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Prerra Objectives

CONSULTING

Aldentify an alternative to the 3V0 scheme that is | PART 1-
more cost effective and can respond faster in Alternate to
mitigating GFOV _ traditional

ADiscuss background and simulation results for 3VO
negative sequence voltage (NSV) protection Scheme
scheme o

AAdditional Guidance to PV Developers and
Utilities — PART 2

AProvidefuture design options that will prevent

or mitigate the GFOV issue -
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PART 1 0 Alternate Mitigation to 3VO Scheme
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?%w Traditional3V0 Scheme
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AGFOV occurs for Fault F1,F2, or F3reaker open , no grounding source and not enough
loads to depress overvoltage

AOne mitigation measure for GFOV is to add PTs on the transformer delta (high) side
AThe PTs measure the 3VO0 voltage to identify an overvoltage

ARelays send signals to trip DGfeeder breaketo eliminate the overvoltage

3VO SCheme 3VO lllustration and One Line

Broken PT
Delta Wye
| ~ HV Sub.
\\H \,&‘)\ —— @ Line-to-ground fault location

I

+ ; F1

closed Open

Neutral va & g F2 \— =1

é gy

Distributed " '-1“/# — '

Generation " i § /'_J*
closed

l l Neutral i

Distribution Substation SubTransmission

| [
Transformer
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Alternative to 3V0 Scheme

Goals: cost effective & respond faster

ADetect SLG fault osubtransmissiofrom the distribution side / inverter
side

ADetect SLG as it happens

AShould not operate during normal switching events: load switching, cap
bank switchina. motor startind  monitor Electric Parameters

FEEEETEEEEEEEES = (Voltage, Current, Freq., etc.)
| ‘J = @S @S I on the inverter side —p Utility Side
3 3
I E’L i rl,l_{ i b I = 09% / F=00a72 F=0.9857 - '-.-"J':l'Jn:E
[ (= 0.006473 Q0008473 30(WA Q=-005672 L{ =

| ’i___i X\ 0001 H I - S " S mmﬁf . > An-ﬁ ?\H e
I |:; E _Iu; % j" tat?': P l L@ ,'E 0.001 L@ ﬂ L@ Eatg hi

fch : 1 ' )
el |2 JAYg %5 Pow G, Vpus T
| g? 5| T ~ aefdefined inthisblock

I

e ek Inverter Stepup Transformer
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Pga/ Grid / Distribution Feeder Model

CONSULTING

AFour test feeders

ATest Feeder #1: IEEE 4 Node Feeder , modified to 5 nodes to include Substation Transformer

A Test Feeder #2: 12 km long, 25 kV Radial Feeder

A Test Feeder #3: IEEE 13 Node Feed@hort Feeder

A Test Feeder #4: IEEE 34 Node Feegé@ry Long FeedeActual feeder located in
Arizona

IEEE.org | IEEE Xplore Digital Library | IEEE Standards | IEEE Spectrum | More Sites

KEEES IEEE PES AMPS DSAS Test Feeder Working Group @ IE E E

Power & Energ',f Society®
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TH1
345 Kvf 12.47 K\

Node D odde 1

Impedances per IEEE 4 Mode Test feeder

T2
12.47 K/ 4.16 KV
Maode 2 Node 3

Mode 4

Grid Modeli Test Feeder #1KEEE 4 Node Feeder)

i

<

L1

2500 ft
L}

>

i

A This feeder is an extended version of the IEEide test feeder.

A A fifth node was added in order to include a 34.5 kV/12.47 kV d@jta substation

transformer in the model.

A Inverterbased PV is located at node 4, the furthest node from the substation transformer.
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Grid Modeli Test Feeder #4rom IEEE Journal)

10 MVA, 69/25 kV

Eq.
Source

10 MVA
Z=5.75%
69 KV/ 25 KV

()
—

Multi-grounded, 7 ohm resistance

(b) Top View of the PSCAD Model

] Resistance |Self-Impedance Mutual-Impedance
B e Q/KM QKM
Phase: 1.5 75 mm| 3375 396+.912 | 058+ 493(phase-to-phase)
3/0 Pigeon | ) 2207 U287 P
MNeutral: . .
4 I::d o] 78mm | 8530 | 9114946 |058+473 (phase-to-neutral)

