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Abstract

In this project, various modes of Inverter-based Distributed
Generation (IBDG) in distribution systems are studied under fault
conditions. This project adopts the photovoltaic (Photovoltaics,
PV) system and battery energy storage system (Battery Energy
Storage, BESS). This project implements positive sequence,
negative sequence and zero sequence equivalent circuits to study
three-phase balanced, single-phase-to-ground, phase-to-phase and
two-phase-to-ground, and single-phase high-impedance grounding
faults under steady-state conditions.

This report is a final report. First, through the Thevenin
or Norton equivalent circuit, by considering the distributed
generation with inverters as a voltage source or current source
model, the short-circuit current relationship associated with
balanced faults and various unbalanced faults is derived.

Secondly, the analytical formula (static model) of balanced
and unbalanced faults of distribution system with IBDG are proposed.

In terms of control modes considered, the control schemes used in



inverter-based PV systems are Maximum Power Point Tracking (MPPT),
P-Q and V-Q droop mode. The control schemes adopted in the
inverter-based BESS system are P-Q mode, V-Q and P-f droop modes.
In addition to deriving the steady-state fault current, this
project also deduces a mathematical expression for the initial
transient peak fault current.

This project uses three kinds of simulations to validate the
accuracy of the proposed analytical formula: Matlab Simulink time-
domain simulation, Opal-RT eMegasim real-time digital simulation
and powr hardware-in-the-loop simulation.

Keywords: Short circuit fault, Photovoltaic system, Energy

storage, Control mode, Power hardware-in-the-loop simulation.
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P System

L
Grid Feeder| g
i ,

' ._\
—aa Ale— w_
L aa

ol

afsd
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5
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o n..,,.lﬂ Hﬁﬁ’—BI—HJ

Faul 2

oles—1

J

@ Load Feeder
I

_lr

o o

AT

Bl 44 IBDG 7 Simulink -3 (& 3 PQ 441 PV ik &)

# 4 55 PQ##10 IBDG (PV i o)« MATLAB $o358 £7 347 f2 v 2

Simulink f#2  f#47f%  Simulink f#  f&47f2

g f_ﬁ E M Jé = %::
el /AR (Bus 1) (Bus 1) (Bus 2) (Bus 2)
Three - Peak 5332 5416 3492 4477
Instantaneous
Phase Steady -
Fault v 9981 2309 1887 1909
State
Single - Peak 5332 5102 3514 4659
line - Instantaneous
to - Steady -
Ground v 9983 9246 1900 1987
State
Fault
Double - Peak 5332 5127 3501 4381
line - Instantaneous
to -
Ground Steady - 9277 2186 1888 1868
State
Fault
Line - Peak 4359 4691 9955 4290
to - Instantaneous
line Steady -
Falt State 1980 2000 1649 1829
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Single - Peak 1863 92533 1600 2276

Phase Instantaneous
High ~
Impedance > readY 1164 1080 1004 970
State
Fault

dod 4 1o o0 R4 FEE Simulink PR R B EIT o P B
T EE R a0 (56) A AN[23] 8 B JHAR LT 0B o * A
PQix#lend-dicdeo & 5 #1or o

4.5 E PQ #4150 IBDG(PV & %) -8k

T4 anaid ik
25 kV (line voltage)
Utility X/R =17
Sbase = 100 MVA
) R=1Q
Grid Feeder L= 1
) R=1Q
Main Feeder L= 1 ml
R=1Q
Load Feeder L =1l
25 kV (line voltage)
Load 150 KW
PV Array:
Rs; = 3.039296 uQ
Rf = 0.3849017323 Q
Ipy = 6.9282 A
Boost Converter:
PV Systen I Zeonverter = 1.902391516,88.2702185 ()
nverter:
Zinverter = 0.1804637953.20.2146032308 Q
Transformer:
25 kV/260 V (Y-A)
Ztransformer
= 70.69350769,89.94934434 ()
Single Phase High 30 Q
Impedance
L = 250 pH
PQ Control Parameters K} — 3 % 10-12
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GRID
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Grid Feeder

P System

Fault 1

L —als

cl—

e Dby
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Bu= 2 HIF

Load Fesder

Load

Fault 2

EX

LL

Bl 55 IBDG «»Simulink #-31(E 3 VQ #2410 PV & &

o

%6 ®* VQ #2415 IBDG(PV & st)# MATLAB ## f# 47 f3 vt &

Simulink f%

f247 %

Simulink f%

faiT f#

- W& %l
el /AR (Bus 1) (Bus 1) (Bus 2) (Bus 2)
Three - Peak 5332 5416 3857 4476
Instantaneous
Phase Steady -
Fault v 9985 2309 1982 1909
State
Single - Peak 5332 5267 3840 4354
line - Instantaneous
to - Steady -
Ground cacy 9277 9946 1993 1856
State
Fault
Double - Peak 5332 5127 3826 4239
line - Instantaneous
to -
Ground Steady - 9280 2186 1979 1807
State
Fault
Line - Peak 4359 4691 2909 3876
to - Instantaneous
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line Steady -

Fault State
Single - Peak
Phase Instantaneous
High Steady -
Impedance State
Fault

1977 2000 1639 1653
1863 2533 1600 2164
1161 1080 1002 923

e 6 97 0 (347 fE 2 Simulink HER AR BT o ¥V b > B B

‘_A /A
e 1B

=h
W
Al S dichod T 977 o

i B B30 (06) 0 iz AL

5 [23) e B3 HHAET 55T 02 8 - VQ

27 @ % VQ #4leh IBDG (PV i 22) 44k

T4 AR P 3
25 kV (line voltage)
Utility X/R =17
Sbase = 100 MVA
) R=1Q
Grid Feeder L= 1
) R=1Q
Main Feeder L= 1
R=1Q
Load Feeder L= 1
25 kV (line voltage)
Load 150 KW
PV Array:
Rs; = 3.039296 uQ
Rf = 0.3849017323 Q
Ipy = 69282 A
Boost Converter:
PV Systen Zeonverter = 1.902391516,88.2702185 ()

