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ABSTRACT With the rapid increase of embedded inverter-based distributed generators (IBDGs), the active
distributed network (ADN) is facing security and protection challenges because IBDGs will contribute extra
fault current. In contrary to the existing method that IBDGs provide varying degrees of positive contribution
to system fault current, in this article, a fault current negative contribution (FCNC) method is proposed for
IBDGs to reduce the system fault current lower than the situation where without IBDGs embedded. In the
proposed method, a maximum current phase angle adjustment (MCPAA) strategy is conducted for IBDGs
to maximize its negative contribution, thus to minimize the system fault current. In order to obtain a more
precise current phase angle, a voltage phase angle determination (VPAD) strategy is also formulated by
considering the voltage angle difference on the electrical distance between IBDGs and fault bus. Extensive
tests and relevant results have validated the feasibility of FCNC method to achieve a negative contribution
of IBDGs on system fault current.

INDEX TERMS Fault current limit, active distributed generator, inverter, phase angel adjustment, unbal-
anced fault.

I. INTRODUCTION
Driven by the energy shortage, environmental pollution, and
economic issues, the renewable energies, such as solar and
wind power, combined with the electrochemical energy stor-
age systems, such as batteries, are widely integrated into the
active distribution network (ADN) in the form of IBDGs [1],
[2]. With the increasing penetration of IBDGs, its advantages
to the DN are universally acknowledged, such as reliability,
economy and flexibility [2]. However, at the same time, some
serious safety and protection concerns caused by IBDGs
has also raised, especially under the DN fault condition
[3]–[5]. One of the most serious bottlenecks is related to the
high-level fault current, since the utility grid and all IBDGs
will contribute the fault current into the fault bus together
[3]–[5].

It is important to reduce the high-level system fault current
under grid fault condition, otherwise, the fault current will
cause some serious consequences to AND [6]–[14]: 1) The
ever-increasing fault current makes the power equipment
faces higher dynamic and thermal stability requirements [6].

The associate editor coordinating the review of this manuscript and

approving it for publication was Bin Zhou .

The larger the fault current, the higher the capacity of the grid
equipment is needed to improve electrical stability [7]; 2) The
increasing fault current will speed up the replacement of grid
equipment, thus increase the grid investment, since the elec-
trical equipment is planned and designed based on its ability
to withstand fault currents [8]; 3) The IBDGs fault current
will interfere the coordination operation between the primary
protection and secondary protection of the original relay
protection of ADN, increasing the difficulty of coordination
between protection and reclosing [9]–[10]; 4) The IBDGs
fault current will lead to a certain sensitivity reduction of the
related overcurrent protective relay, and even cause protection
blinding or false tripping of related relay [11]–[13]; 5) With
the increase in the capacity and scale of IBDGs, the ADN is
facing the danger of excessive fault current [14]. Once the
fault current cannot be removed by circuit breakers, the fault
current can even cause cascading fault [15]. In summary, the
ever-increasing level of fault current in the ADN has become
one of the main bottlenecks restricting the security and stable
of power system.

It is a challenge to manage and limit the sharp increase
of fault current in ADN. Considering that the ADN can not
shake and adjust the fault current injected from utility grid’s

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 220807

https://orcid.org/0000-0002-4268-6878
https://orcid.org/0000-0002-1376-4531


X. Liu: FCNC Method for IBDGs Under Grid Unbalanced Fault

conventional synchronous generator, while the IBDGs fault
current in AND is an additional emerging and unfavorable
current when compared with the traditional passive DN,
the most direct and effective method is to adjust the IBDGs
fault current [3]–[5], [7], [16].