Alternate Mitigation and Design Options of 3VO Requirement

Node 0 Hode 1 Node 2 Node 3 Hode 4 Nads 5 Neds & Node 7 w7 d
I % g I 1 KM I 1.5 KM I 2.5 KM I 2.5 KM I 2.5 KM I 2 KM Ii/Ii 0.6m s
=g I | | = | | = S T
<] >:“' . @n
(a) schematic of the Circuit T
10 1m
T 88 m
SEEEEN——p = =<4 ==
& S - A - A e e

A Based on a research documented in IEEE Jour
A Unique: fourwire multi-grounded circuit

A Neutral conductor is modeled explicitly (Koon
Reduction)

A Pole grounds are modeled with 7 ohms resistance
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Grid ModelT Test Feeder #3 (IEEE 13 Node Feeder)

A Short 4.16 kV Feeder with voltage regulator

A Combination of overhead (OH) and underground(UG)
line with

A Variety of phasing: 3 phase, phaseground, phase
phaseto-ground

115 KW

X ] « 5MVA Z8%

% 115/4.16 kV
4.15[':.-'-‘1“".'1"’ 65[)

416 Kv/ 48 v A Connected to 115 kV transmission system through 5
X=2% R=l.1 % . . —Q0
646 645 632 633 634 MVA deltaT’ wye_groundedransformer with Z=8%
. . L & §§ &
Length : Impedance matrix
Node A |Node B Config.| ID Phas
oce (ft.) = o= Z (R =X} in ohms per mile®
- . 0.0000 0.0000 0.0000 0.0000 0.0000 O0.0000
ﬁl% 645 500 603 505 O/ 1.3294 1.3471 0.2066 0.4591
645 646 300 CBN 1.3238 1.3568%
Ol 0.7526 1.1814 0.1580 0.4236 0.1560 0.5017
675 632 633 500 602 500 . 0.7475 1.1983 0.1535 0.3849
611 684 671 ., 692 CABN .7436 1.2112
® » ® 650 632 2000 0.3465 1.0179 0.1560 0.5017 0.1580 0.4236
= ~ OH/ 0.3375 1.0478 1.1535 0.334%
632 G71 2000 a01 300 BACN 0.3414 1.0348
671 680 1000 )
- 1.3238 1.35609 7.0000 0.0000 0.Z066 4591
671 684 300 604 | sos | O 0 0.0000 0.0000 0.0000
» ‘ 3294 1.3471
O/ 0.0000 ©.0000 2.0000 0.0000 0. 00 00 0.0000
652 680 684 611 300 605 510 CN )0 0.0000  0.0000 0.0000
h 3292 1.347%
. rFEE 1463 3192 0.0328 1.2849 0.0143
_ e UG/ 2 : oD Denes
G692 G75 500 a0 315 ABCN = 1 ,EEEE I:::_quE
UG 1.3425 0.5124 0.0000 0.0000  0.0000 0.0000
684 652 800 607 520 0.0000 0.0000 0.0000 0.0000
AN 0.0000 0.0000
9 6/20/2018 Alternate Mitigation and Design Options of 3VO Requirement
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L sz |
T
o+ % = Ey T

Grid ModelT Test Feeder #3 (IEEE 13 Node Feeder)

Overhead Conductor Spacing

LOAD (L2) FERE e 45—y 0 —= ®
* e o7 @ o _r
- Hhd : i T T 30
e i
s S L o | PR Underground Conductor
7 D.EK_ %"mré 1.5 S i
) pacing
5'_ 240 20 4.0
= [ ® o e O
S = ID- 515 D - 520
=S " = )
szl = 1) Pl = T ] s
LOAD {L1) Z % ID-500 mesns msin
I I m_=p
v PVL P - =3
x i&_ n1_top %E gﬁ L
a3 =
=
1 [vA] TE; i
. - o LIGEV] ISPV] g 2
= = = 3 ExR =

festi

In g

Thed
Fanlt
L
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Grid Modeli Test Feeder #4 (IEEE 34 Node Feeder

Prerrar Actual 25 kV & 4.16 kV Circuit in Arizona)

