using the phase information of a positive-
sequence fault current and prefault voltage is proposed considering a photovoltaic power
supply with low-voltage ride-through capability connected to the distribution network
in [19], and the positive-sequence fault current and voltage are extracted to form a criterion
in [20]. However, the action areas of directional elements are asymmetric, and the criteria
on both sides are different, which cannot be applied to the flexible operation mode.

This article focuses on the typical structure of an IIDG multi-point grid-connected
system with low-voltage ride-through capability, analyzes the positive-sequence fault
characteristics of each protection on the grid side under different scenarios, extracts coherent
features in the same fault direction upstream and downstream of the fault point, and forms
a universal direction criterion based on the positive-sequence impedance angle. At last,
simulation analysis shows that the proposed criterion is reliable. The work can provide
technical support for improving the protection of active distribution networks.

2. Analysis of Output Characteristics of IIDG with Low-Voltage Ride-Through
Capability

The output characteristics of IIDG depend on the control method and current limiting
technique. IIDG is also required to have low-voltage ride-through capability; that is, when
the grid-side voltage decreases to varying degrees, IIDG will not disconnect from the grid
within a certain time and will prioritize outputting a certain amount of reactive power
to support the grid voltage [20]. Therefore, IIDG will often adopt a PQ decomposition
control strategy to control active and reactive power output flexibly and perform negative-
sequence suppression to only output positive-sequence components, and current-limiting
measures make its maximum output current no greater than 1.2 times the rated current.
According to the above analysis, IIDG can be equivalent to a current source controlled by
the positive-sequence voltage of the point of common coupling (PCC), shown in Figure 1.

In Figure 1, the IIDG output positive-sequence currents is Ipg, Upcc is the positive-
sequence voltage at PCC and its phase angle is -y, and the relationship can be expressed
as IDG = (Id,ef CO8 Y + Lppe Sin 'y) +j (Id,ef sin‘y — Ipyef cOS 'y) , where Iz and I are the
reference values for the output active and reactive current of IIDG. The phase angle of the
positive-sequence voltage ahead of the IIDG output current is ¢pg,
¢pG= argtan (Iye/ Liref) [20].
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Figure 1. The IIDG equivalent model.

The active and reactive current output of IIDG satisfy Equations (1) and (2), respec-
tively [21]:

I = 0 Upee > 09
e > 151y(09 — ey 0.2 < e < 09 )
Ire = 1.051y Upee <02
+
lanp = G2 Ugjf > 09 o
lares = [ Toax — B FEC <09

In Equation (1), Iy is the rated current of IIDG, and Uy is the grid-rated phase voltage.
In Equation (2), Sy is the IIDG single-phase rated output power under normal operation,
and Imax is the maximum output current value of IIDG. Usually, the amplitude of the IIDG
output current is limited to 1.2Iy. According to Equation (1), with a smaller U}, larger
Lyrep, and maximum value of 1.051, then I is equal to 0.58Iy. In this case, the maximum
¢pg is 61.1°, and the minimum value is 0°.

3. Analysis of the Applicability of Conventional Directional Elements

Traditional directional elements mainly adopt a direction criterion based on 90° wiring
and the positive-sequence fault component criterion. The theoretical basis for the 90°
wiring directional element is that the phase angle of the line-to-line voltage, including the
non-faulted phase voltage, leads the faulted phase current to be within limits when fault
occurs in the positive direction of the element, and the operation criterion can be expressed
as follows [22]:

—90° < gy +a < 90° ©)

where @ is the angle at which the measured line-to-line voltage leads to the phase current,
and « is the internal angle of the directional element.

During grid failure, the output of IIDG may affect the voltage and current on the grid
side, and the measured voltages and currents of the 90° wiring directional element may
change, leading to a misjudgment of fault direction.

The conventional direction criterion based on positive-sequence fault components
is that the phase angle at which the positive-sequence voltage fault component leads the
current is within limits when fault occurs in the positive direction, and the operation
criterion can be expressed as follows [23]:

AL
—90° < arg( th ) — Psen < 90° (4)
— AL

where AU, and Al represent the positive-sequence fault components of voltage and
current, respectively, and ¢, is the maximum sensitivity angle.



Processes 2024, 12, 1522

40f17

Source BuUs Al

For the above directional element, the uncertainties of the line current under normal
operation and the post-fault current considering the effects of IIDGs may both cause the
misjudgment of fault direction.

