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Our Energy...Your Powel

State Net Metering Policies put the focus on distributed
resources rather than transmission-connected plants.
Net Metering

www.dsireusa.org / February 2016

oo

41 States + DC,
AS, USVI, & PR have

mandatory net
ﬂ metering rules

KEY ' =
ismmlm mandatary rules for certain utilites (41 states + DC+ 3 temitories)

<

.S, Territories:

Mo statewide mandatory rules, but some utilties allow net metenng (2 states)

Statewide distributed generation compensation rules other than net metering (4 states + 1 termitory)
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Net metering tiers can distort the interconnection; a
3 MW generator becomes three 1-MW generators.

Source: Neil LaBrake, Jr., National Grid
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Photovoltaic Solar Resource of the United States

KWh/m?/Day
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PV Angle Effects may enhance (or degrade) the
economics of a PV interconnection.

Summer
Solstice

(_@ P Equinoxes

diffuse / direct /

Azimuth Winter

e / Solstice
o albedo  /

— o

* Best elevation depends on latitude and season
e Best azimuth depends on time of day
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The inverter optimally matches the photovoltaic DC output
voltage to the AC load via Maximum Power Point Tracking.
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There are three main concerns with
integrating VG on distribution systemes.

1. Voltage Fluctuations
a) Inverters can operate at fixed power factor
2. Fault Currents and Overvoltages
a) Inverters contribute only 1.1 — 2.0 times rated

b) Inverters shut down quickly upon open-circuit or
short-circuit conditions

3. Unintended Islanding

a) Utility-interactive inverters have built-in anti-
islanding detection schemes to operatein 2 s
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Sandia, NREL and EPRI have promoted updates to the
15% screening criteria for no-study PV interconnects.

Anti-Islanding
Screen

DG >2/3 of Min
Load?
Yes
Q Match within
1%?
Yes 1
AN A
ynch Gen > 25% 1 Product > 2/3 1+ Annual Minimum load Annual Daytime Minimum 4
fDG? No—3- fDG?
orpe? orbe! was 1.3 MW at 5 a.m,, load was 1.8 MW at 10 am.,
23% of annual peak 33% of annual peak load
-Yes:

Y o L L s 1 4 L 4 s 1 s M
o Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Detailed Study Coddington et. al.: Updating Interconnection Screens for
PV System Integration
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Sample Commercial/Residential Load Profile, 2008
6 . .

Annual Peak Load 1
was 5.6 MW at 5 p.m.

No—P{ No Study

A

Load [MW]
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Optimal (fixed) power factor dispatch alleviates voltage
fluctuations, until vendors implement IEEE 1547a

Estimated % Voltage Change:
Full Om-Off Voltage Change vs. Power Factor

R, x, PrQ
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U *\/( —Re drop) +( m drop) - :"I"'
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Basic Distribution Software Tasks have been limited to
load flow and short circuit analyses.

e Current Flow and Voltage Drop

~—~  Conductor Overload? Voltage Range?

Is AL

* Overcurrent Protective Device Coordination

S~ [R1] ’
é S = L
T

Detected?
R Trip First?

Fuse Saving?
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Quasi-static Time Series (QSTS) Simulation addresses
load and generation variability.

e Time-stepping through a variable power profile
e Tap changers are active, with time delays

I

e Capacitor controls with time delays - /' s ' \\
e Controls remember state at next time ~_ 7 i
e But it’s not a dynamic simulation: i =

No inertia B e ‘

NO numerical |ntegrat|0n 3:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:0

THour of Davl

Simple RMS load flow solution at each time step Daily Load Variations)

100 -

Combustion Turbine Profiles

AN\

//‘

2

- BEBEEEEE

Power Output (W]

\~~ [V

on/off Stat

0 300 600 900 1200 1500 1800 2100 2400 0 180 360 510 7 s 1 13 15 17

Time [s] Time(s] Hourof Day

40-minute Wind Conventional Generator Daily PV (50 kW Unit)
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Intelligent Volt-Var function attempts to hold a
constant voltage using percent available VARs.

|z V1 ’

= Q. |

2 S P2 E 0% Percent Voltage

= : >
| e : . P3

3 — va

ES E] V2 ; |

Source: “Common Functions for Smart Inverters, v3”, EPRI 3002002233, February 2014

2/23/2016 Pgh PELS: Advanced Inverter Functions 12

Pgh PELS: Advanced Inverter Functions 6



“Percent available” output means the physical slope
[VARs/volt] varies.