Single Phase High
Impedance

Inverter:
Zinverser = 0.180463795320.2146032308 Q
Transformer:

25 kV/260 V (Y-A)

A transformer

= 70.69350769289.94934434
30 Q
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% 8 i * PQ #4|:0BESS % 5t 2 MATLAB Ho8% 22 #3475 f2 et i

y s n Simulink f% f#47 f% Simulink f% f#47 %
HBAN % E/ R
Fefidl BIRE (Bus 1) (Bus 1) (Bus 2) (Bus 2)
Three - Peak 3472 3416 2689 3423
Instantaneous
Phase Steady -
Fault v 3233 3309 95492 2627
State
Single - Peak 1245 1105 969 1078
line - Instantaneous
to -
Ground Steady - 1084 1050 858 900
State
Fault
Pouble - Peak 9367 2139 1830 1997
line - Instantaneous
to -
Ground Steady - 2162 2053 1709 1694
State
Fault
Line - Peak 1824 1997 1412 1781
to - Instantaneous
line Steady -
Fault State 1675 1617 1283 1365
Single - Peak
Phase Instantaneous 952 604 473 066
High i
Impedance ~ >LcadY 546 530 468 430
State
Fault
% 9 @ % PQi-4]:hBESS i s 4 ¥k

Ol
s

TA R

|

3%

Utility

Grid Feeder
Main Feeder
Load Feeder

Load

BESS System

25 kV (line voltage)

X/R =1
Sbase = 100 MVA

=1Q

1 mH

1 Q
1 mH
1 Q
L=1mH

25 kV (line voltage)
150 kW

==
1l

BESS:
R, = 0.009 Q
Igpss = 6.9282 A

Boost Converter:

Zconverter = 1.902391516,88.2702185 Q
Inverter:
Zinverter = 0.1804637953.20.2146032308 Q
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Transformer:
25 kV/260 V (Y-A)

Z transformer
= 70.69350769289.94934434 (
Single Phase High
& & 30 Q
Impedance
L = 250 uH
PQ Control Parameters K! =3 x 1012
B 67 2 B 76 » B3P o2 b hT frfe? THrxfpift™ » 2R &
AR 2 DT I %:‘ﬁ»fg‘),ff%°
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(Bus 1) (Bus 1) (Bus 2) (Bus 2)
Three - Peak 3472 3416 2903 3423
Instantaneous
Phase Steady -
Fault y 3233 3286 92719 2638
State
Single - Peak 1245 1105 1029 1078
line - Instantaneous
to -
Ground Steady - 1084 1070 901 900
State
Fault
Double Peak 9366 2139 1940 1997
line - Instantaneous
to -
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Sbase = 100 MVA
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Load Feeder L= 1 ml
25 kV (line voltage)
Load 150 kW
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R, = 0.009 Q
Ipgss = 6.9282 A
Boost Converter:
Zcomverter = 1.902391516,88.2702185 Q
PV System Inverter:
Zinvercer = 0.1804637953,0.2146032308 Q
Transformer:
25 kV/260 V (Y-A)
Z transformer
= 70.69350769,89.94934434 ()
Single Phase High 30 Q
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BESS System

10 Qhms
ot Bus 2

Bus 2 HIF
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® 88 £ 3 Pf #4157 BESS & 4t Simulink #-3 ()

# 12 @& * Pf ¥4 BESS & 5t 2 MATLAB B3 22 f247 f2 vt %

y . e a Simulink f% f&47 % Simulink f% f&47 f#
CEE N 7 1
el /AR (Bus 1) (Bus 1) (Bus 2) (Bus 2)
Three - Peak 3472 3416 9804 3423
Instantaneous
Phase Steady -
Fault v 3233 3347 2641 92617
State
Single - Peak 1245 1105 971 1078
line - Instantaneous
to - Steady -
Ground v 1084 1075 859 820
State
Fault
Double - Peak 9367 2139 1879 1997
line - Instantaneous
to -
Ground Steady - 9162 2036 1753 1735
State
Fault
Line - Peak 1824 1997 1594 1781
to - Instantaneous
line Steady -
Pault State 1617 1705 1418 1365
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Single - Peak 553 604 473 566

Phase Instantaneous
High ~
Impedance > readY 546 545 168 430
State
Fault

4o 12 9751 > [R5 f22 Simulink BoERefE s B L3Rt o ¥k o
B R EDL R AN (56) 0 e A A [ 23] B AT SR T Y

oo % VQirdlcngdicdod 13 955 o

# 13 &4 Pf #2410 BESS ¢ sten i

T AR Sk
25 kV (line voltage)
Utility X/R =17
Shase = 100 MVA
) R=1Q
Grid Feeder L= 1 ml
) R=1Q
Main Feeder L= 1 ml
R=1Q
Load Feeder L= 1
25 kV (line voltage)
Load 150 kW
BESS:
R, = 0.009 Q
Iggss = 6.9282 A
Boost Converter:
Zeonverter = 1.902391516,88.2702185 ()
PV System Inverter:
Zinverter = 0.1804637953.20.2146032308 Q
Transformer:
25 kV/260 V (Y-A)
Z transformer
= 70.69350769289.94934434
Single Phase High 30 Q
Impedance
L = 250 pH
Pf Control Parameters Kj =3x107°°
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