CONSULTIN(

® 548

2.5 MVA, Z:8% oo Lose
69/25 kV
69 KV w520 . 544
249KV w213 324 - 542
g ‘ H[IE EI]!E BOE 312 El4 B30 824 826 834 860 836
E fa2

e 7 o & 9 o 3¢ - - ® 340
I 14
&10

Regulatoril
B32
\EEE 200

Regulatori2 238
257 24,9 KW/ 416 KV

=4 08 R=1.9%

>|im

- . . .
828 B30 B354 B56

AA very long overhead distribution circuB& miles on the main feeder
AA relatively weak / small 2.5 MVA substation transformer

AClose to the end of the feeder, anothéliirie stepdown transformer feeds 4.16
KV circuit

ATwo in-line voltage regulators
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Grid ModelT Test Feeder #4 (IEEE 34 Node Feeider
Prervar Actual 25 kV and 4.16 kV Circuit in Arizona)

CONSULTING

. Impedance matrix
Node A | Node B | Length(ft) | Config.| ID Phasing T » B48
800 802 2580 —_— & 246
802 806 1730 1.3368 1.3343 0.2101 0.5779 0.2130 0.5015
806 308 32230 1.3238 1.3569 0.2066 0.4591
300 500 BACN - o
808 | 812 | 37500 13234 1.3471 89 KV 820

816 824 10210

812 | 814 | 20730 24.9 KV 864
888 | 890 | 10560 518
208 810 5804 0.0000 0.0000 3_._1;.;..:1 0.0000 0. IE“J:'IEI D. :,.E..J:, 802 806 S08 812 814 250 224 876 834 860 £36
824 | 826 | 3030 | 303 | 510 | BN B A . o 7 = &9 o 5 . . ® 340
854 | 856 | 23330 Regulatori
814 | 850 10 . 832 862
Q E00

824 828 840

\333 800

£10

Regulamm;@’ 238
252

828 830 20440 24.9 KV/4.16 KV

X=d.08% R=1.9%

830 354 520

832 858 4000 L - - ]
834 860 2020 B3B8 230 854 BES
834 $42 280 1.8300 1.4115 0.6442 0.2359 0.56%91

oot W01 | 50 | BACN ST Ll .z ne

842 844 1350 P

844 | 846 | 3640 I'*% [

816 | 848 530 M

850 816 310

852 832 10

T’T@
854 | 852 | 36830 w .
= ET

860 836 2680 o TR ==—-—£—-=:=—-—f—-|%—-+- ==—-—f—-—:'.'.®__ g ]

858 834 5830 é)
858 864 1620 ’
Z.7995 1.4855 0.0000 0.0000 0.0000 0.0000 P
816 818 1?1_0 302 510 AN ¢.0000 Q.0000 0.0000 0.0000
818 820 48150 0.0000 0.0000
820 822 13740
0.0000 0.0000 0.0000 0O.0000 Q.0000 0.0000
862 838 4860 304 | 510 BN 1.2 1.4212  0.0000 0.0000
Q.,0000 0.000

12 6/20/2018 Alternate Mitigation and Design Options of 3VO Requirement
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A3VO scenario is a combination of SLG fault and islanding event
AThe loads are tuned to match generation on the feeder with load
guality factor of 2.5

Alt is more difficult to detect the islanding condition when the load has a high a
high-quality factor

IEEE P1547.1 and IEEE
Where:

0 %0, 0= Load's quality factor Std.929, respectively,
0=2" =" Q.: Inductive power of the load | recommended islanding test
P,'F_' Qc: Capacitive power of the load procedure based on load

Pz: Resistive power of the load

guality factors of 1 and 2.5.

13 6/20/2018 Alternate Mitigation and Design Options of 3VO Requirement
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Two Commercial
Inverters are able to
detect the SLG fault and ——
trip very fast
(cannot be used to test
the NSV logic)

Inverter 1,4 and 5 are
used in multiple inverter
cases

14 6/20/2018

InverterModel

Five different inverter models

1.

