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Outline

« Description of the high PV penetration
deployment

+ Development of feeder model using
GIS and PV/AMI data

* Power flow analysis and preliminary
results

* Protection coordination analysis
« Anti-islanding study methods



Outline

Description of the high PV penetration
deployment



Feeder INnformation

* Located in Flagstaff, AZ
 Radial feeder 9 miles long
e Peakload: ~7 MW
(winter peaking)
* Max. capacity: ~13 MW
e Customers: ~ 3000 residential,
~ 300 commercial/industrial



Feeder Details

Equipment Name

Primary feeder
segment
Transformer

Fuse

Capacitor bank
Switch

OCR (recloser)
Voltage regulator

Total
Number
1809

921
186
3
18
2
0

Legend
Red line

Blue dot
Orange dot
Blue pushpin
Green pushpin

Black circles
N/A



PV Systems Deployed: Residential

e Residential - 470 kW

e 125 systems deployed, owned and
operated by APS (additionally a few
customer owned)

« 2kW, 3 kW and 4 kW types

* |nverters from 3 different inverter
manufacturers

* PV panels from 6 different manufacturers

* PV panel ratings from 185 W to 235 W
with series connected strings ranging from
7 to 13 panels, and 1 to 2 strings in parallel

 Combination of various orientations (South,
East facing etc.) and various tilt angles



PV Systems Deployed: Larger Systems

* 600 kW PV system with a 700 kVA GE smart
inverter (project partner) at Doney Park
renewable energy site

* A 333 kW (ground-mounted) and a 75 kW (roof-top)
commercial PV system



GE Smart Inverter

3-phase, 480V, 700kVA Inverter
Grid support features
* Voltage regulation
* Reactive power / power factor support
* High/low/zero voltage ride-through
Can help mitigate intermittency effects
Extensive communication and monitoring
features
Integrates into utility operations
and SCADA functions
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Data Acquisition - Weather Stations

Weather Stations

7 locations - 4 along feeder, 3 in near by substations
 1-second data capture

* Campbell Scientific CR1000-based

* GPS time synchronized

* Data transfer using DNP3 over TCP/IP

Environmental Parameters
* solar irradiance

* wind speed/direction
* site temperature

* relative humidity

* atmospheric pressure
*rain




Data Acquisition - AMI

Elster REX 2 AMI meters on all customer loads ( ~ 3000)
Record customer demand (hourly intervals)

Record PV generation (15 min intervals)

Retrieve data nightly (day-behind)

Used in load modeling
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Data Acquisition — PV systems

All the 125 residential PV units have dedicated
AMI meters for 15-min PV generation data
Used in steady-state power flow analysis

In addition, 17 residential PV systems
have more elaborate DAS with

- SEL 734P PQ meters
« 1- sec data

 Retrieve data using APS
SCADA (semi real-time)

e Parameters monitored
-V, I, kW, kWh, kVAr
* harmonics, PQ as needed

The utility-scale inverters monitor
> 100 internal/external parameters
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High Bandwidth Feeder Data Acquisition

6 high bandwidth DAS along the feeder
SEL 735 PQ meters

High event sample rate

GPS synchronized

Event based data capture — e.g., change in
solar irradiance, faults, low voltage
Wireless cross-device triggering of all DAS
based on events or at set time

Data availability — real time

Parameters monitored (> 70)

-V, I, kW, kWh, kVA:r,

harmonics and other PQ parameters

Used in steady-state and

dynamic model validation

and grid operations

Feeder DAS locations
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Outline

Development of feeder model using
GIS and PV/AMI data
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Modeling Process

Equipment Data APS input data
* Conductor and protection GIS Data

device parameters . :
* Line and equipment

* Source impedance s gt
* Transformer parameters ocations and attributes

Load Data PV data
 AMI data * 15 min and fine
* Meter locatio resolution data

Excel Mdb file
- : Excel & MATLAB
e|nitial calculation P PV/Inverter data

ArcCatalog * Data  Manufacturer
conditioning « Ratings

* Load mapping * Detailed params

*Equipment mapping

Shape files

MATLAB PV & Inverter
Power flow model Modelin

*Topology identification
*Add equipment to network
*Load mapping

*Create import txt files

Define Equip in

Time-Series Load Flow Analysis
CYMDIST CYMDIST Model ‘ (OpenDss)