A 10 kV distribution network with IIDGs interconnected to PCC dispersively is con-
structed in Figure 2. The system parameters are as follows: line impedance angle is 70°, the
length of each section is 2 km, the load capacity is 1.2 MVA, and the capacity of each IIDG
is 727 kVA. Assuming that a three-phase short circuit with transition resistance 10 (2 or a
phase-to-phase short circuit occurs at the midpoint f of line CD, the actions of conventional
elements are simulated and analyzed.

Bus B Bus C Bus D BusE Load
| 3 4 | 5 / 6 | 7 g | 0d
¥
f
(D) () ()
o9all o9alll o8all o8all
] DG1 =X DG2 > DG3 > DG4

Figure 2. The structure diagram of the distribution network with IIDGs connected dispersively.

Table 1 shows the measured values of directional elements for 90° wiring, from which
it can be seen that there will be a misjudgment of the fault direction at Protection 7 and 8
downstream of the fault point. Table 2 shows the measured values of positive-sequence
fault component directional elements, from which it can be seen that there are misjudgments
in all the directional elements upstream and downstream of the fault point. In addition to
the impacts of IIDGs after the failure on the grid side, it is also related to the reverse flow
of power before the failure. Therefore, it is necessary to propose a direction criterion in a
distribution network with IIDGs connected dispersively.

Table 1. Measured values of the 90° wiring directional elements.

Short Circuit Fault Type Measured Value 1 2 3 4 5 6 7 8
argul—’c”‘ —35° 144° —36° 143° —37° —78° 19° 203°
Three-phase arg"}—ff —-35° —-216° —-36° —217°  =37° —78° 19° —156°
argul—f;* 325° 144° 324° 143° 323° 282° 19° 203°
argul—/éB 14° 189° 14° 184° 35° —44° —19.5° 151°
Phase-to-phase (BC) argYca 317°  142°  322°  147°  327°  267° 48° 229°

Bold fonts indicate errors in the judgment of traditional directional elements.

Table 2. Measured values of directional elements based on positive-sequence fault components.

Short Circuit Fault Type Measured Value 1 2 3 4 5 6 7 8
Three-phase argA—U.] —113° 54° —126° 51° —130° —138° 54° —126°
—-AL
Phase-to-phase (BC) argA—u,l —115° 53° —127° 51° —129° —141° 62° —118°
—AlL

Bold fonts indicate errors in the judgment of traditional directional elements.

4. A Fault Direction Criterion Based on Post-Fault Positive-Sequence Components
4.1. Change in Positive-Sequence Impedance Angle after Grid Failure

The positive-sequence components will exist in the power grid no matter what type of
fault occurs, and fault direction identification using only the post-fault positive-sequence
components is unrelated to the uncertain prefault power flow. Therefore, it is advised to
analyze the positive-sequence impedance angle measured by each directional element on
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the grid side in order to find the difference when a fault occurs in the positive or negative
direction relative to each element depicted in Figure 2.

The system power supply is usually equivalent to a constant voltage source Eg in
series with equivalent impedance, and it outputs positive-sequence components only.
Its positive-sequence and negative-sequence equivalent impedance are basically equal,
expressed as Zg. Because the lines are static elements, the positive-sequence impedance
is equal to the negative-sequence impedance, which can be uniformly expressed by the
same symbols. Zag, Zpc, and Zpg represent the equivalent impedance of lines AB, BC, and
DE, respectively, and the line impedance from bus C to the fault point is equivalent to Zcy,
and it is Zp from bus D to the fault point. The positive-sequence and negative-sequence
impedance of load are basically equal, expressed as Z;, and usually much larger than
the line impedance. According to part 1, IIDGs are considered to be voltage-controlled
current sources and output positive-sequence components only, so the output positive-
sequence currents of IIDG1-4 are 1DG1, IDGZr ngg,, and fDG4, varying with the voltages
of each grid-connected point. The post-fault positive-sequence network (Figure 3) and
negative-sequence network (Figure 4) are established when phase-to-phase short circuit
fault occurs at £.

Bus A Bus B Bus C BusD Bus E
1 Z e 3 Zec 4 5 Zo T Zo 6 7 ,ﬁl 8
L] L] I oy o L]
Z, + + + +
" % g 1 0 . . . . .
+ IDGlTeuDGl IDezTeubez o U; IDeaTeuoes IDGthequ ZL[]
ES - - - -
Figure 3. Positive-sequence equivalent network.
Bus A Bus B Bus C [ QSE o _B_sE_ o
1 e g 3 Ze 4 5 Za ) Zn g 7 Zoe g, |
[ I [ L [ — l | L7 [ |
. |
Zs | U f ZL |
Zup I ZdOWnJ

Figure 4. Negative-sequence equivalent network.