Inverter model #1: 250 kW, thrg#hase,
potenti al DREKROY | s s

. Inverter model #2: 250 kW, thrg#hase,

high sensitivity to ground faults ,
fblackbo»o

. Inverter model #3: 1 MW, threghase,

potenti al b&EkoY | s s

. Inverter model #4: 1 MW, power

regulated current source inverter, NREL,
Angenerico

. Inverter model #5: 500 kW, power

regulated voltage source inverter with
MPPT, MHRCo ngener

Alternate Mitigation and Design Options of 3VO Requirement
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Commercial Inverters
UL-1741 Certified
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with two different
control strategies

developed by NREL and

MHRC



;ogw NSV Protection Scheme

CONSULTING

Objectives: Focus of investigation:
o A Detection on the lowoltage side of the substation transformer
Cost effective — A Do not require extensive amounts of additional equipment, material

or construction
— A Monitor parameters that distinctly identify a potential GFOV
condition without being overly subject to over sensitivity (such as
nuisance tripping) or under sensitivity (such as failing to detect the
— onset or presence of GFOV)

Respond faster _

Monitor Electric Parameters
EE_-_—_EmEmEmEmEmEme=me====  (Voltage, Current, Freq., etc.)

lci

=] @S @S | on the inverter side —  Utility Side
rl1_I IlS_I :I ]lE._I i I P=00904 1 Pe=00072 P=09as7 - @

aourca
. €= 0.006473 Q=0006473 30 M O=-005672 y fJ”
V= uﬁw VeEOBE1 06D V345 KV Faource
0.0001 u-|| Ial:u: Rsi

t@.: Lrs \y’ nI:IuII % ﬂ I-@ r:at;_n.
?Q @mﬁx . Hﬂﬂeﬁlﬂlﬂﬂ'ﬁﬂuﬂ( . \

I
I
I v
| ik
I
I
I

| e

Ich

—_ .g N Sa |
1000000 juF]

-

I

o

[Lngsd 10
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Try these parameters:

A \oltage imbalance

A Negative sequence current

A Negative sequence directional
A Transient voltage rate of rise

;ogw NSV Protection Scheme

Most effective:

A Negative sequence voltage jump
A Ratio of negative and positive sequence voltages

A Many other parameterseé

Pterra modeled and simulated the model utilizing PSCAD EMTC software

Main : Graphs
= Neg_Seq = Fos Seg =

1.20

1.00 4 HV Breaker T
0.80 /I LY doens A

0.60

(PU)

0.40

0.20 4
0.00

0.300
0.250 -
0200 Jr

= Neg_Seq (Inc) o |=Fbs Sea(ino)
0.150 jl

(pu}

0.000 P I, L= S o - — N

--------------

---------------
---------------

-------

R i '

T

sec 0,500 0.550 0.600 0.650 0.700 0.750 0.800 0.850
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NSV Protection Scheme
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General Logic Discussion:.

MEin : Graphs

1. Immediately after the SLG fault is 1.20 1= e85 =P Seg
applied, the positive sequence 1.00 | A HV Breaker e
voltage drops while the negativew AN T
sequence voltage rises rapidly. & °% ‘\\
2. Shortly after the SLG fault occurs Zi T~
the ratio of incremental negative 0.00 . LS
sequence voltage to incremental 0.350 = Neg_Seq (inc) .= Fos Seq(ing)
positive sequence voltage is near 003
unity. o \ r’ \ } |
3. The ratio remains near unity until £ o.so S~ ! ""ul
the HV breaker opens, when the B \_’ Near Unity | |
negative sequence shows a sudd > D -
decrease. sec 0500 0.550 0.600 0.650 0.700 0750 0.800 0.850

17 6/20/2018 Alternate Mitigation and Design Options of 3VO Requirement




p&w NSV Protection Scheme

CONSULTING
No

9. G Detection Logic ?

Receiving Sgnal from Initial

lYes

Two Options for completing thecheme
after the initial SLG detection logic:

Option 1.

technique

[Activate apassive anti-islandin

)

1. Immediately send out trip signal after about 5 cycles
(subtransmission breaker opening time)

Islanding
identified ?