S — Plant G(s)

v

Control K k

Would you choose to make this gain block

og0oC LU 2 g4 (&

non-linear or time-varying?

What was the intent? “’Available VARs’” implies whatever the
DER is capable of providing at the moment, without
compromising Watt output. In other words, Watt output takes

precedence over VARs in the context of this function”.
Source: “Common Functions for Smart Inverters, v3”, EPRI 3002002233, February 2014, p. 9-3.
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Dynamic Reactive Current function provides an event-
based response to changes in voltage.

A

Dynamic Reactive Current Suppart
DbVMax

Moving Average of Time
Voltage (0% Delta)

Dead-band (No Dynamic Reactive Current Support)

DoVMin e e e
: ;
= | |
&G : |
= e >
g o - ' ;
8 & ® HoldTmms '
= £
> 83
8o &
i a Dynamic Reactive Current Support
ok =
T =
3

Y
Source: “Common Functions for Smart Inverters, v3”, EPRI 3002002233, February 2014
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Tested with a three-phase high-impedance fault in EPRI 3002002271
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Dynamic Reactive Current function provides reactive
power in percent of rating.

DbVMin 4 bbvMax
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Source: “Common Functions for Smart Inverters, v3”, EPRI 3002002233, February 2014
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Dynamic Reactive Current function uses a moving
average to define the voltage set-point.
A V Average
over FilterTms
1 1
I / 1
—_ A Delta Voltage
1 1 @ time = Present
0 ;
% : d (negative value
= | 1 shown)
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= | 1
I 1
:4_ FilterTms _):
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! ! Time
1 1 \’.
Present
Source: “Common Functions for Smart Inverters, v3”, EPRI 3002002233, February 2014
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A voltage-control test circuit includes both grid
voltage and solar output variability.

Unity Power Factor
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Intelligent Volt-VAR mitigates fluctuation, but constrains
operation (e.g. voltage reduction requires communication).

Unity Power Factor Vreg=1.01, Slope=50
1.05 1.05

z T
9 1 . 1
g g
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Number of Tap Changes

The burden of choosing settings; detailed studies
needed; the wrong choice makes things worse.

o Voltvar Response
—&— Droop: 100 e
«— Droop: 50 % ”
—+— Droop: 33 3 0s |
Droop 25 g 7019 0‘96 0.98 4;2 0: 06 08
< )4 1 1. 1.04 1. 1. 11
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Source: Abate, McDermott, Rylander and Smith, “Smart Inverter Settings for Improving
Distribution Feeder Performance”, IEEE PES General Meeting, Denver, CO, July 2015.
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Adaptive Voltage Regulation provides the best of both

intelligent volt-VAR and dynamic reactive current.

Quius (for IVVC) g2
+

-p?

rated out

AV Qnew N VSVS
K Grid >
AQ + Qout
2 2
Y Sraled - Pout
Step Response, Tau = 1200s
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Adaptive Voltage Regulation mitigates fast voltage
fluctuation while tracking slower grid voltage trends.

Vreg=1.01, Slope=50

Adaptive Vreg, Slope=50
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12
Time [hr]

16

Time [hr]
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Dynamic Reactive Current performance may be close
to Adaptive Voltage Regulation; Slope = 50.