Protection Coordination Analysis

Power Flow Analysis




GIS Data—MDB File

s

u

,5,; = s Prirmaryl - Microsoft Access Table Toals - | X
:j/) |!: Haome Create External Data Catabase Toaols [atasheet 'Q) - X
All Access Objects v | « OBJECTID - | SHAPE - |SUETYPE - |NEUTRALPO: - PH4SE ~ NUMEED - CONDUCTOR! + OPERATING' - |SHAPE Lengi- =
Tables 2 1 binary data 9 XX E 1 Ua1,/0T 7200 4060, B235951
= Buswork 2 binary data 4 NC E 1 2R TZ00 4, 7136301016
B Buswork SHAPE Index 3 binary data 4 NC E 1 2R T200 250, 52053840
- - 4 binary data 4 NC E 1 ROO2Y 7200 13, 0REETEH0Z
= Cabinetswitch 5 binary data g E 1 Us1/02Z TZ00 34F. 33025828
FH  cabinetSwitch_SHAPE Index f binary data 4 NC B 1 ROOZY 7200 17. 72301898
A CapacitarBank 7 binary data 9 B 1 Ua1,/0Z 7200 32. BTO0542ED
T capacitorBank SHAPE Index 8 binary data 9 E 1 Ua1/07 TZO0 897, 14000742
- - 9 binary data g E 1U41/07 TZO0 211. 35T1B146
20 Fuse 10 binary data g E 1 U41/0T 7200 339, 23565177
EH Fuse_SHAPE_Index 11 binary data g E 1 U&1/0T 7200 328, 93375764
= ocr 12 binary data g E 1 UA1/0T 7200 590, 99854056
1 OCR SHAPE Index 13 binary data g E 1 Usl /07 7200 299, 31330518
- - 14 binary data 4 NC E 1 ROO2Y 7200 11. 821325104
— Primary1 15 binary data 4 HC E 1 COOBY 7200 10, 583103775
T Primaryl_SHAPE_Index 16 binary data g E 1 T41/0¥ T200 271, A9899T1E
BB selectedobjects 17 binary data 9 XX B 11/04 TZ00  FF. BR1BZ0RA
18 binary data 9 XX E 11/04 TZO0 G20, 32611045
0 selections 19 binary data 9 B 1 UAL/0T 7200 438. 70994827
B switch 20 binary data g E 1 U41/07 T200 345, 5TE016E6
EH  switch_SHAPE Index 21 binarv data 9 E 1 Ua1/0T T200 442, 55552281
B switchingCabinet 22 binary data g E 1 UA1/0T 7200 1090, 2807A26
23 binary data g E 1 U&1/0T 7200 503, A302F450
= switchingCabinet_SHAPE Index 24 binary data 9 B 1 A1 /0T 7200 T34. BITT2729
E Transformer 25 binary data 9 B 1 UAL,/0T TZO0 418, 33900672
'j Transformer_SHAPE_Index 26 binary data 9 B T200 AYR, 353711446
0 anstormerUnit 27 binary data 4 NC B 7200 12. 182261076
28 binary data g E 7200 TAE. 37337850
= voltageRegulator 28 binary data 4 NC i TZ00 11. 34THLOA45
T woltageRegulatar SHAPE Index 30 binary data 9 4 T200 549, h6645754
31 binary data o XX & 1 UATSOT 7200 1, T494T0BS
32 binary data 4 NC E 1 RACY T200 172, 45335180
hirarir data d I E 1 &aw T AN BRI TG0 -]
Record: M« 1of1810 | > M b | 0 | search

Datasheet Wiew

Mum Lock U EEEA
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Feeder Network Model Development
(Auto conversion of GIS data to CYMDIST model using MATLAB)

Start

v

Read Shape Files

v

Topology
Identification

\

Island Analysis

\

Associate Conductors
with Sections

v

Add Equipment (xfmr, load,
fuse, switch, cap)

J
Write to TXT Files
\
End

Initialize Node List as empty

7

Get a Line, and create a
Section for it

S the start pointa
any node in Node
List?

