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Abstract——The renewable microgrid (RMG) is a critical way 
to organize and utilize new energy. Its control and protection 
strategies during the fault are the core technologies to ensure 
the safe operation and stability of the system. The traditional 
protection principles are unsuitable for RMGs due to the flexi‐
bility of RMG operation, the complexity of RMG topology, and 
the variety of fault control strategies of inverter-interfaced dis‐
tributed generators (IIDGs). The traditional fault component 
protection principle is affected by the low voltage ride-through 
(LVRT) control strategy and will fail in some scenarios. In or‐
der to make the fault component protection principle available 
in every scenario, a current-based fault control strategy is pro‐
posed. Specific fault characteristics are generated by the grid-
feeding IIDGs during the fault so they can be equivalent to the 
open circuits, and the fault models in additional network can 
be simplified. By analyzing the fault characteristics, an RMG 
protection strategy based on the current-based fault control of 
IIDGs is presented. The fault directions of feeders can be distin‐
guished and the fault feeder can be located accurately in both 
grid-connected and islanded RMGs. Then, the grid-feeding 
IIDGs can transit to LVRT mode smoothly. Thus, IIDGs are 
considered comprehensively in terms of coordinating with fault 
control and fault characteristic generation. Finally, the experi‐
mental results of the hardware platform prove the effectiveness 
of the proposed current-based fault control strategy, and the 
simulation results based on PSCAD/EMTDC verify the correct‐
ness of the protection strategy.

Index Terms——Renewable microgrid, protection strategy, fault 
characteristic, control strategy, fault component.

I. INTRODUCTION 

DUE to the primary energy depletion and increasing en‐
vironmental pressures, renewable energy sources 

(RESs) are growing rapidly around the world [1], [2]. Many 
countries emphasize the use of RESs such as solar and wind 
to achieve energy efficiency improvement and carbon emis‐
sion reduction. In order to integrate distributed renewable en‐
ergy into the power system, the renewable microgrid (RMG) 
can be regarded as an effective and feasible solution. RMGs 

are electricity distribution systems containing loads and dis‐
tributed generations (DGs), which can promote mass access 
of DG and renewable energy [3], [4].

The penetration of RESs in distribution system has led to 
the rapid development of RMGs and brought new challeng‐
es. Control systems of RMGs must be responsive to fluctua‐
tions and randomness of RESs. It is necessary to adjust the 
control strategy to recover the RMG from the effects of ab‐
normalities and faults. DGs are connected to the RMG 
through inverters, which realizes the function of plug-and-
play and the local consumption of new energy [5]. There are 
many control strategies for DGs, which are the cores of de‐
termining their output and fault characteristics [6]. Due to 
RMG operation modes and topologies and fault characteris‐
tics of inverter-interfaced distributed generators (IIDGs), the 
conventional protection principles are no longer applicable 
and are unable to locate the fault feeders from RMGs quick‐
ly and selectively. Therefore, the control and protection coor‐
dination strategy is the state-of-the-art technology to gener‐
ate specific fault characteristics, which realizes the coordina‐
tion design of fault control and protection strategy.

The IIDG system, as shown in Fig. 1, is mainly composed 
of prime mover and grid-side converter (GSC). It is widely 
used in the photovoltaic (PV), battery, and type-4 wind tur‐
bine generator.

Opposed to the traditional power systems, RMGs com‐
prised of IIDGs cannot provide large fault power and current 
like synchronous generators due to the limitation of semicon‐
ductors [7]-[9]. The intermittence of IIDGs leads to the vari‐
able amplitudes and directions of the fault power. Such varia‐
tions result in the limitations of the application of traditional 
protection methods in RMGs [10]-[12]. An optimization tech‐
nique of time multiplying setting (TMS) was proposed in 
[13] to improve the limitations in the tripping characteristics 
of overcurrent relays. However, the changeable topologies of 
RMGs will lead to different overcurrent characteristics so 
that the TMS should be changed on-time to satisfy the plug-
and-play function of IIDGs. When the operation mode or to‐
pology of RMGs changes, the adaptive protection scheme 
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Fig. 1.　Simplified model of IIDG system.
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will automatically modify the threshold values of relays [14]-
[16]. However, it needs a central protection unit to monitor 
the operation mode of RMGs.

In addition to ameliorating the traditional overcurrent pro‐
tections to adapt to RMGs, some scholars also pay attention 
to some new protection schemes based on intelligent algo‐
rithm or communication. An intelligent method for fault de‐
tection by using the undecimated wavelet transform is pro‐
posed in [17]. Only the voltage quantities are required to 
monitor the power quality disturbance of a PV microgrid. 
However, due to the large number of PVs, the complex to‐
pology of microgrids, and the calculation difficulty of short-
circuit faults, the computation burden of adaptive tuning is 
huge. Therefore, it poses a challenge for the central control‐
ler to ensure the real-time protection. A new impedance-ma‐
trix-based method is proposed in [18], which uses the pre-
fault and during-fault voltage phasors at few buses to locate 
the fault feeder. However, in case of high impedance faults, 
its detection accuracy will decrease. Besides, differential pro‐
tection schemes are suggested in [19]-[21], but communica‐
tion units are needed at both ends of the feeder.