Numerous studies have been studied to manage the impact
of IBDGs fault current under grid fault condition. Tradi-
tionally, according to IEEE Std 1547−2003 [17], IEEE Std
929−2000 [18] and UL 1741−1999 [19], the IBDGs are
forcibly disconnected from grid when fault occurs in ADN.
Thus, the IBDGs fault current does not exist anymore. How-
ever, with the increase capacity and scale, the IBDGs are
required to maintain connected with grid during fault con-
dition [1], [2]. Thus, the low-voltage ride-through (LVRT)
or fault ride-through (FRT) is established, such as German
E.ON NetZ code, UK National grid code, USA and China
grid code [20]–[22]. Then, the voltage support of IBDGs is
also developed, such as international standards [23]. In order
to reduce the IBDGs fault current during LVRT/FRT and
voltage support, there are two main methods here. One is
to install additional fault current limiting equipment. For
example, the fault current limiters (FCLs) [24], [25]. The
FCLs are developed with a common feature of near-zero
impedance in normal operations and a high impedance in
fault operations to block the flow of fault current. The typical
FCLs includes solid-state, magnetic, and liquid-metal [26],
[27]. The other is to design the suitable fault current limiting
strategies for the inverters of IBDGs. In particular, the peak
current limiting strategy under balanced and unbalanced fault
is proposed for IBDGs [28]–[30]. The starting point of these
methods is mainly to limit the inverter output current lower
than 2∼3 times the rated current of the unit, due to the
semiconductor safety constraints [3], [4]. However, these
methods will increase the system fault current [24]–[30].
To eliminate the IBDGs’ influence on the system total fault
current, the adjustment for the phase angle of IBDGs fault
current is also proposed recently [3]–[5], [7], [16]. Then,
the positive contribution of IBDGs on system fault current
can be reduced.

However, all the above existing methods will make IBDGs
provide varying degrees of positive contribution to system
fault current. It is imperative to find a method to make IBDGs
provide negative contribution of fault current on system.
Thus, it will be benefit for utility grid due to the reduced
harmful of fault current. According to the flexible control
characteristics of IBDGs inverter for the output voltage and
current, the suitable output current phase angle adjustment
will be completely feasible [3]–[5], [7], [16]. Based on the
current phase angle superposition characteristics, appropriate
current phase angle can transfer IBDGs fault current from
positive contribution to negative contribution.

In this article, the motivation is how to reduce the sys-
tem fault current of ADNs by the control of IBDGs, mak-
ing the total fault current lower than it’s in situation when
without IBDGs embedded. To solve this challenge, a fault
current negative contribution (FCNC) method is proposed

FIGURE 1. The structure of IBDGs embedded in ADN and the related
normal and fault current flow.

for IBDGs. The major contributions are summarized
as:

1) A maximum current phase angle adjustment (MCPAA)
strategy is conducted for IBDGs to maximize its neg-
ative contribution, thus to minimize the system fault
current;

2) A voltage phase angle determination (VPAD) strategy
is formulated by considering the voltage angle differ-
ence on the electrical distance between IBDGs and fault
bus, thus to obtain a more accurate value of current
phase angle.

The remainder of this article is arranged as follows. The
fault current injecting characteristic of IBDGs and utility
grid is modeled in Section II. An FCNC method consists
of MCPAA, VPAD and ICG strategies is formulated in
Section III. Numerous case studies for system fault current
limiting are developed in Section IV. The conclusions are
provided in Section V.

II. FAULT CURRENT CHARACTERISTIC ANALYSES
DURING GRID FAULT
During grid fault, both utility grid and IBDGs will inject the
fault current. In order to achieve a negative contribution of
IBDGs fault current, there has to be advance analysis the
phase angle injecting characteristic of both utility grid and
IBDGs fault current under grid fault.

A. FAULT CURRENT INJECTING ANALYSES
The topology structure of ADN embedded with IBDGs and
the related normal and fault currents injecting are displayed
in Fig. 1. In normal condition, the current needed for load
is provided by utility grid and all IBDGs. In fault condi-
tion, since the IBDGs is maintained in grid-connected state,
the fault current in fault point is also injected from utility
grid and all IBDGs. Due to the current exported by the
embedded of IBDGs, the system fault current in ADN with
IBDGs will be much high than that in case without IBDGs in
traditional DN. Considering the adjustable ability of IBDGs
output voltage and current, the limitation of system total fault
current mainly depends on the control of IBDGs output fault
current.