18

Y

y
Add start point to

Node List
]

4
Record From Node for the Section

:

Is the end point at any
node in Node List?
Add end point to

Node List
]

Record End Node for the Section

All Lines
processed?

Return
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Conductor Modeling

Primary: 39 line types — 25 overhead,14 underground Typical framing methods

Secondary: 28 line types — all underground cables ~ Used in Flagstaff modeled

‘Clean’ construction
Conductor types per GIS Cross arm construction

Primary Neutral -
s 12 . €T 2 B
UG = E G Line APS s 2 s 3
RER type per | conductor < E APS conductor | 2 E
OH F ° = | GIS code K @ | code & @ | Comment
UG 11| 1/0A Unknown 6215 | Concentric Primary could be any of the varieties of UA 1/0
UG 2 | 1/0A Unknown 6215 | Concentric Primary could be any of the varieties of UA 1/0
uG 3| 1/0A Unknown 6215 | Concentric Primary could be any of the varieties of UA 1/0
OH 1|2R Unknown 6251 | Same as primary Primary could be R002V or RO02W

Diameter, stranding, resistances, GMR values from APS

standards, various handbooks and other standards
Conductor data

Line APS AC Res AC Res
UG/ | type per | conductor Relevant Dia GMR @25C @50C
OH | GIS code Standard | Material | Size | Stranding (In.) (In.) | Ohm/mile | Ohm/mile
UG | 1/0A Unknown 6215 | Al SOLIDHD | 0.325 0.139 0.8823 0.9699
OH | 2R R0O02V 6251 | ACSR 2 6\1 | 0.316 | 0.05016 141 1.69
OH | 2R RO02W 6251 | ACSR 2 7\1| 0.325 | 0.06048 141 1.65
OH | 4R R004V 6251 | ACSR 4 6\1 0.25 | 0.05244 2.24 2.57

.ii’os.i.t.ive aﬁd zero"éequ“e.ncemimpé.danaes far all .I.i.ne ty"bes
and susceptance for cables obtained directly in CYMDIST
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Equipment Modeling in CYMDIST: Conductors

Conductor 2| 2|
[~ Equiprment List [~ Equipment Lisk
General | comments | General | comments |
& | M| ' % || H| |
[~ Construction Details U ~GMD Average height—————————
m = 135
; uatfo 6.60424 31.91667
T te-CL Code Word; I i Phase I feat Phase Feet
A3f0W Conskruction Type: IA\um\num Clad Steel Wire j Phase-neutral |5-55547 feet Meutral 37,8667 Fest
AT3EY
AATTY Material: IA\um\num 'I Size:
A795Y [~ Positions of conductors
Standard: IUndeflned 'I
con4y Horizontal Wertical
Coosv r~ Mominal Rating
1 3.5833 2941687
Cooew Nominal R.ating {Summer): I 1ooo.o Amps
DEFALLT z -3.85833 3191687
i i i : 10000
MNOME Mominal Rating {Winter: I Arnps 3 35893 34.41607
RO0ZY _ )
RO0ZW Withstand Rating: I 300.0 Amps N Iu.u— 37,6667
RODHY Outside Diameter: I 0.325 inch
RO GMD Calculation
R2jov Internal Diameter: I oo inch
R3j0Y

R33EY GMR; I 0,139 inch
R7ay _
UATS0 R 25°C: I 0.8823 chrsjmi
oD R S0°C I 09699 hmsjmi
WWOOEY

"Prutactiun Settings

Howmee..| Spacing or framing window
’ [ & Fnd
Conductor window in CYMDIST Carce conce