The fault control strategy for IIDGs has a decisive impact 
on the fault characteristics [22]-[24]. Due to the small inertia 
and fast response of IIDGs [25]-[27], some scholars begin to 
focus on RMG protection schemes which adjust the IIDG 
control strategy when a fault occurs in the RMG [28], [29]. 
Reference [30] proposes a protection scheme in which the 
IIDG injects the fifth harmonic into the short-circuit current 
under RMG fault conditions. By detecting the ratio of the 
fifth harmonic in fault currents, the fault feeder can be locat‐
ed. However, this scheme is only verified in a simple low-
voltage microgrid. In a complex medium-voltage RMG, the 
thresholds of ratios and the protection reliability may be af‐
fected by the nonlinear loads and the network topology. In 
[31], by measuring the equivalent impedance of point of 
common coupling (PCC), IIDGs in a ring RMG are con‐
trolled to output current in equal proportion so that the tradi‐
tional overcurrent protection could be applied. However, 
measuring the PCC equivalent impedance is not an easy 
task, and this scheme is only effective for specific RMG 
structures. A new impedance-based fault detection method is 
proposed in [32], which considers multiple types of DGs 
and faults. However, this method relies highly on positive- 
and negative-sequence electrical quantities to distinguish the 
symmetrical and asymmetrical faults.

In this paper, a current-based fault control strategy of grid-
feeding IIDGs and an RMG protection strategy are pro‐
posed. The output currents of grid-feeding IIDGs are main‐
tained to simplify the positive-sequence additional network 
of the RMG. By analyzing the fault characteristics of the 
RMG, the phase difference between the positive-sequence 
current fault component (PSCFC) and the pre-fault bus volt‐
age is used to distinguish the fault direction of the feeder, 
and the fault feeder can be located accurately in both grid-
connected and islanded modes. Finally, the effectiveness of 
the proposed RMG protection strategy is verified by PSCAD/
EMTDC. This strategy only needs modification to the con‐
trol strategy of IIDGs without adding expensive hardware de‐

vices in the RMG.
The rest of this paper is structured as follows. The fault 

component protection principle and its limitation are present‐
ed in Section II. The current-based fault control strategy 
adapting to the fault component protection principle is ex‐
plained in Section III. Section IV presents a new RMG pro‐
tection strategy based on the current-based fault control strat‐
egy of IIDGs. Experimental results are presented in Section 
V. Discussion and comparison of the proposed control and 
protection strategy to other strategies are presented in Sec‐
tion VI. Section VII concludes the paper.

II. FAULT COMPONENT PROTECTION PRINCIPLE AND ITS 
LIMITATION 

A. Fault Component Principle

Based on the superposition principle, a current or voltage 
variable can be regarded as two components: a normal-run‐
ning component and a fault component. The fault component 
can be calculated using superimposed networks [33]. Assum‐
ing that in(t) and vn(t) are the current and voltage of the nor‐
mal-running system, respectively, if (t) and vf (t) are the cur‐
rent and voltage of the faulty system, respectively, the fault 
components of current and voltage Dif (t) and Dvf (t) can be 
expressed as:

ì
í
î

Dif (t)= if (t)- in (t)

Dvf (t)= vf (t)- vn (t)
(1)

As (1) indicates, the fault component of current or voltage 
can be calculated by subtracting the normal-running (pre-
fault) current or voltage from the fault (during-fault) current 
or voltage.

In discrete-time mode, (1) can be expressed as:

ì
í
î

Dif (k)= if (k)- in (k -N)

Dvf (k)= vf (k)- vn (k -N)
(2)

where k is the sampling time; and N is the number of sam‐
pling points per period.

Equation (2) indicates that the fault component is the dif‐
ference of electrical quantity between cycles. Thus, the fault 
components do not exist under normal conditions but appear 
if a fault occurs in the RMG.

B. Low Voltage Ride-through (LVRT) Code of IIDGs

Under normal conditions, IIDGs only output positive-se‐
quence power to RMGs. According to the instantaneous pow‐
er theory, in the synchronous rotating reference frame, the 
average value of active power output Pout and reactive power 
output Qout of IIDGs can be expressed as:

ì

í

î

ïïïï

ï
ïï
ï

Pout =
3
2

U +
d Idref

Qout =-
3
2

U +
d Iqref

(3)

where U +
d  is the d-axis component of the positive-sequence 

PC voltage; and Idref and Iqref are the d-axis and q-axis com‐
ponents of current reference signal, respectively.

In terms of the German grid code, IIDGs need to output 
positive-sequence current and reactive power to support the 

1680



WANG et al.: RENEWABLE MICROGRID PROTECTION STRATEGY COORDINATING WITH CURRENT-BASED FAULT CONTROL

RMG under fault conditions [8]. The current can be ex‐
pressed as:

Iq =

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

0                              0.9 <U +
d £Un

2Imax( )1 -
U +

d

Un

    0.5 <U +
d £ 0.9Un

Imax                          0 <U +
d £ 0.5Un

(4)

where Iq is the reactive fault current; Un is the normal-run‐
ning voltage; and Imax is the maximum output current of 
IIDGs.

Combining (3) and (4), it can be concluded that the IIDG 
connected to an RMG can be equivalent to a current source 
controlled by U +

d .