Adaptive Vreg Dynamic Reactive
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Dynamic Reactive Current and Adaptive Vreg tested
with high-impedance fault on clear day.
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1.05 1.05 1.05
w
_ 1 1 _ 1
2 2 2
2 2 2
) ) )
> 095 > 095 > 095
0.9 0.9 0.9
4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
Time [hr] Time [hr] Time [hr]
100 100 100
50 50 ’7 50
= — —
g 0 g 0 S
2 2 2
- 50 = -50 =
o =} o
£ -100 £ -100 B
3 3 3
-200 -200 E
4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
Time [hr] Time [hr] Time [hr]
2/23/2016 Pgh PELS: Advanced Inverter Functions 23

Voltage regulation set-point and reactive power can
be limited, if desired.

1.0<Vreg <1.03 Q limited to 20 kVAR
1.05 1.05

Volts [pu]
-
Volts [pu]
-

Vsys
Vreg
0.95 L L L 0.95 L L L
4 8 12 16 20 4 8 12 16 20
Time [hr] Time [hr]
200 200

100 !

L R UULLULUITITS

i
Q
=]

[KW] or [KVAR]
o

[KW] or [KVAR]
o

AN
Q
=]

-100

. A \ 200 . d \
8 12 16 20 4 8 12 16 20
Time [hr] Time [hr]

-200
4

2/23/2016 Pgh PELS: Advanced Inverter Functions 24

Pgh PELS: Advanced Inverter Functions

2/23/2016

12



Instead of attempting to regulate the grid voltage, dispatch
reactive power (i.e. the bias point is not zero).

Supply 40 kVAR Absorb 40 kVAR
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Shorter Vreg time constants don’t necessarily work
better; the optimal value seems to be 1200 seconds.

Vreg Tau=1200 s Vreg Tau=300 s
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Results from an actual feeder with 1.7 MW of PV
show that Adaptive Voltage Regulation performs well.
Vokage at 3P_ExistingSited
. ! ! ____ Adaptive Vreg (+=1500)
VVI=0.97894
1.045 Adaptive Vreg (t=300)
VVI=0.976
— Urity PF
1.04 VVI=1
g 1,035
’E: 1.03
1.025
1.02
0 560 10;00 1500
Time (min)
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Volt-Watt function can limit steady-state voltage rise,
especially with low X/R ratios (Hawaii uses this).
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100%
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Simplified Formula: AV o« RAP + XAQ

But do we really want to control AV this way, even if AP has more leverage
than AQ?
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A Frequency-Watt function can help dampen system
frequency swings.

= Py P2
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o 1

- 1
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o 1

> 1

© i

s : P3 P4
; @

Fnominal System Frequency

e Pisthe real power output [pu]
* P, is the pre-disturbance real power output [pu]
e fisthe disturbed system frequency [Hz]
e dbis a single-sided deadband (default to 0.1 Hz) P=P _M
e kis the per-unit frequency change corresponding i 60k
to 1 per-unit power output change (defaults to
0.05)
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Conclusion — Adaptive Voltage Regulation should be
the default behavior of PV inverters.

* The default settings work well (so far...):

— Slope =30

— Tau=1200s

— 0.95 < Vreg <1.05 [pu]
e Without smart-grid communications

— No need for detailed coordination studies

— No wake-up time for inverter’s voltage response
* With smart-grid communications

— Fail-safe behavior

— Dispatch reactive power, just like shunt capacitors
* Default high-frequency roll-off as well
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Bulk system planners have been concerned with losing

large amounts of DG after a fault

Voltage Profile Map

Source Nick Mlller GE
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Loss-of-DG events have caused problems in the
European bulk power system.

Frequency behaviour in Italy in the transitory period

- )

NERC IVGTF Task 1-7 Report
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Default settings Ranges of adjustability
Function Frequency Clearing Frequency Clearing time (s)
(Hz) time (s) [Hz} adjustable up to
and includi
UF1 57 0.16 56 - 60 10
UF2 59.5 2 56 - 60 300
OF1 60.5 2 60 - 64 300
OF2 62 0.16 60 - 64 10

2/23/2016

As mutually agreed upon by the Area EPS and DR operators, DR shall be permutted 1o provide

modulated power owput as a funetion of frequency in coordination with functions UF], UF2