2 x able Impedance Calc e |

L . i

[ Multi-wire Concentric Meutral Cable

o ﬁ- ﬂ General IComments I
—Seleck Circuit Twpe —Phase Conductar Characteriskics

[~ Equipment: List

r Conductors

=

DEFALLT - |3 - phases circuit vI Conductar Type
Bl Phase: RO0ZY =G |
g:_i_iicw I J Ld I“"'“' insulaion | 1/04 - |
1 . 0 )
OH 1 4R Mawtral: [Roozy e | [ (Bl S inch
OH_1_BACW . GMR [ i
Spacing: |3130-3133-3-CLEAN ] e | 0.132 inch

CH_L_A477v

Da Db
OH_1_AT35Y - - R S0°C | 0.9693 ahras{mi

Dae

OH_1_Co04y -
OH_1_CUD|5V Py R Dab Dbc Dac [~ Meutral Conductor Characteristics
OH_L_RO0ZW Summer: 1000,0 Amps | 1.097 | 1.097 | 1.0097 ik Conductor Type
OH_1_Rajov 14-AWE-CL =1
OH 1 R7aSY Winker: 1000.0 Amps I
- Insulation Characteristics ————————— | Diameter 0.0641 inch
CH_1_Waosy Type Dielectric conskant .
OH_Z_7R i~ Equivalent Impedances GMR. I 0.02496 inch

=LPE &7 2.5
OH_2_6ACYW R E B I _I I R 50°C I 14,8722 ohms/mi
ohms/mi ahms/mi usfmi Diameter over insulation I 0.801 inch ic il I
gy = Mumber of concentric wires 10

Pasitive Sequence: [1e9 [0.8037 [5.421

OH_3_3/0R
OH_3_4774 Zera Sequence: | 23436 |2 5247 | 3.0243 o
OH_3.6 i
-  E quivalent Imped
OH_3_795A [~ Block impedance update quivalent Impedances B v
OH_3_Ad77v = 21 0.9762 02562 ohmsdmi
OH_3_ATISY —— )
Q Q Z0 2.2637 0.6437 ohmz/mi Caiculate
H_3.Roazw Overhead line impedances EaRe— (537822 S/

o | ——  Underground cable impedances oK S [ —
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Protective Devices Modeling

Fuses
Fuses for protecting primary sides
— Types, ratings provided in GIS data
Transformer fuses
— Types and ratings based on transformer rating

and APS standard
Street |Ight fuses Screen shots of recloser modeling in CYMDIST
— Ratings from APS standards sS\V04
Reclosers ( One in main line and one in branch)
— Parameters are given by APS standard T 1
Substation Relay ;
— Parameters are given by APS standard Screen shots of substation relay modeling in CYMDIST

+ Protective device library is constructed in CYMDIST and CYMTCC
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Feeder Modeling Outcome

GIS
Data

MATLAB
Program

s

)

33l
s o .
Sia
TR
CYMDIST

Model -
R

i

'

; ]
AT
R
A2




Modeling of Meter Loads

AMI meter data with corresponding transformer ID and coordinates used
MATLAB code to match meters to the nearest load points and summing up
meter data when multiple meters correspond to same load points

kW data for almost all the loads available in 60 min or 15 min intervals, and are
directly input to CYMDIST

Power factor for all loads is presently assumed as 0.9; to be refined as DAS
measurements become available in Phase 3 of the project

CYMDIST Diagram
GIS Diagram
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Photovoltaic Generator Modeling

125 small residential PV systems
(totaling 470 kW) and the 2 large PV
systems (408 kW and 600 kW) are
modeled as electronically coupled
generators in CYMDIST

Automated process to associate PV
with correct end points and create
a PV section in CYMDIST

Active power set equal to the
measured data for each of the 127
PV systems in each time interval

Fault current contribution presently
set at 200% of the rated current —
to be modified as we get data

from manufacturers

Generator window in CYMDIST

24



Screenshot of PVs in CYMDIST Model

O

400 kW PV

system
B -
R : L ‘\\'*‘ e
S :E - e, = e I..«::.(
» i -
’":}L“-.,_L o= T e o 'ﬁ: - __‘6‘
b L -
:: - = ¥ R e S
g e~ T DS TR S |
- H Tea ) M L Tow” .r
= e e i - Tl i o
e T Part of CYMDIST model —
- T = & - - ) = i
< e e T A Green circles are PVs
-'K'___ -~ = ] ;:-" - .;-_"EH - e .
‘*—-rq__h_:?-_lh:-’q_ - R = ] - i
/, | -
L B
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Outline