Where UD(;1~UDG4 represent the voltages at PCC of [IDG1+4, Z,,, denotes the upstream
equivalent impedance with Zs + Zap + Zpc + Zct, Zgown is the downstream impedance with
Zfp + Zpe + Z1, and Z gy is far greater than Z,,,. Taking the fault point as the port, the
equivalent negative-sequence impedance is equal to the parallel impedance of Z,, and

Zgown, expressed as Z~, and it is almost equal to Z,,. Uy and U f are the positive-sequence

and negative-sequence voltages at f. It is well-known that U}r is equal to u 5 when phase-
to-phase short circuit fault occurs, and then a compound sequence network (Figure 5)
is formed.

For long-distance faults on heavy load lines, Z;, will decrease when the upstream line
impedance of the fault point increases. Z;~ will be significantly less than Z,,,,.
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Figure 5. Compound sequence network.

For the upstream network, the short circuit current is mainly provided by the system
power supply because of the large capacity, flowing to the fault point, and the voltage
phase is almost constant. Therefore, for elements 1, 3, and 5, the positive-sequence voltage
phase is the line impedance angle ahead of the current phase, ignoring the influence of
IIDGs. Generally, the line impedance angle is 0°~90°, so the measured positive-sequence
impedance angle fulfills Equations (5) and (6).

Positive direction fault (for elements 1, 3, and 5):

0° < arg Ui _ gge (5)

Iml

Reverse direction fault (for elements 2 and 4):

u
180° < arg—=L < 270° (6)

ml

In Equations (5) and (6), Um1 and [ m1 represent the measured positive-sequence
voltage and current.

If a phase-to-phase short circuit occurs, Z;~ is approximately equal to the upstream
positive-sequence impedance and much less than the downstream load impedance in
Figure 5. According to the superposition theorem, the system voltages and currents are
superimposed by the electrical quantities generated by each power supply. If only the
upstream power supply is powered, the short circuit current mainly flows through Z;~ to
form the main short circuit loop, and the downstream current is relatively small. Therefore,
according to the principle of voltage distribution in a short circuit loop, the voltage at f
is slightly less than 0.5 times the rated voltage, and the downstream voltage decreases
gradually. When IIDG is powered separately, the currents flowing to both sides of PCC
are inversely proportional to the equivalent impedance on both sides, and the current
flowing towards the system side is relatively large due to the smaller impedance. The
larger the IIDG capacity, the greater the current provided. When the load is heavy, the short
circuit current flowing to the load side provided by the system power supply will increase.
Meanwhile, if the IIDG capacity is small, such as IIDG3, the current flowing to the system
side provided by it may be smaller than the current flowing downstream provided by the
upstream power supply of the fault point. Under the combined action of the system power
supply and IIDG3, the superimposed current will flow downstream of element 6, and the
fault direction of element 6 must be misjudged. However, since the current amplitude is
small in this case, current protection will not malfunction, and the directional element can
also be directly locked according to the smaller current amplitude. If the IIDG capacity
is large enough, the superimposed current flowing through element 6 is from the bus to
the fault point, and the current amplitude is also larger than the starting value at the same
time, so the directional element can start normally, and direction discrimination is carried
out after that.
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Therefore, the premise for direction discrimination is that the downstream current
flows towards the fault point when a phase-to-phase short circuit occurs, and the following
analysis is carried out in this condition. Since the downstream voltage is approximately
equal to 0.5 times the rated voltage now, the output currents of the downstream IIDGs are
calculated to lag behind the grid voltage by about 13° according to Equations (1) and (2).
The current flowing through line ED is Ipgs, and its maximum output current value is
less than 1.5 times the load current value of the connected line if the permeability of IIDG
is 100%. Therefore, the voltage drop in line ED does not exceed 10.5% of Upgs. Taking
UDG4 as the reference phasor, according to the equation UD(;3 = UDG4 — IDG4ZED1 the
phasor diagram for each node voltage and branch current is plotted as shown in Figure 6.
Given that the impedance angle of Zgp ranges from 0° to 90°, the phase range of 1DG4ZED
is bounded by the pink-colored phasor shown in the figure. Combined with its amplitude
characteristics, the cosine theorem is used to calculate that UDG3 lags behind UDG4 by
about —2°~6°, with a voltage drop of no more than 10.2%. Due to uncertainties in the
system operation mode and line parameters, each phasor fluctuates within a certain range,
and the shadow region of each color represents the boundary of the definition domain for
each phasor.