The IBDGs fault current will be influenced by the fault bus
voltage (V0), PCC voltage (Vn), and the electrical distance
line impedance. The control of IBDGs fault current should
take into account these factors on the base of phase angle
superposition characteristic.
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FIGURE 2. The system fault current: (a) IBDGs fault current with positive
contribution and without phase angle adjustment; (b) IBDGs fault current
with no contribution by phase angle adjustment; (c) IBDGs fault current
with negative contribution by phase angle adjustment.

B. FAULT CURRENT PHASE ANGLE ANALYSES
Based on the analyses of Fig. 1, the utility grid fault current is
uncontrollable, while the IBDGs fault current is controllable.
Thus, the system fault current limiting mainly relies on the
control of IBDGs fault current.

The IBDGs fault current has both amplitude and phase
angle controllable variables. According to the phase superpo-
sition characteristics, the system fault current can be limited
to different degrees (larger, equal and smaller than utility
grid fault current) by controlling the phase angle value of
IBDGs output current. The amplitude features of fault current
based on different phased angle control of IBDGs output
current is shown in Fig. 2. Based on Fig. 2(a), if the IBDG
output current is not controlled, the system fault current is
much high than the injected utility grid fault current, and
the IBDG output current has a positive contribution on the
system fault current. Based on Fig. 2(b), if the angle of IBDG
output current is controlled to a certain value, the amplitude
of system fault current is equal to that in utility grid fault
current, and the IBDG output current has no influence on
the system fault current. Based on Fig. 2(c), if the angle of

IBDG output current is controlled to a certain larger value,
the amplitude of system fault current is lower than that in
utility grid fault current, and the IBDG output current has a
negative contribution on the system fault current.

Based on the above analyses, the Fig. 2(a) will be a bad
scenario, since the system fault current in ADN is larger than
it’s in traditional DN without embedded IBDGs. Thus, it is
easy to cause protection failure and cause safety problems.
The Fig. 2(b) is the most neutral scenario, since the sys-
tem fault current in ADN is equal to it’s in traditional DN.
The IBDGs will not affect the relay protection based on the
overcurrent amplitude protection. The Fig. 2(c) will become
ideal scenario, since the system fault current in ADN is lower
than it’s in traditional DN. It means that the IBDGs can help
the relay protection of power system. Therefore, it will be
significant to find the suitable phase angel in Fig. 2(c).

III. FAULT CURRENT NEGATIVE CONTRIBUTION METHOD
FOR IBDGs DURING GRID FAULT
Based on the analyses in Section II, a fault current negative
contribution (FCNC) method is proposed to find the max-
imum phase angle in Fig. 2(c), in order to minimize the
system fault current. To quantify this precise phase angle,
the FCNC method contains maximum current phase angle
adjustment (MCPAA) strategy and voltage phase angle deter-
mination (VPAD) strategy. In order to match the function of
MCPAA and VPAD, the inverter current generation (ICG)
strategy is also developed.

A. MCPAA STRATEGY
Taking one IBDG as an example, the IBDG output fault
current vector under the scenario of positive, negative and no
contribution is show in Fig. 3. Take positive sequence as an
example, the system fault current (IF ) is injected by utility
grid fault current (IUG) and IBDG fault current (IIBDG).

According to Fig. 3(a), when the phase angle of IBDG
output fault current is different, the IBDG output fault current
has positive, negative and no contribution on system fault
current, corresponding to the phase angel region of IBDG
fault current inOAB,OBC andOB, respectively. Specifically,
if the angle of IBDG output fault current is not adjusted
additionally, the amplitude of system fault current is highest,
and the fault clearing is most difficult. This scenario corre-
sponds to point A. If the angle region of IBDG fault current
is distributed in OAB, the IBDG has positive contribution on
system fault current, since the system fault current amplitude
is higher than utility grid fault current. If the angel is shifted to
point B, the system fault current amplitude is the same as the
utility grid fault current, thus the IBDG has no contribution on
system fault current. If the angle region of IBDG fault current
is distributed in OBC, the system fault current amplitude
is lower than utility grid fault current, thus the IBDG has
negative contribution.