Power flow analysis and preliminary
results
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Power Flow Analysis with CYMDIST Model "

AMI data from Jan 2012 to May 2012 and corresponding measured PV data
are considered

Power flow results for the following two conditions with and without PV are shown
Highest load case —Jan 16, 6 PM
Highest PV penetration case - May 4, 1PM

Penetration at the substation corresponding to this feeder at a given time is defined as

Total measured PVoutput
Measured feeder head load + Total measured PV output

Penetration =

Penetration levels at other locations within the feeder can be significantly higher —
e.g., downstream of the main recloser, or near the two large PV systems, and at
some transformers with multiple PVs the penetration can be higher than 100%

Voltage profile, kW and kVAR profile and loss estimate (no-load loss not considered)



(ki)

kW Profile at Highest Load
(Jan 16, 6PM)

Fhase &: Fed
Fhase B: Green
Fhase C: Blue
Three phase: Blaclo

-
— ==
——

_— e e o e

— Thruugp KV on phase A
— Througn kKWW on phase B
— Through KW on phase C | Total Load: 5484 kW

-_—-— =
——
-

Total amount of PV: 3.3 kW

[n1]

[}

[l

T
&—-—-"

Penetration: 0.06%

=200

0 2000 8000 40000 44000 42000 22000 26000 30000 34000 38000 42000 46000 S0000

Distance from the source (feet)
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VAR

kVAR Profile at Highest Load
(Jan 16, 6PM)

Foo

1
KWAR Profilg in highest Iodd case

Wit:‘l Pw=s comnnected 1

550 -
[=tmlm ]
S50
f=qmlm |

=00

1SS0
100
S0

so [
-qoo
-1=so -
=00

<_————___-
6________—

e

D D e

— Through k~2R on phase &
— Through K2R on phase O

() =HOo0 (= mimlm} A=000

AS0O00 20000 2000 =2s000 ==000 =E000 o mmm )

Oistance from the source [(feet)
— Through k2R an phase B

[ )

S=000
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Voltage Profile at Highest Load Condition
(Jan 16, 6 PM)

Voltage pu profile under 378th hour Voltage pu profile under 378th hour
With Pvs Without Pvs
1.05 1.05
1.045 1.045 -
1.04 - 104 -
1035 1035 -
103 | 1.03
1025 - 1025
10z F 1.02
1015 1015
1.01 —_ 1.01
=
1.005 =3 1.005
1k 1+
0995 - 0995
099 - 029 -
0085 - 0985
098 - 088 -
0975 - 0975
DgF b——— e e pop b—— e
0 2000 6000 10000 14000 18000 22000 25000 20000 34000 38000 42000 45000 50000 0 2000 6000 10000 14000 18000 22000 26000 30000 34000 38000 42000 45000 S0000
Distance from the source (feet) Distance from the source (feet)
— Pu voltage on phase A — Pu wvoltage on phase B — Fu voltage on phase A — Pu voltage on phase B
— Pu voltage on phase C — Fu voltage on phase C

Total Loads: 5484 kW
If morning peak load along with significant

Total amount of PV: 3.336 kW PV generation is considered the impact on voltage
profile is significant

Penetration: 0.06%
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Voltage profile at highest load with reactive power
support from two large PVs (90% of inverter rating)

(Jan 16, 6 PM)

Voltage pu profile under 378th hour
With b large Pvs KVAR outputs set 30% of inverter rating

1.05
1.045 |
1.08 -
1.035
1.03 |
1.025
1.02 |
1015 |
1.01 |
1.005

0.895
000 -
0885
088
0875
087
0865
0.895

0 2000 G000 40000 44000 42000 22000 26000 30000 34000 38000 42000 46000 S0000

(KVAR)

KVAR Profile under 378th hour
With twa large PVs KWAR outputs set 30% of inverter rating