UDGB UD(34
IDGS IDG4
I DG4ZED

+]

>3

_ +1
=17
13 .

Figure 6. The phasor diagram of the downstream voltages and currents when a phase-to-phase fault
occurs.

In the analysis process, the penetration of IIDG at PCC is considered as 100%, and
the voltage drop along the line takes the maximum possible value, with a large margin.
Thus, if there are more [IDGs downstream, the same conclusion can be obtained. For the
downstream elements 6, 7, and 8, the measured positive-sequence voltage is Upgs, Upgs,
and UDG4/ respectively, and the measured current is (1 DG3 + I DG4), —1 DG4, and I DG4- Hence,
the phase difference of positive-sequence voltage and current satisfies Equations (7) and (8):

Positive direction fault (for elements 6 and 8):

-8° < arg@ <21° (7)

ml

Reverse direction fault (for element 7):

174° < arg Ui _ 4950 (8)

ml

If a three-phase short circuit occurs, Z ¢ in Figure 5 becomes zero, and the voltage at f
is zero, while the downstream current flows from the IIDGs to the fault point. The IIDGs’
output power is almost entirely consumed in the line from PCC to the fault point. Even
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with a 100% penetration rate of IIDGs, the voltage drop of its maximum output current
along the line is less than 10.5% of the rated voltage. It implies that the voltage at each
PCC will be lower than 0.2 times the rated voltage, and thus the IIDG output current will
reach its maximum value, with the output current phase lagging behind the voltage at
PCCby 61.1°.

At this time, all the reactive power output by the downstream IIDGs and the line-
to-ground capacitance from PCC to the fault point is consumed by the line equivalent
inductance. Therefore, the output current frequency of IIDGs can be derived as follows [24]:

G+ @ B 9
f B 47TCPDc;\/E ( )

where Ppg and Qpg are the output active and reactive power of the downstream IIDGs,
and R, L, and C represent the line equivalent resistance, inductance, and line-to-ground
capacitance from PCC to the fault point, respectively. Because the line impedance is
inductive, R is very small, and C can be ignored, it will result in a significant rise in system
frequency and the angle of line equivalent impedance will be close to 90°.

Figure 7 shows a phasor diagram of the downstream currents and voltages. Assuming
UDG4 as the reference phasor and considering UDG3 = UDG4 —1I pG4ZED, the voltage drop
along line ED will not exceed Upgs, and it can be concluded that UDG3 falls within the
range of —75.6°~0°, and the angle that Ipcg lags behind UDG3 is 61.1°. Therefore, the
domain of positive-sequence impedance angle detected by element 7 is 166°~242°, while
that detected by element 6 is —14.5°~61.1°.

u DG3 U DG4

— |

> o DG4

—lpea > | peaZep

Figure 7. The phasor diagram of the downstream voltages and currents when a three-phase short
circuit occurs.

The angle of the positive-sequence impedance measured by each downstream direc-
tional element satisfies Equations (10) and (11).
Positive direction fault (for elements 6 and 8):

—15° < arg—gm1 < 62° (10)

ml
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Reverse direction fault (for element 7):

166° < arg@ < 242° (11)

ml

As the system structure changes, i.e., a closed-loop structure with an open-loop
operation or the lines in the distribution network are only equipped with switches and
directional elements on the grid side, the analysis results of positive-sequence impedance
angle are still as mentioned above according to the analysis method used. It will not be
repeated in this paper.

4.2. Fault Direction Criterion Based on the Positive-Sequence Impedance Phase

The research indicates that the voltage—current relationship along the lines becomes
more complex due to the strong coupling relationship between the voltage at PCC and the
output current of IIDG. Based on the analysis results under various scenarios and fault
types, a universal criterion for directional elements can be formed:

Positive direction fault:

u

—45° < arg—L < 135° (12)
ml
Reverse direction fault: .
135° < arg Uim < 315° (13)
ml

The proposed direction criterion fully considers the influence of the distribution line
parameter, fault type, grid-connected location and capacity of IIDG, and low-voltage
ride-through capability, and it has a large margin and high sensitivity.

The process of direction discrimination is shown schematically in Figure 8.

(1) When any phase current measured by a directional element is greater than twice the
maximum load current, the directional element starts.

(2) Collect the data of three-phase steady-state voltage and current within the time
window tw after t starting from system failure, and calculate the positive-sequence
voltage and current, where t = 20 ms and tw = 20 ms. Among them, the current
data must be the three-phase current flowing from the directional element to the
protected line.