Based on Fig. 3(b), the system fault current is the sub-
traction of utility grid fault current and IBDG fault current.
The ideal situation lies that the angle of IBDG fault current
is opposite to the utility grid fault current. Thus, the system
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FIGURE 3. Fault voltage and current vector analyses: (a) IBDGs fault
current with positive, negative and no contribution to the system fault
current; (b) vector analyses for MCPAA strategy; (c) vector analyses for
VPAD strategy.

fault current is smallest. In this situation, the phase angel of
IBDG fault current is optimal, and the IBDG has a maximum
negative contribution on system fault current. The situation
when the angle of IBDG output fault current is opposite to
utility fault current, is call by MCPAA strategy in proposed
FCNC method.

Based on Fig. 3(b), the vector relationship of system fault
current with MCPAA strategy is described as

EI+/−UG +
EI+/−IBDG =

EI+/−F (1)

where EI+/−UG , EI+/−IBDG and EI+/−F are the vector of positive and
negative sequence of utility grid fault current, IBDG fault
current and system fault current, respectively.

The amplitude has the following relationship as

Î+/−F = Î+/−UG − Î
+/−
IBDG (2)

where Î+/−UG , Î+/−IBDG and Î+/−F are the amplitude of positive
and negative sequence of utility grid fault current, IBDG fault
current and system fault current, respectively.
According to (2), the (1) is rewritten as

Î+/−UG cos(θ+/−UG )+ Î+/−IBDG cos(θ+/−IBDG)

= (Î+/−UG − Î
+/−
IBDG) cos(θ

+/−
UG )

Î+/−UG sin(θ+/−UG )+ Î+/−IBDG sin(θ+/−IBDG)

= (Î+/−UG − Î
+/−
IBDG) sin(θ

+/−
UG )

(3)

where θ+/−UG and θ+/−IBDG are the phase angle of positive and
negative sequence of utility grid fault current, IBDG fault
current, respectively.
Based on the mathematical relationship in (3) and the

graphics relationship in Fig. 3(b), the angle of IBDG and
utility grid fault current can be expressed as

θ
+/−
UG + θ

+/−
IBDG = 180◦ (4)

Then, the MCPAA of IBDG fault current is expressed
as

θ
+/−
IBDG = 180◦ − θ+/−UG (5)

B. VPAD STRATEGY
According to the analysis in Section III.A, Fig. 3(b) and (5),
it is obvious that the phase angle calculation for MCPAA is
inaccurate, since the phase angle of fault voltage and PCC
voltage is ignored. According to the Fig. 1, the fault volt-
age will be affected by electrical distance line impedance.
In addition, according to the Fig. 3(c), when considering the
electrical distance, the fault voltage (V0) and PCC voltage
(VPCC ) is different. The amplitude of fault voltage at fault
bus (V0) is less than normal grid voltage (VUG). However,
the IBDGs should be required to be connected with grid
under fault condition, and play the role of auxiliary service
for voltage compensation. Thus, amplitude of PCC voltage
(VPCC ) is equal to normal grid voltage (VUG), but the phase
angle of PCC voltage VPCC will be ahead of VUG.
Compare with the angle of utility grid voltage (VUG),

the angle of fault voltage (V0) will lag δ0 than VUG. The PCC
voltage (VPCC ) will be ahead of δPCC than VUG. The voltage
on the electrical distance line impedance is Vline, which is
used to support the V0 to VPCC . The phase angel of Vline is
ahead of IIBDG, since the line impedance is resistance and
inductance type.
Different from conventional positive contribution, for the

purpose to achieve a negative contribution of IBDG fault
current, the key is to make phase angel of VPCC (δPCC ) be
ahead of both fault bus’s fault voltage V0 (δ0) and utility grid
voltage VUG.
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According to the above analysis and the graphics relation-
ship in Fig. 3(b)-(c), and (5), the revised phase angle of IBDG
output fault current is proposed as