750
o0 -
G50
GO0
550 -
500 -
450 -
400
350 -
300 -
250 &
200 -
150 =
100
50

ol
&0 R
-100

Doney Park
400 kVA PV

0 2000 G000 10000 14000 2000 22000 26000 30000 34000 33000 42000 46000 S0000

Distance from the source (feet)

— Pu voltage on phase & — Puwvoltage on phazse B
— Pu voltage on phase C

Distance from the source (feet)

— Through kvAR on phase A — Through kAR on phase B
— Through kAR on phase C

Two capacitor banks turned off automatically

* Reactive power from the two large inverters sufficient to maintain voltage
without the two downstream capacitors
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kW Profile at (30.66%)
(May 4, 1 PM)

KW Profile under 2989th hour KW Profile under 2989th hour
With Py's Without PYv's
oo 1100
1000 |
a0 -
200

400 kW PV ’D°“ey Park

L ‘ 500 |
400
P:q 200
°r L\__.J
200
-100 100 L
200 " " L L L " L " L " L " L " L " L " " " " L L L o L " L " " " L " L " L L L " " L L L 1 "
0 2000 GODD 10000 14000 12000 22000 26000 30000 34000 38000 42000 46000 50000 0 000 GOOD 10000 14000 18000 22000 26000 30000 34000 28000 42000 46000 50000
Distance from the source (feet) Distance from the source (feet)
= Through k% on phase & — Through KWW on phaze B = Through K¥% on phasze & = Through kW on phaze B
= Through KWy on phase C = Through KW on phasze C

Total Loads: 2937 kW Without PV | With PV

Total amount of PV: 1299 kW kW Losses 41.28 27.38
Penetration: 30.66 %

No-load losses not included
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Voltage Profile at Highest Penetration

(May 4, 1 PM)

Voltage pu profile under 2939th hour
With Pvs

1.05

1.04a -

104 |
1035 |- N
103 |
1025 |-
102 |

1015 |

1 Dl ||||||||||||||||||||||||
0 z0ooo GO0 10000 14000 12000 22000 26000 30000 34000 32000 42000 46000 50000

fpu
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Voltage pu profile under 2989th hour
Without Pv's

1.05

1046 |

1.04

1035 |-

1.03

1025 -

1.02

1015 -

1D1 IIIIIIIIIIIIIIIIIIIIIIII
0 oo GOO0 10000 14000 18000 22000 26000 20000 34000 38000 42000 46000 S0000

Distance from the source (feet)

— Pu vaoltage on phase & — Pu valtage on phase B
— Pu voltage on phase C

* Significant improvements in both
voltage magnitude and in
phase unbalance

Distance from the source (feet)

— Pu voltage an phase & = Pu voltage on phase B
— Pu voltage on phase C

Total Loads: 2937 kW
Total amount of PV: 1299 kW
Penetration: 30.66 %




Reverse Power Flow in Recloser
Under high load /low PV condition

/ / r \\

Real power through recloser Reactive power through recloser

Under high PV penetration

Recloser at m
‘\ p =

Real power through recloser Reactive power through recloser




Time-Series Analysis using OpenDSS

High PV penetration feeder model also developed in OpenDSS

OpenDSS is an open source distribution system analysis tool
with several advanced features - especially time-series analysis

Time series analysis helps to analyze the distribution system
over a defined interval — a week, day or minutes for different
study objectives such as impact of clouds, impact of PV on
capacitor bank operation and impact on other control devices

Time series analysis will also be used to validate the feeder
model by comparison with feeder and residential DAS over
long time intervals

35



Modeling Procedure for OpenDSS

36

H““ _

network.txt
Ioad.txt |

network txt
i and load .txt

Network Modeling in MATLAB

>

Feeder Model Simulation and Analysis

- E- Power Flow and Time Series Analysis

36)




Preliminary Comparison of Model and Measured
Results at Feeder DAS 05 for April 12, 2012 - kW

Recloser one-hour interval KW plotin 2012/4/12
Measured
s00 . feeder DAS data

500

\ 4
\ /
\\
= 400 /

X

800

700

300

200

o0 . — Phase A KW
— Phase B KW
(0] —  Phase C KW
kw ——PA 2S-pB pe
800
700 Time series simulation /"~
600 //.ﬁ\\ in OpenDSS // >\
DASS k\\/ 500 :% / ~