C. Application of Fault Component Protection Principle

According to the IEEE 1547 standard, an RMG model is 
shown in Fig. 2, which contains battery energy storage sys‐
tem (BESS), wind turbine (WT), and PV. LD1, LD2, and 
LD3 are loads; DG1, DG2, DG3, and DG4 are IIDGs; A1-
A4, B1-B4, C1-C3, and D1-D3 are the circuit breakers 
(CBs) of feeders. The RMG is connected to the utility grid 
through a PCC switch.

DG2-DG4 represent the grid-feeding IIDGs like PVs or 
type-4 WTs, which adopt the LVRT codes and thus can be 
equivalent to current sources. DG1 represents a grid-forming 
IIDG like BESS or fuel cell, which can be used as the main 
power source in the islanded RMG to provide stable voltage 
and frequency for the bus. Thus, in the islanded mode, DG1 
can be equivalent to a voltage source. However, in the grid-
connected mode, DG1 should also adopt the LVRT code and 
thus can be equivalent to a current source.

Positive-sequence fault components exist under all types 
of RMG fault conditions [34]. When a fault occurs at point 
F, the equivalent additional network of the positive-sequence 
fault component is shown in Fig. 3.

In Fig. 3, Δuf is the additional positive-sequence voltage 
source at the fault point F; ΔiDG1f, ΔiDG2f, ΔiDG3f, and ΔiDG4f 
are the equivalent additional positive-sequence currents of 
DG1, DG2, DG3, and DG4, respectively; Zx is the equiva‐
lent positive-sequence impedance, whose subscript x indi‐
cates the name of feeders or loads; and ΔiA1 - ΔiA4, ΔiB1 - ΔiB4, 
ΔiC1 - ΔiC3, and ΔiD1 - ΔiD3 are the PSCFCs at Buses A-D, re‐
spectively. In Fig. 3(a), DG1 operates as a master power 
source and can be equivalent to an impedance in the island‐

ed mode. In Fig. 3(b), DG1 adopts the LVRT code and thus 
can be equivalent to an additional positive-sequence voltage 
controlled current source.

D. Limitation of Fault Component Protection Principle

It is assumed that the positive direction of current is from 
bus to feeder, as shown in Fig. 3. If the current direction of 
a feeder is consistent with the fault direction, it is defined as 
a forward fault feeder. Otherwise, it is a reverse fault feeder. 
For example, in case of a fault at F, the feeders of A3, B2, 
C1, and D1 are forward fault feeders.

According to the LVRT code, the grid-feeding IIDGs can 
be equivalent to voltage controlled current sources in LVRT 
mode. Taking DG3 as an example, the change of output cur‐
rent is shown in Fig. 4(a). uB,0 and uB,f are the pre-fault and 
during-fault voltages of Bus B, respectively; iDG,0 and iDG,f 
are the pre-fault and during-fault output currents of DG3, re‐
spectively; ΔiDG,f is the fault component of output current of 
DG3; and θ is the angle between the output fault current iDG,f 
and uB,f. According to the LVRT code in (4), as the reactive 
power output of IIDG increases, θ increases within the sec‐
tor region enclosed by an arc with the radius of Ilim. The 
fault component ΔiDG,f changes within the light gray region 
in Fig. 4(a). According to the change of output current of 
IIDG in Fig. 4(a), the phasors of PSCFC are shown in 
Fig. 4(b).
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Fig. 3.　 Equivalent additional network of positive-sequence fault compo‐
nent when a fault occurs at point F. (a) Islanded mode. (b) Grid-connected 
mode.
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Take the change range of PSCFC of feeder B3 as an ex‐
ample. With the increases of output reactive power of IIDG, 
the phase difference between fault component ΔiB3 and pre-
fault bus voltage uB,0 will change from 90°-180° to 0°-90° . 
At this time, the fault feeder cannot be located by the phase 
relationship between the PSCFC and the pre-fault bus volt‐
age. Therefore, the fault component protection principle 
based on phase comparison cannot be applicable in some sit‐
uations.

The traditional fault component protection principle is lim‐
ited by the operation mode and the topology of RMGs, and 
the LVRT control strategy of IIDGs will also affect fault 
characteristics of RMGs.

III. CURRENT-BASED FAULT CONTROL STRATEGY ADAPTING 
TO FAULT COMPONENT PROTECTION PRINCIPLE 

A. Proposed Current-based Fault Control Strategy

The control strategy of IIDGs in an RMG affects the fault 
characteristics and the positive-sequence additional network 
model of the RMG, which leads to the failure of the fault 
component protection principle. According to the analysis in 
Section II, the grid-feeding IIDGs can be equivalent to cur‐
rent sources in the positive-sequence fault component net‐
work. By adjusting the current control strategy of grid-feed‐
ing IIDGs, the fault models can be simplified and the fault 
component protection principle can still be applicable. A pro‐
posed current-based control strategy of IIDG is shown in 
Fig. 5.

In Fig. 5, the PLL stands for phase locked loop; PWM 
stands for pulse width modulation; PI stands for proportional-
integral controller; PC stands for point of coupling; the 
notch filter is used to extract the positive-sequence electrical 
quantities; Pref and Qref are the reference values of active and 
reactive power, respectively; Idout and Iqout are the d-axis and 
q-axis components of the output current, respectively; ud and 
uq are the d-axis and q-axis components of the output volt‐
age, respectively; and u*

d, u*
q, and u*

0 are the reference values 
of the d-axis, q-axis, 0-axis components of the voltage, re‐
spectively; iω is the output current; ucω is the capacitor volt‐
age; uω is the voltage of RMG; and the superscript + repre‐
sents the positive-sequence electrical quantities.