(3) If the recorded positive-sequence voltage meets Uy, < 2%U, the voltage data from
20 ms before the fault are utilized for calculation, avoiding voltage dead zone issues
in case of a three-phase short circuit at the line outlet.

(4) Calculate the phase difference of the positive-sequence voltage and current, denoted
as Ag.

(5) Compare Ag with the threshold of direction criterion, and if Equation (12) is satisfied,
itis judged as a positive direction fault; if Equation (13) is satisfied, it is determined to
be a reverse direction fault.

The criterion based on local information needs to collect the local voltage and current
data before and after the fault at the protection installation, then calculate the positive-
sequence voltage and current phasor with less calculation. In order to avoid the influence of
the transient process, the data of one cycle after 20 ms of the fault are collected, so the data
acquisition and processing time will not be more than 50 ms, and not affect the quickness
of the distribution network protection.
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No Directional
components not start
Yes

Directional
components start
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steady-state voltage
and current data
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v
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sequence voltage and
current

Yes Acquisition of voltage data
20ms before fault occurrence

No

Calculate the
phase difference A

v

A¢ comparison with

A

threshold
|
v
Equation (12) Equation (13)
is satisfied is satisfied
Yes
Positive Reverse
fault fault

Figure 8. The flow chart of direction criterion based on the positive-sequence components.

5. Case Analysis

A simulation model of a 10 kV distribution network is established as shown in
Figure 1 [25,26]. The line positive-sequence impedance is (0.13 +j0.35) (2/km. The length
of line AB is 2 km, and IIDG1 is connected to bus B with a rated output power of 303 kVA;
line BC is 4 km, and IIDG2 is connected to bus B with the same capacity. The length of
line CD and DE is 2 km and 5 km, respectively, and IIDG3 is connected to bus D, while
IIDG4 is connected to bus E. All IIDGs have low-voltage ride-through capability. The
load power factor is 0.9, using a constant power model. When the penetration rate of
downstream IIDGs is 120% and 150%, simulation analyses are conducted on the measured
positive-sequence components and protection actions as different faults occur along the
line. Under normal operation, the maximum load current of the line is about 70 A, and the
directional element will start when the measured current is greater than 140 A.

5.1. Penetration Rate of the Downstream 1IDGs Is 120%

When the rated output power of both IIDG3 and IIDG4 is 727 kVA, the penetration
rate of the downstream IIDGs is 120%. We set the following conditions to analyze. Case 1:
Three-phase short circuit faults with transition resistance 0 (2 and 10 () occur in the middle
section of line CD, f;. Case 2: Three-phase short circuit faults with transition resistance 0 ()
and 10 Q) occur at 0.02 km away from bus C on line CD, f,. Case 3: Phase-to-phase short
circuit faults with 0 (3 and 10 Q) occur at f;. Case 4: Phase-to-phase short circuit faults with
0 O and 10 Q) occur at f;. The measured positive-sequence components and the actions of
directional elements 1-8 under case 1 are shown in Table 3.

The data provided in Table 3 can be depicted on the coordinate circle shown in Figure 9.
The measured voltages are located on the horizontal axis as the reference phasors, and
different colored lines with arrows represent different current phasors while the length
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denotes current amplitude. Circles with unequal intervals represent different current
thresholds, and the angles represent the phase difference between the positive-sequence
voltage and current. The green area is the action zone of the directional element, while the
red area is the non-action zone. If the current phasor falls in the action zone, it means that
fault occurs in the positive direction and the directional element acts. Conversely, if it falls
in the non-action zone, the directional element will not act due to the reverse direction fault.

Table 3. The measured positive-sequence components and the actions of directional elements under
case 1.

Fault Transition
Location Resistance

Measured Values
and Actions
of Directional
Elements

Positive-sequence 5177 3708 3708 2253 2253 323 323 363

Voltage (V)
Positive-sequence 1978 1979 1993 1994 2015 122 59 59
00 Current (A)
Positive-sequence 70 ~110 70 ~110 69 4 -137 46
Impedance Angle (°)
Action of Directional
El - + - + / / /
ement
fi —
Positive-sequence 5737 5563 5563 5400 5400 5318 5318 5296
Voltage (V)
Positive-sequence 463 463 481 481 500 43 30 31
100 Current (A)
Positive-sequence 12 —172 82 ~175 5 -39 65  —114
Impedance Angle (°)
Action of Directional
- + - + / / /
Element