400 \ //
300 \\ //
/

- N

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 Hour

Substation
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Time Series Analysis (OpenDSS) of Power Flow at
Substation with and without PV (April 12)

Power (kW)

Power (kW)

Power (kW)

1500

1000

500

1500

1000 -

500

1500

1000

500

h = Power at phase A with PV
P ase A = Power at phase A without PV

D

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24Hour
Power at phase B with PV

Phase B Power at phase B without PV i

o~
N______—

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24Hour
= Power at phase C with PV
Phase C = Power at phase C without PV

N /\

—

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24Hour
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Outline

Protection coordination analysis



Fault Analysis with CYMTCC

Protection impact study includes
Fuse-fuse coordination for various scenarios
Fuse-recloser coordination and nuisance blowing of fuses
Relay sensitivity for remote faults
CYMTCC (an optional module in CYMDIST) has two protection related analysis
Minimum fault analysis and fault flow analysis

Minimum fault analysis to verify if the protective devices can adequately detect
and clear the minimum faults in their respective protection zones

Ensured that all primary nodes are protected without PV
Automatically disconnects DG under fault, hence, can not be directly used
to study impact due to fault currents from PV if remains connected

Fault flow analysis applies a given type of fault at a given location and gives the
fault current and voltage profile at any point on the feeder; used here to study
impact of PV for various fault conditions

40
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Fault Flow Analysis

* Voltage profile with a line to ground fault on
phase C in the middle of the feeder

12 b

1.1 b _‘__,_,_/‘—’_’___’__
1 ——————

0.9

08

0F
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01 F

u]

0O 2000 4000 6000 2000 11000 44000 ATFO0OO 20000 0 23000 0 26000 0 20000

Distance from the source (feet)

— Puwaltage on phase A — Puvoltage on phase B Greater than [%] Lower than or equal to [Z]  Line width  Color

— Pu voltage on phase C 0 g5 2 B
a5 50 2 -
a0 95 2 v
95 105 2 ||
105 933333 2 |




Fuse Coordination Study :
Situation 1: DG located upstream of fault

When DG is upstream of two originally coordinated fuses as shown, fault
currents flowing through fuses 1 and 2 increase due to DG contribution

 With increased currents in both fuses, fuse-fuse coordination is
maintained; need to ensure the increased fault current does not exceed
the ratings of the fuses

SR

W\ <« Fuse 2

Fuse 1

Fault

* For the 600 kW Doney Park PV, Situation 1 is studied considering the two nearest
coordinated fuses - upstream transformer fuse X04 and upstream fuse K65

‘?.ﬁch |
T - i _ PV generator
e T I [main
I .
fault —>§§ . |feeder line
________________ Lo e ___a




Impact of PV Penetration on Fuse Coordination®

Current in Amperes: x 1 at 12.47 KV and x 1.000 at 12.47 kV.

spnupy |

spuooeg ul awi]

1000,

100§

1-Trans.1phf
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1247V
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2-Fuse KEARNEY
Rating: 4X[A]
1247V

3-Fuse KEARNEY
Rating: 65K [A]
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0.1
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0.01
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TypeCircle

8-Relay SCHWEITZER U3 SEL351
Tap Range{0.05/24]Tap:1
Pick Up:720.00 [A]TD:15
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Inst Option:ON
Inst Pick Up:10000.00 [A]inst Delay:0.01

10-Faultcurren! 1902 g]
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1
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1000

10000

|-G fault applied at the transformer
primary, and fault currents at Fuse
X04 and Fuse K65 with and without
PV studied
Without PV With PV
Fault Operating Fault Operating
current time current time
Fuse X04 | 902.09 A| 0.0302s | 927.51 A | 0.0291 s
Fuse K65 |902.08 A| 0.1596s | 927.51 A | 0.1509 s
 Fuse coordination is maintained and

fault currents do not exceed the
ratings of either fuse




Impact of PV Penetration on Fuse Coordination®

Situation 2: DG located downstream of fault
— For Fault 1, Fuse 2 is expected to operate faster than Fuse 1
— For Fault 2, Fuse 2 should not operate and Fuse 1 is expected to isolate the fault
— Whether or not Fuse 2 opens for Fault 2 depends on DG fault current contribution