In the angle and amplitude extraction module, a notch fil‐
ter and a sequence component extractor are combined to ex‐
tract the positive-sequence electrical quantities i +ω, u+

cω, and 
u+
ω. In the reference generation module, a vector compres‐

sion module is used to limit the reference value of the out‐

put current and power in equal proportion to ensure that the 
IIDG works in a safe range. Based on the current-based fault 
control module, with a delay module, the output current of 
IIDG can be maintained for a period of time. Considering 
the state-of-the-art power electronics control technology and 
the fault transient process, the delay time is 2 cycle in this 
paper. Thus, the PSCFCs of the grid-feeding IIDGs in (1) 
can be expressed as:

0 = i+f (t)- i+n (t) (5)

where i+f (t) and i+n (t) are the positive-sequence current under 
fault and normal conditions, respectively.

B. Analysis of RMG Fault Characteristics Based on Pro‐
posed Current-based Fault Control Strategy

Owing to the proposed current-based fault control strate‐
gy, the PSCFCs of IIDGs are zero during the fault. There‐
fore, the fault models shown in Fig. 3 can be simplified. 
Since the fault components of output currents of grid-feed‐

Reactive

power

increases
∆iB3

∆iB2

B1∆i B4∆i B,0u

DG,0i

DG,f∆i

DG,fi

DG,f-∆i

limI

B,0u
B,fu

Reative

power

increases

Reactive

power

increases

θ

(a) (b)

Fig. 4.　Output current of IIDG and phasors of PSCFC at Bus B. (a) Out‐
put current of IIDG. (b) Phasors of PSCFC.
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ing IIDGs are 0, the grid-feeding IIDGs can be equivalent to 
open circuits. The additional network of the positive-se‐
quence fault component based on proposed current-based 
fault control strategy is shown in Fig. 6.

The PSCFC of the forward fault feeder at Bus K (K=A, 
B, C, D) can be expressed as:

DiKi = ∑
j ¹ ij = 1

n

DiKj (6)

where ΔiKi is the PSCFC of the forward fault feeder; ΔiKj is 
the PSCFC of the reverse fault feeder; and n is the number 
of branch feeders contained at Bus K.

The PSCFC of the reverse fault feeder at Bus K can be 
expressed as:

DiKj =-
Z ′eq

Zeq + Z ′eq

DiKi (7)

where Z ′eq is the equivalent positive-sequence impedance at 
the forward fault feeder side; and Zeq is the equivalent posi‐
tive-sequence impedance at the other feeder side. Z ′eq and Zeq 
are mainly composed of positive-sequence impedances of 
feeders and loads, which means the impedance angles of Z ′eq 
and Zeq are nearly equal. Therefore, it can be observed from 
(7) that the phasors of PSCFC of forward fault feeders and 
reverse fault feeders are different, and the corresponding pha‐

sors are shown in Fig. 7, where uK is the pre-fault bus volt‐
age.

Based on the above analysis, it can be concluded that the 
feeders on the same bus have the following fault characteris‐
tics.

1) The equivalent impedances in (7) will only affect the 
amplitude of currents, but not the direction.

2) The phasor of PSCFC of forward fault feeders is al‐
most opposite to that of reverse fault feeders.

3) The phase difference between the PSCFC of forward 
fault feeders and uK is less than 90°; the phase difference be‐
tween the PSCFC of reverse fault feeders and uK is around 
90°-180°.

4) Owing to the proposed current-based fault control strat‐
egy of IIDGs, the phase relationship in 3) is independent of 
the topology, parameters, and operation modes of RMGs.

IV. RMG PROTECTION STRATEGY BASED ON CURRENT-
BASED FAULT CONTROL OF IIDGS 

A. Fault Starting Criterion

Considering the small short-circuit current provided by 
IIDGs during RMG fault, the change of positive-sequence 
voltage of fault feeder is not obvious under high-impedance 
faults. Therefore, the amplitudes of the bus voltage fault 
components are selected as the starting criterion:

|Du+ | + |Du- | + |Du0 | >Uset (8)

where Δu+, Du-, and Δu0 are the positive-, negative-, and ze‐
ro-sequence voltage fault components of a bus, respectively; 
and Uset is the starting threshold. In this study, Uset is as‐
sumed to be 0.02 times the rated voltage Urate.

B. Fault Detection Criterion

According to the analysis in Section II, the fault feeder 
can be recognized by fault characteristics, because the ampli‐
tude is affected by the RMG operation modes and the types 
of faults. If two feeders have a similar amplitude of voltage, 
the fault feeder cannot be distinguished reliably. Hence, the 
phase difference between the PSCFC of the feeder and the 
pre-fault bus voltage can be selected as the fault characteris‐
tic and used to detect the fault feeder.

According to the analysis results of fault characteristics, 
the fault detection criterion for the forward fault feeder can 
be described as:

0° < | arg(uK )- arg(DiKi ) | < 90° (9)

For the reverse fault feeders, the fault detection criterion 
can be described as:

90° < | arg(uK )- arg(DiKj ) | < 180° (10)
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connected mode.
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C. Proposed RMG Protection Strategy

By employing the proposed fault starting criterion and 
fault detection criterion, the fault direction of each feeder 
can be determined by (9) and (10). Based on the proposed 
current-based fault control strategy and fault detection crite‐
ria, the flow chart of the proposed RMG protection strategy 
under fault conditions is depicted in Fig. 8.