θ
+/−
IBDG = 180◦ − θ+/−UG − δ

+/−
PCC (6)

Considering the line impedance, the PCC voltage phase
angle δ+/−PCC should meet the following requirement,

δ
+/−
PCC > δ

+/−

0 (7)

While,
δ
+/−
PCC > δ

+/−
ref

δ
+/−

0 < δ
+/−
ref (8)

where δ+/−PCC and δ+/−0 are the phase angel of PCC voltage
and fault bus voltage, respectively. The δ+/−ref is the reference

phase angle of VUG. Generally speaking, δ
+/−
ref is set as 0 as a

reference.

C. ICG STRATEGY
Under fault condition, the IBDGs need to have fault ride-
through capability to keep in grid-connection state. Accord-
ing to the German E.ON NetZ code [22], the reactive output
current for IBDG is estimated as

I+/−IBDG(q) =



0, U+0 ∈ (0.9UN , 1.2UN ]

k+/−FRT × (
UN − U

+/−

0

UN
)× IN ,

U+0 ∈ (0.5UN , 0.9UN ]
IN , U+0 ∈ (0, 0.5UN ]

(9)

where k+/−FRT is the adjustment coefficient for FRT,U+/−0 is the
fault voltage at fault bus, UN is the normal voltage of utility
grid, IN is the normal current.

For the purpose to match the function of MCPAA and
VPAD to achieve the negative contribution of IBDG fault
current, its phase angle should be shifted to θIBDG. Thus,
the active and reactive IBDG output current need to meet the
following relationships,

tan(θ+/−IBDG) =
I+/−IBDG(q)

I+/−IBDG(p)

(10)

where I+/−IBDG(p) and I+/−IBDG(q) are the positive and negative
sequence of active and reactive IBDG output current.

Based on Clarke transformation theory, the PCC voltages
in the stationary reference frame (αβ) can be described as
[31], [32]

u+ =
[
u+α
u+β

]
=

[
U+ cos(ωt + θ+)
U+ sin(ωt + θ+)

]
u− =

[
u−α
u−β

]
=

[
U− cos(ωt + θ−)
−U− sin(ωt + θ−)

]
(11)

where U+ =
√
(u+α )2 + (u+β )

2,U− =
√
(u−α )2 + (u−β )

2.
The injected active and reactive powers of IBDG is

obtained as[
PIBDG
QIBDG

]
=

3
2

[
uα uβ
uβ −uα

] [
iIBDG(α)
iIBDG(β)

]
(12)

According to (12), the IBDG inverter’s output fault current
can be described as [28], [33]

i∗IBDG(pα) =
2
3

u+α + u
−
α

(u+α + u
−
α )2 + (u+β + u

−

β )
2
P∗IBDG

i∗IBDG(pβ) =
2
3

u+β + u
−

β

(u+α + u
−
α )2 + (u+β + u

−

β )
2
P∗IBDG

i∗IBDG(qα) =
2
3

u+β + u
−

β

(u+α + u
−
α )2 + (u+β + u

−

β )
2
Q∗IBDG

i∗IBDG(qβ) =
2
3

−u+α − u
−
α

(u+α + u
−
α )2 + (u+β + u

−

β )
2
Q∗IBDG (13)

where i∗IBDG(pα), i
∗

IBDG(pβ), i
∗

IBDG(qα) and i∗IBDG(qβ) are the
reference of active and reactive current in the stationary ref-
erence frame (αβ).
According to (9) and (10), the reference of injected active

and reactive power in (13) is obtained as

P∗IBDG =
3
2
(U+I+IBDG(p) + U

−I−IBDG(p))

Q∗IBDG =
3
2
(U+I+IBDG(q) + U

−I−IBDG(q)) (14)

Under fault condition, the IBDG output current should
also be limited below the safety threshold. In order to avoid
suddenly tripping of inverter during FRT. The peak fault
current of inverter output current is

