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ABSTRACT: Renewable energy represented by grid-forming
inverter-interfaced distributed energy resources (DERs) are
increasingly connected to microgrids that can operate
independently and have various modes, resulting in traditional
relay protection schemes that cannot meet the requirements of
protection selectivity and speed. To address this issue, the fault
characteristics of grid-forming DERs are analyzed. On this
basis, the current, voltage and phase angle characteristics
between them under the microgrids' grid-connected/islanded
operation mode are analyzed. To tackle the problem that the
traditional protection loses selectivity, the phase angle
difference between the pre-fault voltage and the post-fault
current is used to determine the fault direction, Additionally, an
internal fault acceleration factor, combining the integrated
phase angle difference and the measured impedance, is
introduced to enhance the action equation of the inverse-time
overcurrent protection. Furthermore, a low-voltage protection
criterion based on comprehensive phase angle difference
characteristics is established to address the challenge of
insufficient fault current to trigger inverse-time overcurrent
protection during two-phase short-circuit faults in the islanded

state. This leads to a microgrid protection scheme that
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integrates the improved inverse-time overcurrent protection
with low-voltage protection. The model is built by PSCAD.
The theoretical analysis and simulation results show that the
scheme can operate quickly and reliably in the grid-connected/
islanded operation state of the microgrid, which verifies the

effectiveness of the proposed protection scheme.

KEY WORDS: microgrid; inverter-interfaced distributed
energy resources; voltage and current phase angle difference;
inverse-time overcurrent protection; low voltage protection;
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Table A1 Fault ride-through characteristics of GFM IIDER
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Dy Kbt Al L 5 Wb S B A DS RO

Ap,=arg(U, / I};) > 0°
Ay =argU, / I},)>0° (A3)
Ap,=arg(U, / I},,) < 0°

(A2)
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Fig. A6 Stand-alone D unit microgrid F3 fault equivalent

network
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Fig. A7 Non-standalone D unit microgrid F1 fault
equivalent network
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Fig. A8 Non-standalone D unit microgrid F3 fault phase
angle diagram
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Fig. A9 Non-standalone D unit microgrid F4 fault phase
angle diagram

B A10  FHRUIRZS T iz /= B9 BRI BB SR AR I B E RS (B B 4%
Fig. A10 Action time curve of inverse-time overcurrent
protection in grid-connected state

RHSLIZATIRGE T D FTC I X D AT 5 2k
F3 RURAMIERS, OR47 Do ORY Ays LRI Dy AIER

7 D3 Abd b Al L 5 W S R AR AR O R
Ap,=arg(Uy / I),) > 0°
Aps= arg(UA /1'124) >0°
Ay, =arg(Uy, / I},) < 0°
Aps= arg(U,, /1.1,33) <0°
EMALIZATIRAT D BTl R 1 73 A 2
VIR FA U RIS, OR47 Ays DR D FIRAF
D Ab Al AL S 5 5 5 R IR A SR RN
Ay=argU, /I,,)>0°
Ap=arg(Uy, / I};)>0° (AS)
Aps=arg(U, / 1)) <0°
F A2 HWRETEUER RIS ERIRIFEESH

Table A2 Settings of protection parameters in
grid-connected state

(A4)

B RLE R R JE B H/KA P 1) 8 %
C3 J3An A TR 0 0.001
B4 S 2L PR 0 0.001
D3 S5 2 L PR 0 0.001
2 AT IR 0.468 0.001
B2 AT IR 0.468 0.001
D2 AT IR 0.468 0.001
A2 AT IR 0.468 0.001
Cl1 IREB Lk 0.104 1.444
B3 IREB Lk 0.468 6.966
Bl IREB Lk 0.208 1.125
A3 LB Lk 0.936 5.33
A4 LB Lk 0.468 30
D1 IRE8 T2k 0.104 2.055

R A3 BRRES TR RERSERRIFEESH

Table A3 Settings of protection parameters in islanded state

S A PR LR R 1) 24 JEFN KA A R
C3 I3 IR ZR 0 0.001
B4 I3 IR ZR 0 0.001
D3 I3 IR ZR 0 0.001
C2 ik 0.209 0.001
B2 B T 2R 0.209 0.001
D2 B T 2R 0.209 0.001
A2 B T 2R 0.209 0.001
Cl1 IREE R 0.104 1.444
B3 IRER LR 0.208 1.366
Bl IREE R 0.208 1.125
A3 IRER LR 0.104 1.33
A4 IRER LR 0.208 2.059
D1 AR LR 0.104 2.055

® A4 REERIPEESY

Table A4 Settings of low voltage protection parameters
Ry E BRI RBRISRT H3h AR /pu IR R SR I (/s

A4 AR IR 0.85 0.300
DI AR IR 0.85 0.700
Bl AR IR 0.85 0.500
A3 AR IR 0.85 0.500
C1 AR IR 0.85 0.700

B3 R4 IRk 0.85 0.300




RAS HWRETHMAEBIRIRZ Som LHFERIPEER
Table AS Protection action for faults at SO0m of IIDER
feeder under grid-connected state

Ry MBERIRKA A ey (0 WRSRE ZERS /s

2.649 70.803 = 0.004
© 1.232 67.953 [} 0.009
B4 4.326 —286.282 = 0.005
2.071 72.122 [} 0.008
5.568 —283.144 = 0.003
D3 2.682 75.503 ] 0.007

R A6 FIPRAT AR 200m SHIERIFHISERSR
Table A6 Protection action for faults at 200m of load
feeder under grid-connected state

PRAAE WMERRAKA R e (0)  ERIRR SRR /s
. 2.746 -286.993 = 0.004
1.436 70.610 ] 0.007
- 4.299 -285.071 = 0.003
2.214 73.354 ] 0.006
D2 5414 —282.482 = 0.003
2.759 —283.905 ] 0.006
" 9.867 -277.378 = 0.002
4.983 —278.135 [} 0.006

F AT BRRETHHAEIRRLZE Som OEPERIFMERER
Table A7 Protection action for faults at 50m of IIDER
feeder under islanded state

TRy B MBRRIRAA I a; /(0) MR SRR

0.393 -324.262 = 0.009
e 0.086 —321.238 [} 0.012
B4 0.405 —325.432 = 0.003
0.094 -324.719 [} 0.011
0.385 -323.279 = 0.007
D3 0.082 —-321.634 [} 0.012

R A8 BRRET AR 200m AEFERIPAOESBR
Table A8 Protection action for faults at 200m of load
feeder under islanded state

RIPGIE  HORHRKA  AE oy /(0)  WOREA SRR E)/s

0.599 -324.773 = 0.004
€ 0.390 -325.337 [ 0.008
B 0.611 —325.469 = 0.003
0.397 —325.874 [ 0.008
D2 0.591 -324.178 = 0.003
0.385 -324.912 [ 0.008
0.539 -324.736 = 0.004
A2 0.383 -325.837 [ 0.008
M B
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