——— Elementl Element5 ——— Element1 Element5
Element2
Element3

Element6 ~——— Element2
Element7

Element6

Element3 Element7
Element4 Elements Elementd Element8
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Figure 9. (a) The measured electrical quantities and the actions of directional elements under case 1
when transition resistance is 0 (). (b) The results when transition resistance is 10 Q.
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The simulation results under cases 2—4 are shown in Figure 10, Figure 11 and Figure 12,
respectively. Moreover, because fault occurs near bus C under case 2, the measured voltages
by elements 4 and 5 are close to zero, and the prefault voltage phases are used to calculate
the phase difference to avoid a voltage dead zone.
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Figure 10. (a) The measured electrical quantities and the actions of directional elements under case 2
when transition resistance is 0 Q). (b) The results when transition resistance is 10 Q).
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Figure 11. (a) The measured electrical quantities and the actions of directional elements under case 3
when transition resistance is 0 (). (b) The results when transition resistance is 10 .
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Figure 12. (a) The measured electrical quantities and the actions of directional elements under case 4
when transition resistance is 0 Q). (b) The results when transition resistance is 10 Q).

It can be seen from Figures 9-12 that the upstream directional elements can act correctly,
while the downstream elements can correctly determine the fault direction in case the
measured current causes a relay start; otherwise, they will be locked. The reason is
that, for the downstream elements, the detected current value is always smaller than the
specified starting value due to the lower penetration rate and limited output current of
IIDG, preventing the element from starting no matter whether there is transition resistance
or not. Specifically, in the case of transition resistance of 10 (), the measured positive-
sequence impedance angle can be used to draw the conclusion that the downstream current
flows to the load side, which is consistent with the analysis results in Section 4. If the
starting conditions are not considered, the direction discrimination will be misjudged.

5.2. Penetration Rate of the Downstream IIDGs Is 150%

If the rated output power of both IIDG3 and IIDG4 is 909 kVA, the penetration rate
of the downstream IIDGs is 150%. The simulations are carried out under the four cases in
Section 5.1, and the results are shown in Figures 13-16.

Comparing the current values measured with different IIDG penetration rates under
the same case, it can be found that the downstream current values increase with the
penetration rate of IIDGs while the upstream current values slightly decrease, and it
is consistent with the theoretical analysis. Comparing the measured positive-sequence
impedance angles, it can be obtained that the upstream values have less change due to the
constant direction of power flow. However, the downstream measurement value changes
greatly because the downstream power flows to the fault location with the increase in IIDGs’
capacity. Therefore, whether there is transition resistance or not, the action of the upstream
directional elements will not be affected, while the downstream directional elements can
act correctly as long as they can reach the starting condition.
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Figure 13. (a) The measured electrical quantities and the actions of directional elements under case 1
when transition resistance is 0 Q). (b) The results when transition resistance is 10 Q).
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Figure 14. (a) The measured electrical quantities and the actions of directional elements under case 2
when transition resistance is 0 Q). (b) The results when transition resistance is 10 Q.
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Figure 15. (a) The measured electrical quantities and the actions of directional elements under case 3
when transition resistance is 0 ). (b) The results when transition resistance is 10 Q).
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Figure 16. (a) The measured electrical quantities and the actions of directional elements under case 4
when transition resistance is 0 Q. (b) The results when transition resistance is 10 Q.

6. Conclusions

To solve the problem of the poor reliability of the existing direction discriminations
when IIDGs with low-voltage ride-through control are dispersively connected to a distribu-
tion network, a fault direction criterion based on post-fault positive-sequence components
is proposed. The conclusions of this paper are as follows:



Processes 2024, 12, 1522 16 of 17

(1) The strong coupling nonlinear relationship between the output current of IIDG and
the PCC voltage may lead to misjudgments of the directional elements based on 90°
wiring and the positive-sequence fault components.

(2) The proposed direction criterion is a general criterion formed by extracting the post-
fault positive-sequence components in the scenario of an IIDG multi-point grid-
connected network considering a low-voltage ride-through strategy. It is suitable for
fault direction discrimination when different short circuit faults occur at any position
and is not affected by the prefault power flow. The direction criterion does not need
to be adjusted when the system operation mode changes.

(8) The direction criterion can avoid misjudgment through the design of the start thresh-
old when the system load is too large and the IIDG capacity is small, and can eliminate
the dead zone using the prefault voltage phase, without affecting the direction dis-
crimination result. It has a large margin, and can still operate correctly when the IIDG
penetration is high and there is a short circuit through transition resistance.
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