V. EXPERIMENTAL RESULTS 

In order to verify the effectiveness of the proposed cur‐
rent-based fault control strategy shown in Fig. 5, the simpli‐
fied model of IIDG utilized in the hardware platform and 
PSCAD/EMTDC is presented in Fig. 9. A conventional two-
level three-leg three-phase inverter is applied in this paper.

In order to evaluate the correctness of the proposed RMG 
protection strategy, an RMG shown in Fig. 2 is simulated in 
PSCAD/EMTDC. The root mean square value of the line 
voltage and the frequency of the system are 10 kV and 50 
Hz, respectively. The grid-feeding IIDGs adopt the proposed 
current-based fault control strategy shown in Fig. 5. The ca‐
pacities of grid-feeding IIDGs, grid-forming IIDG, and utili‐
ty grid are 500 kVA, 2000 kVA, and 30 MVA, respectively 
[35], [36]. The maximum output fault currents of grid-feed‐

ing IIDGs and grid-forming IIDG are 2 and 5 times the rat‐
ed current, respectively [2], [22]. The capacities of three-
phase symmetrical loads LD1, LD2, and LD3 are (1200 +
j30)kVA [35], [36]. The positive-sequence impedance of the 
feeders is (0.38 + j0.45)Ω/km, and the zero-sequence imped‐
ance is (0.76 + j1.32)Ω/km [37]. The length of feeders AB, 
BC, and AD is 2 km, and IIDGs and loads are connected to 
the bus through 0.1 km feeders.

A. Verification of Current-based Fault Control Strategy

A simplified power-electronics-based hardware platform 
with the controller TMS320F28335 is fabricated, as shown 
in Appendix A Fig. A1. This platform mainly comprises a 
grid-forming IIDG, a grid-feeding IIDG, and the loads. The 
hardware platform specifications are presented in Table I. 
During the normal operation, the condition that the voltage 
of the grid-forming IIDG suddenly drops is used to simulate 
the RMG fault condition. The experimental result is depicted 
in Fig. 10.

The grid-forming IIDG only outputs the positive-sequence 
voltage, thus its voltages are symmetrical and the phase-a 
voltage ua is shown in Fig. 10. When ua suddenly drops, the 
currents of the grid-feeding IIDG ia, ib, and ic will remain the 
pre-fault output current for two cycles, as shown in Fig. 10. 
During this period, the specific fault characteristics will be 
generated. Afterwards, the grid-feeding IIDG adopts the 
LVRT control strategy. Owing to their rapidity of control 
and response, IIDGs can generate the specific fault character‐
istics in the specific time and transit to the LVRT mode rap‐
idly. Thus, the effectiveness of the proposed current-based 
fault control strategy is verified.
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Fig. 10.　Experimental result of hardware platform.
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Fig. 9.　 Simplified model of IIDG utilized in hardware platform and 
PSCAD/EMTDC.

TABLE I
HARDWARE PLATFORM SPECIFICATIONS

Parameter

Nominal microgrid voltage

Nominal microgrid frequency

DC-link voltage

DC-link capacitance

AC filter capacitance

Inductance

Switching frequency

Delay time t (in e-st)

Value

220 V

50 Hz

650 V

1600 μF

3.3 μF

2.4 mH

10 kHz

40 ms
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Based on the PSCAD/EMTDC platform, in islanded 
mode, when t = 0.3 s, a phase-phase fault occurs in the mid‐
point of feeder B2C1 and the transition resistance is 3 Ω. 
IIDGs adopt the current-based fault control strategy. The 
voltage waveforms of the grid-forming IIDG (DG1) is 
shown in Fig. 11 and the current waveforms of the grid-feed‐
ing IIDG (DG2) is shown in Fig. 12.

As can be seen from Fig. 12, the grid-feeding IIDGs can 
maintain the normal-running current for two cycles effective‐
ly and transit to LVRT mode smoothly. The simulation re‐
sults in Fig. 11 and Fig. 12 are consistent with the experi‐
mental results in Fig. 10, which proves the effectiveness of 
the proposed current-based fault control strategy.

B. Verification of Proposed RMG Protection Strategy

The effectiveness of the proposed RMG protection strate‐
gy is verified in the following Cases 1-5. The RMG adopts 
ungrounded mode in Cases 1-4, thus the phase-phase and 
three-phase faults are verified. The grounded mode is adopt‐
ed in Case 5, and a high-impedance single-phase-to-ground 
fault is verified.

Case 1: in grid-connected mode, when t = 0.3 s, a three-
phase fault occurs at the midpoint of feeder B2C1, and the 
transition resistance is 3 Ω. The amplitude, phase, and phase 
difference of pre-fault and during-fault positive-sequence volt‐
ages of each bus and those of PSCFCs on the feeders are 
shown in Tables II and III, respectively. The phase has been 
converted to the range of (-180°, 180°), and the phase differ‐
ence represents the value of ||φKi = || arg(uK )- arg(DiKi ) . With 

the amplitudes and phase differences in Tables II and III, the 
fault directions of each feeder are determined.