Reset the
logic

Option 2:
1. Activate islanding detection logic
2. If SLG Fault and Islanding are true, then trip the inverter

Trigger
3\V0 trip
signal

18 6/20/2018 Alternate Mitigation and Design Options of 3VO Requirement
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Event: Simulationgising Inverter #1 or #3 under Singdlene-to-GroundFault on highvoltage side
of Substation transformer, breaker opens in 5 cycles

NSV Simulation

A One Inverter Case without NSV Scheme

Grid SC =1 kA Grid SC = 63 kA
Test Weak Grid Stiff Grid
Feeder #
Test Case# Inverter Model Test Result Test Case# Inverter Model Test Result

1 1 9
2 2 10

#1 GFOV #1 GFOV
3 3 11
4 4 12
1 5 13
2 6 14

#3 No GFOV #3 No GFOV
3 7 15
4 8 16

6/20/2018

Alternate Mitigation and Design Options of 3VO Requirement

=

=

Commercial
Inverter#l fails
to detect SLG
Fault

Commercial
Inverter#3 is
able to detect
SLG Fault and
trip. Inverter#2
has similar
response
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Test Case #4: Woltage at Primary Side of Substation
Transformer following SLG Fauit Inverter £, weak grid  Transformer following SLG Fauit Inverter %, weak grid

Main : Graphs

NSV Simulationi OnelnverterCasewithoutNSV Scheme

Test Case #8: Woltage at Primary Side of Substation

(PU)

2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50

-2.00

=B

I il

|

—
I

—
R

=

il

il

= B

(PU)

0550 0600 0650 0700 0750 0800 080 0900 0950 1.000

A Inverter#1 is unable to detect the faulted condition and stays online. GFOV is observed on the primary side
the substation transformer (delta side) after the HV breaker opens.

A Inverter #3 is sensitive to the faulted condition. No ground fault overvoltage is observed in test cases with

6/20/2018

inverter#3

Alternate Mitigation and Design Options of 3VO Requiremen t
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NSV Simulationi OnelnverterCasewith NSV Scheme

Test Case #4 with NSV Scheme: Voltage at Primary Side of Substation Transformer following SLG iraarter #1

Main : Graphs
150 11 ﬂ-ﬂ‘ | [
8% OO WY Y T Y Y S T
0.80 3 A T s
=) 050 LYY P PR PR P P RS
O = VU Y VYL, VL3 IRV V.Y A VYRV VARV O M
150 h
2,00
1.00-—%
0.0 =
sec 0550 0.600 0.650 0.700 0.750 0.800 0.850

A At 0.6 s, the SLG fault is applied

A At 0.6833 s, the HV breaker opens

A At 0.7 s, the NSV logic issues a trip signal

A By 0.75 s, voltages on the high side are essentially zer

21 6/20/2018 Alternate Mitigation and Design Options of 3VO Requirement

(*) The logiawith islandingdetectiontrip
inverter within 4cycles after the breaker
open

(*) Thelogicwithout islandingdetection can
trip inverter just before breaker opens
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NSV Simulation
A Multiple Inverters Case with/without NSV Scheme

Test Case# Test Feeder # |Grid SC| Inverters Logic Test Case# Logic
Status Status
17 1 25
18 2 26
1 KA
19 3 27
20 4 28 Monitorin
#1, #4, & #5 | Monitoring &OClJztlro?
21 1 29
22 2 30
63 KA
23 3 31
24 4 32

Alternate Mitigation and Design Options of 3VO Requirement
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NSV Simulationi Multiple Inverters Case

Top View of the PSCAD Modelest Case#17 showing location of Inverters in Test Feeder #1

Alternate Mitigation and Design Options of 3VO Requiremen t



p%w NSV Simulationi Multiple Inverters Case

CONSULTING

Top View of the PSCAD ModeTest Case#18 showing location of Inverters in Test Feeder #2

L ‘y_‘ﬁ?ﬁ& m“}‘ f.c’lm".a
::‘::ﬁ:ﬁ? ST
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NSV Simulationi Multiple Inverters Case

Top View of the PSCAD Modelest Case#19 showing location of Inverters in Test Feeder #3

25
A

§
b
4 IGH 0
(] -
| i®
1: :!
[N
il

A
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NSV Simulationi Multiple Inverters Case

Top View of the PSCAD ModeTest Case#20 showing location of Inverters in Test Feeder #4

Alternate Mitigation and Design Options of 3VO Requiremen t