Ipeak =
2
3

√
(I+IBDG)

2 + (I−IBDG)
2 + 2I+IBDGI

−

IBDG

=
2
3
(I+IBDG + I

−

IBDG)

=
2
3

√
(I+IBDG(p))

2 + (I+IBDG(q))
2

+
2
3

√
(I−IBDG(p))

2 + (I−IBDG(q))
2 (15)

where Ipeak is the peak value of IBDG output current.
In order to avoid tripping of IBDG’s inverter, the peak

current should be limited by i∗IBDG(a)i∗IBDG(b)
i∗IBDG(c)

 = Imax

Ipeak

×


i∗IBDG(pα)+i

∗

IBDG(qα)

−
1
2
(i∗IBDG(pα)+i

∗

IBDG(qα))+

√
3
2

(i∗IBDG(pβ)+i
∗

IBDG(qβ))

−
1
2
(i∗IBDG(pα)+i

∗

IBDG(qα))−

√
3
2

(i∗IBDG(pβ)+i
∗

IBDG(qβ))


(16)

where Imax is the maximum current. the Imax is 2∼3 times IN
in silicon devices [3], [4].

Considering the great tracking performance, the
proportional-resonant (PR) controller is applied for tracking
the positive and negative sequence of active and reactive
output current in this article [34].
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FIGURE 4. The FCNC method for IBDGs under grid fault.

FIGURE 5. The unbalanced fault voltage at fault bus.

The PR controller is described as

G(s) = kpI + krI
2ωcs

s2 + 2ωcs+ ω2
0

(17)

where kpI and krI are the proportional and resonant gain,
ωc is the cutoff frequency, while the ω0 is the resonant
frequency.

D. FCNC METHOD FOR IBDGs UNDER GRID FAULT
According to the analyses of Section III.A-C, the FCNC
method for the negative contribution control of IBDGs under
grid unbalanced fault is illustrated in Fig. 4. The FCNC
method consists of MCPAA, VPAD and ICG strategies,
which are embodied in different and related equations. The
blue variable in Fig. 4 is the sampling and input signals of
FCNC method.

IV. CASE STUDY
A. SYSTEM MODEL
The effectiveness of proposed FCNC method for IBDGs
under grid unbalanced fault is tested and validated based
on MATLAB/Simulink to achieve a negative contribution
of IBDGs fault current on low-voltage ADN. To facilitate
analysis, only one parallel IBDG is conducted, since the
analyses of multiple IBDGs is similar to one. The unbalanced
fault causes an unbalanced voltage sag, as displayed in Fig. 5.
The fault occurs and the fault voltage drops at 0.05s. The
contribution of proposed FCNC is to control the influence
of IBDGs output fault current on system fault current. The
network parameters are described in Table 1, and Table 2,
respectively.

TABLE 1. The System Parameters.

TABLE 2. The Control Parameters.

FIGURE 6. Phase angel of IBDG output fault current under different
scenarios.

B. FCNC METHOD FOR IBDG FAULT CURRENT
CONTRIBUTION ANALYSES
Based on the MCPAA and VPAD strategies in proposed
FCNC method, the phase angle of IBDG output fault current
under different scenarios (positive, negative and no contri-
bution of fault current on system) is shown in Fig. 6. In the
scenario of positive contribution [22], the IBDG fault current
angle does not needed to be shifted but only needed to satisfy
the reactive and active current requirement for conventional
FRT. The IBDG fault current’s angle is small in this scenario,
which can be also verified in the point A in Fig. 3(a). In the
scenario of positive contribution [3], [4], [7], [16], the IBDG
fault current’s angle should be shift to point B in Fig. 3(a), and
the phase angle is higher than its in scenario of positive con-
tribution. In the scenario of negative contribution, the IBDG
fault current’s angle is shifted to the point C in Fig. 3(a). The
IBDG fault current’s phase angel is opposite to the utility grid
fault current, and the addition for the phase angle of these
two current components is 180◦. In these three scenarios,
the IBDG fault current’s angle with negative contribution is
largest, since the large phase angle is needed to be shifted to
reduce the system fault current below than utility grid fault
current.
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FIGURE 7. Amplitude of IBDG output fault current in phase-a under
different scenarios.