As shown in the Tables II and III, the phase difference of 
A3 is 4.26°, so it is a forward feeder. The phase difference 
of B1 in the same feeder of A3 is 174.84° , thus it is a re‐

verse fault feeder. It means that A3B1 is not the fault feeder. 
Both ends of B2C1 are forward fault feeders, which satisfies 
the fault detection criterion. Therefore, B2C1 is the fault 
feeder. For other main feeders such as A4D1, the fault detec‐
tion criterion is not satisfied and they are detected as healthy 
feeders. For the branch feeders such as B4, C3, and D3, 
they are reverse fault feeders and are detected as healthy 
feeders. Therefore, the fault feeder B2C1 is located.

Case 2: in grid-connected mode, when t = 0.3 s, a phase-
phase fault occurs in the midpoint of feeder B2C1 and the 
transition resistance is 3 Ω. The amplitude, phase, and phase 
difference of pre-fault and during-fault positive-sequence 
voltages of each bus and those of PSCFCs on the feeders in 
this case are shown in Tables IV and V, respectively.

Compared with the Case 1, the amplitude of PSCFCs de‐
creases, and the amplitude of the positive-sequence voltage 
of each bus slightly increases after the fault. B2 and C1 are 
detected as forward fault feeders as well. Therefore, the fault 
feeder can be located accurately through the proposed fault 
detection criterion.

TABLE III
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PSCFCS 

ON FEEDERS IN CASE 1

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

ΔiA1

ΔiA2

ΔiA3

ΔiA4

ΔiB1

ΔiB2

ΔiB3

ΔiB4

ΔiC1

ΔiC2

ΔiC3

ΔiD1

ΔiD2

ΔiD3

Amplitude (A)

2533.00

1.00

1793.00

2.00

2535.00

1796.00

2.00

5.00

5.13

0

6.43

2.00

1.00

3.00

Phase (°)

-4.36

-4.34

-150.18

175.66

-4.27

-136.02

27.95

-136.01

29.47

-136.02

Phase 
difference (°)

4.28

4.26

150.10

174.84

3.45

135.20

29.07

134.89

29.90

135.59
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Fig. 11.　Voltage waveforms of grid-forming IIDG (DG1).
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Fig. 12.　Current waveforms of grid-feeding IIDG (DG2).

TABLE II
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PRE-FAULT AND 

DURING-FAULT POSITIVE-SEQUENCE VOLTAGES OF EACH BUS IN CASE 1

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

uA,0

u++
Af

uB,0

u++
Bf

uC,0

u++
Cf

uD,0

u++
Df

Amplitude 
(kV)

5.77

5.31

5.71

4.89

5.67

4.68

5.73

5.32

Phase (°)

-0.08

-3.41

-0.82

-7.43

-1.12

-9.71

-0.43

-3.44

Phase 
difference (°)
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Case 3: in islanded mode, when t = 0.3 s, a three-phase 
fault occurs in the midpoint of B2C1 feeder and the transi‐
tion resistance is 3 Ω. The amplitude, phase, and phase dif‐
ference of pre-fault and during-fault positive-sequence volt‐
ages of each bus and those of PSCFCs on the feeders in this 
case are shown in Tables VI and VII, respectively.

Compared with the Case 1, the RMG is disconnected to 
the utility grid. Since it lacks the fault current contribution 
of the utility grid, the amplitude of the positive-sequence 
voltage of each bus significantly decreases after the fault. It 
reflects that the fault severity of Case 3 is more serious than 
that of Case 1. But it does not affect the phase relationship 
between the PSCFCs and the pre-fault bus voltage. The fault 
feeder B2C1 can still be located accurately through the pro‐
posed fault detection criterion.

Case 4: in islanded mode, when t = 0.3 s, a phase-phase 
fault occurs in the midpoint of B2C1 feeder and the transi‐
tion resistance is 3 Ω. The amplitude, phase, and phase dif‐
ference of pre-fault and during-fault positive-sequence volt‐
ages of each bus and those of PSCFCs on the feeders in this 
case are shown in Tables VIII and IX, respectively.

Compared with the Case 3, the amplitude of the PSCFCs 
is lower and the amplitude of the positive-sequence voltage 
of each bus is higher. It reflects that the fault severity of 
Case 4 is relatively lighter than that of Case 3. The fault 
feeder B2C1 can still be located accurately.

TABLE VI
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PRE-FAULT AND 

DURING-FAULT POSITIVE-SEQUENCE VOLTAGES OF EACH BUS IN CASE 3

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

uA,0

u++
Af

uB,0

u++
Bf

uC,0

u++
Cf

uD,0

u++
Df

Amplitude 
(kV)

5.72

1.21

5.66

1.13

5.62

1.09

5.69

1.21

Phase (°)

-0.11

-19.11

-0.73

-21.43

-1.09

-22.70

-0.51

-19.01

Phase 
difference (°)

TABLE VII
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PSCFCS 

ON FEEDERS IN CASE 3

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

ΔiA1

ΔiA2

ΔiA3

ΔiA

ΔiB1

ΔiB2

ΔiB3

ΔiB

ΔiC1

ΔiC2

ΔiD1

ΔiD2

ΔiD3

Amplitude (A)

0

543

584

87

826

630

0

61

58

0

54

0

60

Phase (°)