Fault upstream

Fault 2 @
AC
T %Quse 2 (4 kw) Fault downstream
Fuse 1

\/ two upstream fuses in the
lateral — K25 and T65

Downstream fault Upstream fault
Fault Operating Fault Operating
current time current time K25
FuseX04 | 55.45A 6.99 s 1.11A No . .
operation Since, fault current magnitude of roof top
Fuse K25 | 55.00 A NG 478.67 A | 0.098 s PV inverters is limited (~2 X rated current),
operation downstream fuses do not clear for

upstream faults
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Stiffness Ratio

| fault | 14yt — fault current available at interconnection

Stiffness ratio =

Ipc max | IpG max — max. current from the inverter

» Stiffness ratio is a good measure of the potential for impact

e Stiffness ratio in the Flagstaff feeder mostly above 50 and hence limited
impact due to PV

* Generators with low stiffness ratios are studied more extensively
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Impact on Relay Sensitivity

* With large DG penetration, the fault current seen at substation relay may
be reduced, which impacts its sensitivity to detect remote faults

Zsubstation Relay Zfeederl Zfeeder2 Fault
DG V
Esub f i

Z

| Iinv " 4 feeder?2

Isub linv: PV inverter fault reduction —

current contribution Zsubstation + Z feederl + Z feeder?2

Current seen by relay Current seen by relay with
Fault without PV (A) PV (A)
AEH phase A Phase B Phase C Phase A Phase B Phase C
ABC

Transformer

Three-
849.88 857.44 868.06 789.58 804.78 811.98
phase
Phase AB 775.46 708.38 182.21 686.23 691.28  98.29
faults Line-to-
’ BC 162.46 786.34 715.11  73.53 707.14 696.55
ine

CA 703.43 17435 79460 68159 88.34 712.11




Outline

Anti-islanding study methods
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ding Protection Study *

F@_,) Doney park
1

R —

L

Cap bank 2

Cromer

 When Recloser 1 opens possibility of
both the larger PV systems forming an
island and energizing the section downstream
of the recloser under perfect load-DG match
* The two inverters are modeled in detail with
relevant control loops and assumed parameters
* dq reference-frame-based control with
active anti-islanding scheme employed
» positive feedback on frequency/voltage
» Tested individually with worst case,
matching RLC load
e Simplified model of feeder for islanding study
e Group loads downstream of recloser
into three zones as shown
* Each combined load can be modeled as
a combination of constant P-Q, constant
- impedance loads, or detailed model
e Obtain series line impedance from
power flow, matching the resistive and

reactive losses individually
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SimPowerSystems Model of Simplified
Feeder with Large PV Inverters



Three phase voltages
at inverter terminal

Preliminary Results from Islanding Study

(V)

System frequency
(Hz)

AR?cIoser opens Ayoser opens

Time (s) Time (s)

With active island detection disabled, inverters . o .

Actual Al methods and control parameters for inverters in field needed
Single phase inverter models with anti-islanding also developed
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Future Work

* Phase 3:
— Extensive validation with field DAS
— Quasi-steady-state and dynamic models
— Grid support features of utility-scale inverters

* Phase 4.
— Energy storage study and demonstration
— Study on microgrids and other advanced features

* Phase 5:
— Extension to larger distribution systems
— Recommendations for high penetration design
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Summary

Large scale PV implemented in a feeder leading to
higher than 30% peak penetration at feeder head,
and higher levels at some other locations

Extensive data acquisition systems

Extensive modeling and impact analysis using GIS,
AMI and installed feeder/residential DAS

Modeling process established and software tools
developed that can be adapted for evolving needs

Preliminary modeling results show improved
voltage profile along feeder, and low impact on
protection coordination at present levels of
penetration
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