FIGURE 8. Amplitude of IBDG output fault current in phase-c under
different scenarios.

According to the unbalanced fault voltage in Fig. 5, and
considering that the amplitude of phase-b and phase-c is the
same, we focus on showing the phase-a and phase-c current
to verify the effectiveness of FCNC method.

The amplitude of IBDG output fault currents in phase-
a and phase-c under different scenarios are displayed in
Fig. 7-8. The IBDG fault current amplitude in phase-a in
the same scenario is larger than that in phase-c, since the
fault voltage in phase-a is smaller than that in phase-c.
In the scenario of positive contribution, the IBDG output fault
current amplitude is smallest, since the active and reactive
currents are only injected for conventional FRT requirement,
without needing for additional phase angel adjustment. In the
scenario of no contribution, the IBDG fault current amplitude
should be higher to compensate the additional phase angle
adjustment to make the system fault current equal the utility
fault current. The greater the angle adjustment, the greater the
amplitude of IBDG output fault current is needed for FRT to
reduce the system fault current lower than utility grid fault
current. Therefore, in the scenario of negative contribution,
the IBDG output fault current amplitude will be largest.

The amplitude of system fault currents in phase-a and
phase-c under different scenarios are shown in Fig. 9-10.
The amplitude of system fault current in phase-a in the same
scenario is larger than that in phase-c, since the fault voltage
in phase-a is smaller than in phase-c. In the scenario of
positive contribution, the system fault current amplitude is

FIGURE 9. Amplitude of system fault current in phase-a under different
scenarios.

FIGURE 10. Amplitude of system fault current in phase-c under different
scenarios.

TABLE 3. Comparison of Proposed and Existing Method.

larger than that of utility grid fault current, since it is increased
by the injected IBDG fault current. In the scenario of no
contribution, the system fault current amplitude is almost the
same as that of utility grid, since the injected IBDG fault
current will not raise the system fault current amplitude. In the
scenario of negative contribution, the system fault current
amplitude is lower than that of utility grid, since the injected
IBDG fault current will decrease the system fault current
amplitude. The reasonwhy the system fault current amplitude
is respectively larger, equal and lower than that of utility grid
under the positive, no, and negative contribution scenario,
is that the adjustment of phase angle of IBDG output fault
current has different impact on the system fault current, which
is also displayed in Fig. 3.

Based on above analyses, the amplitude of fault currents
under different scenario are shown in Table 3. The system
fault current is the sum of utility grid fault current and IBDG
fault current. It can be found that the IBDG fault current
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increases sequentially under the scenario of positive, no and
negative contribution, because of the adjustment size of phase
angel. The system fault current in the scenario of positive,
no and negative contribution decreases sequentially, due to
the phase angel impact of IBDG fault current. According
to the proposed FCNC method, the system fault current
amplitude is smallest, and lower than the utility grid fault
current.

V. CONCLUSION
Under the grid unbalanced fault condition, considering the
increasing high-level system fault current due to large amount
of the embedded IBDGs in ADN, the FCNC method is pro-
posed to reduce the system fault current lower than the utility
grid fault current. In contrary to the existing method that
IBDGs provide varying degrees of positive or no contribution
to system fault current, the proposed FCNC method can pro-
vide negative contribution of IBDG fault current to system.
In the proposed method, the MCPAA strategy is conducted
for IBDGs to maximize its negative contribution, thus to
minimize the system fault current. The VPAD strategy is also
formulated by considering the voltage angle difference on the
electrical distance between IBDGs and fault bus. Extensive
simulation test results have validated the effectiveness of
proposed FCNC method to make the system fault current
lower than the utility grid fault current. Considering that the
FCNCmethod can reduce the fault current in ADN lower than
that in traditional passive DN, the proposed FCNC will be
much significant to the security and relay protection of grid.
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