137.98

-36.61

-179.47

143.41

-33.32

-178.84

2.24

-20.31

-178.82

Phase 
difference (°)

138.09

36.50

179.36

144.14

32.59

178.11

3.33

19.80

178.31

TABLE VIII
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PRE-FAULT AND 

DURING-FAULT POSITIVE-SEQUENCE VOLTAGES OF EACH BUS IN CASE 4

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

uA,0

u++
Af

uB,0

u++
Bf

uC,0

u++
Cf

uD,0

u++
Df

Amplitude (kV)

5.71

2.21

5.66

2.18

5.62

2.16

5.69

2.21

Phase (°)

-0.11

5.29

-0.73

5.20

-1.09

5.16

-0.51

5.28

Phase 
difference (°)

TABLE IV
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PRE-FAULT AND 

DURING-FAULT POSITIVE-SEQUENCE VOLTAGES OF EACH BUS IN CASE 2

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

uA,0

u++
Af

uB,0

u++
Bf

uC,0

u++
Cf

uD,0

u++
Df

Amplitude (kV)

5.77

5.60

5.71

5.44

5.67

5.35

5.73

5.60

Phase (°)

-0.08

-1.35

-0.82

-2.77

-1.12

-3.51

-0.43

-1.38

Phase 
difference (°)

TABLE V
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PSCFCS 

ON FEEDERS IN CASE 2

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

ΔiA1

ΔiA2

ΔiA3

ΔiA4

ΔiB1

ΔiB2

ΔiB3

ΔiB4

ΔiC1

ΔiC2

ΔiC3

ΔiD1

ΔiD2

ΔiD3

Amplitude (A)

2366

1

1681

2

2377

1684

1

5

5

0

6

2

1

2

Phase (°)

-7.88

-7.87

-152.93

172.12

7.80

-139.50

25.15

-139.42

26.72

-139.53

Phase 
difference (°)

7.80

7.79

152.85

172.94

8.62

138.68

26.27

138.30

27.15

139.10

1686
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Case 5: in islanded and grounded mode, when t = 0.3 s, a 
high-impedance single-phase-to-ground fault occurs in the 
midpoint of B2C1 feeder and the transition resistance is 100 
Ω. The amplitude, phase, and phase difference of pre-fault 
and during-fault positive-sequence voltages of each bus and 
those of PSCFCs on the feeders in this case are shown in Ta‐
bles X and XI, respectively.

As shown in the Table X, when a high-impedance fault oc‐
curs in RMG, the amplitude change of the positive-sequence 
voltage of each bus is not obvious. The PSCFC ΔiB2 changes 
significantly and the fault feeder B2C1 can still be located 
accurately through the proposed fault detection criteria. 
Therefore, compared with the Cases 1-4, the proposed fault 
protection strategy is still valid for the grounded system un‐
der high-impedance fault.

Cases 1-5 present the simulation results of different 
grounded modes, fault types, and transition resistances. The 
negative-sequence components exist in Cases 1-4, while the 
zero-sequence components exist in Case 5.

These two components only affect the fault starting criteri‐
on (8) but are independent of the proposed fault detection 
criteria (9) and (10).

Through the above simulation analysis, IIDGs using the 
current-based fault control strategy can generate specific 
fault characteristics when different types of faults occur in 
the RMG, which is consistent with the theoretical analysis in 
Section III. The RMG fault protection strategy proposed in 
Section IV can locate the fault feeder in both islanded and 
grid-connected RMGs accurately.

VI. DISCUSSION AND COMPARISON 

This paper proposes an RMG fault protection strategy co‐
ordinating with a current-based fault control strategy. With 
the proposed current-based fault control strategy, IIDGs gen‐
erate the specific fault characteristics and then adopt the 
LVRT strategy according to grid code.

By improving the protection scheme of the traditional dis‐
tribution network, the effective protection techniques on mi‐
crogrid are mainly sorted into five categories, which are 
overcurrent protection [10], voltage-based protection [11], 
differential protection [19], adaptive protection [14], and in‐
telligent-algorithm-based protection [17]. As shown in Case 
5, because the fault characteristics of current and voltage are 
not obvious, it is difficult for overcurrent protection and volt‐
age-based protection to detect the high-impedance fault. The 
differential protection based on the communication network 
can be applied to any topology to detect all kinds of faults 
in theory. However, due to the small capacity and short feed‐
ers of microgrid, high communication speed is required, 
which will increase the cost. The adaptive protection is also 
based on the traditional communication network. It needs a 
CPU to process the data collected by phasor measurement 
units (PMUs), and then reset the threshold through intelli‐
gent algorithms. Compared with differential protection, adap‐

TABLE IX
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PSCFCS 

ON FEEDERS IN CASE 4

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

ΔiA1

ΔiA2

ΔiA3

ΔiA4

ΔiB1

ΔiB2

ΔiB3

ΔiB4

ΔiC1

ΔiC2

ΔiC3

ΔiD1

ΔiD2

ΔiD3

Amplitude (A)

0

269

296

43

419

327

1

47

43

1

43

43

0

43

Phase (°)

120.88

-52.31

175.72

127.65

-47.07

175.11

-4.01

175.10

-3.11

174.98

Phase 
difference (°)

120.99

52.20

175.83

128.38

46.34

176.57

2.92

176.19

2.60

175.49

TABLE X
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PRE-FAULT AND 

DURING-FAULT POSITIVE-SEQUENCE VOLTAGES OF EACH BUS IN CASE 5

Bus position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

uA.0

u++
Af

uB.0

u++
Bf

uC.0

u++
Cf

uD.0

u++
Df

Amplitude 
(kV)

5.72

5.72

5.66

5.66

5.63

5.62

5.69

5.69

Phase (°)

-0.11

-0.17

-0.73

-0.99

-1.09

-1.40

-0.43

-0.51

Phase 
difference (°)

TABLE XI
AMPLITUDE, PHASE, AND PHASE DIFFERENCE OF PSCFCS 

ON FEEDERS IN CASE 5

Bus 
position

Bus A

Bus B

Bus C

Bus D

Electrical 
quantity

ΔiA1

ΔiA2

ΔiA3

ΔiA4

ΔiB1

ΔiB2

ΔiB3

ΔiB4

ΔiC1

ΔiC2

ΔiC3

ΔiD1

ΔiD2

ΔiD3

Amplitude (A)

0

9.43

9.18

0.11

13.00

17.55

0

0.25

0.31

0

0.22

0.16

0

0.15

Phase (°)

173.29

-6.64

154.33

176.34

-5.55

106.31

43.83

133.38

156.57

95.85

Phase 
difference (°)

173.40

6.53

154.44

177.07

4.82

107.04

44.92

133.47

157.00

96.28

1687



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 6, November 2022

tive protection requires more node data and better communi‐
cation network. Intelligent-algorithm-based protection is usu‐
ally combined with adaptive protection, which has strong ro‐
bustness, good adaptive ability, and high steady control accu‐
racy, so that it can flexibly cope with the structure and state 
changes of microgrid. However, like adaptive protection, in‐
telligent-algorithm-based protection still needs a lot of 
PMUs and high-speed communication network. Compared 
with [14], [17], [19], owing to the delay in the control strate‐
gy, IIDGs can maintain specific fault characteristics for 2 cy‐
cles. Therefore, the proposed fault protection strategy does 
not need the high-speed communication network.

Although an RMG contains multiple types of RESs, they 
can all be equivalent to a voltage- or current-controlled 
source when different control strategies are applied. The 
main difficulty of RMG fault protection is the influence of 
IIDGs on fault characteristics. Most researches only focus on 
the identification of fault characteristics in RMGs but ignore 
the improvement of the fault control strategy of IIDGs. Al‐
though some researchers [30], [38] have begun to focus on 
this point, the proposed control strategies lack consideration 
for the coordination control of fault characteristics and volt‐
age support. Compared with the existing fault detection and 
protection strategies, the superiorities of the proposed fault 
protection strategy are presented in Table XII, where √ and 
× represent the strategy with and without this scenario capa‐
bility, respectively.

The proposed fault protection strategy has the following 
advantages.

1) By adjusting the fault control strategy of IIDGs, the 
equivalent fault models of IIDGs can be changed, and the 
equivalent additional network of positive-sequence fault com‐
ponents can be simplified. In this way, without the compli‐
cated parameters or fault calculation, the fault feeder of ev‐
ery fault type in the RMG with different topologies and oper‐
ation modes can be located.

2) With IIDGs adopting the current-based fault control 
strategy, the fault feeder can be accurately located during the 
delay cycle. Furthermore, IIDGs can track the LVRT refer‐
ence after the delay cycle. Without modifying the control 
strategy of IIDGs complicatedly and adding expensive hard‐
ware protection devices, the fault component protection prin‐

ciple can still be applicable owing to the proposed fault con‐
trol strategy. This fault control strategy takes both protection 
and voltage support of RMGs into account and realizes the 
coordination design of fault control of IIDGs and RMG pro‐
tection strategy.

3) The calculation of PSCFCs only needs the pre-fault 
and during-fault current quantities. Therefore, the proposed 
current-based fault control strategy and fault detection crite‐
ria can be applicable in complex scenarios.

4) The proposed current-based fault control strategy is 
based on the low inertia, fast response, and high controllabil‐
ity characteristics of DGs, thus it can be widely utilized in 
PV, battery, type-4 WT generator, and other low-inertia IIDG 
systems.

5) Owing to the delay in the control strategy, IIDGs can 
maintain the specific fault characteristics for some periods. 
Therefore, the proposed fault detection criteria do not need 
high-speed communication network and are not affected by 
the performance of PLL.

VII. CONCLUSION 

A current-based fault control strategy and a new RMG 
protection strategy based on fault component protection prin‐
ciple are proposed in this paper. Owing to the fault control 
strategy, specific fault characteristics are generated by IIDGs 
to ensure that the fault component protection principle is 
still applicable in the RMG, and based on this, the fault feed‐
er can be located accurately. Then, IIDGs can transit to the 
LVRT mode smoothly. According to the analysis of fault 
characteristics, a new RMG fault detection criterion is pro‐
posed, which uses the phase difference between the PSCFC 
and the pre-fault bus voltage to locate the fault feeder. The 
proposed fault detection criteria are suitable for both grid-
connected and islanded RMGs. The experimental and simula‐
tion results validate the correctness of the current-based fault 
control strategy and the effectiveness of the RMG fault pro‐
tection strategy.
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