IEEE 1547a-2014 allows voltage regulation and requires more

Default settings”
Voltage range [% of base Clearing time: adjustable up to and including
voltage") Clearing time (s} (s}
0.16
Wds 016
45 <V <60 1 11
B0<V<8B 2 21
110V <120 1 13
V=120 0.16 0.16
* Under mutual agreement between the EPS and DR operators, other static or dynamie voltage
and clearing time trip settings shall be permitted
" Base voltages are the nominal system voltages stated in ANS! C84.1-200611, Table 1,

Pgh PELS: Advanced Inverter Functions

33

Before 2012: a 5-year Life Cycle
(if “Reaffirmed”)
Since 2012: a 10-year Life Cycle

¢ Maintaining
the Standard

Gaining Final

75% Ballot Return and
75% Yes

2/23/2016

\€——— Standard

»

Approval

Balloting the

Pgh PELS: Advanced Inverter Functions
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After more than 10 years, IEEE 1547 is in a full revision
process to more fully address the issues.

Initiating the Project

Mobilizing the
Working Group

Drafting the
Standard

34
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An early draft of P1547 clause 4.2 opens the door to
technology-dependent ride-through requirements.
150% H 1
140% |
E|l
130% LT 1 d D tage Trip
120% - . Clearing Tin It valtes)
110% -
__100% A
Q
8 90% = SEEICIE]
o
-
S 80% [T
o 70% rleleh NN Ivand ndervoltage Trip
g_f:f' 60% 7::<:<:<:<:<:§:<:<:<:<:< Clearing|Time (Class | default|values
50% v
A . Iy P Ay g i
40% | & -
30% (] Class.l Low-Voltage Ride-through|and
Clearing Times|(trigngle markers)
20% AT TR
10%
0%
0.01 0.1 1 10 100
Cumulative Time (sec)
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One of “shall do” standards (1547.1-2005) supports UL
1741, which defines how single inverters are tested.

- o
[ s3 l l
S1 \ S2
: RLC 4 EUT
Simulated LOAD T~
Area EPS

NOTES

1—Switch S1 may be replaced with individual switches on each of the RLC load components.
2—Unless the EUT has a unity output p.f., the reactive power component of the EUT 1s considered to be a part
of the islanding load circuit in the figure.

Figure 2—Unintentional islanding test configuration
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How to strengthen the provisions for intentional
islanding (aka micro-gridding) with new functions?
.'""""""s'.':';r"'ﬂ:""""""""'""'“_‘:““‘:"_'":"'_':'f X '_ "..“
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What islanding detection methods will be reliable in
multi-inverter and high-penetration scenarios?

fl Transmission system

Substation |
. _Trnnsmission system
Substation b 3
1 1 Thyristor current
i feeder ’(\
Point X
Foint T vohtage

Signal |e—Auxiliary
| |Generator[*— Inputs

| | o { point 17 | Signal

_\: | Generator /\

I E;n (b)

Fig. 2. Signaling method and resulting waveforms.
Signal
Detector
* Xuet.al.: A Power Line Signaling Based Technique for Anti-Islanding

Fig. 1. Illustration for the proposed anti-islanding scheme. Protection of Distributed Generators—Part I: Scheme and Analysis
* Wang et. al.: A Power Line Signaling Based Scheme for Anti-Islanding
Protection of Distributed Generators—Part II: Field Test Results

Point X and feeder voltage

Signal
Detector|
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variability at multiple sites, on a

Pitt and Duquesne Light are monitoring PV output

1-second time scale.

June 7-8, 2014

Volts RMS

Amps RMS

KW @ 60 Hz

KVAR @ 60 Hz

GIS
Feeder
Extract

(saL)
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GIS Data
Server

Browser
(HTMLS,
Javascript)

User Local
Machine

GIS extract files
Model adjustments
Simulation settings

—>
 CE—

Simulation results
Visualizations
Model export

Web
Server

Server
(Apache
or lIS,
PHP)
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OpenDSS running on a Web Browser enables engineers at
FirstEnergy to simulate voltage fluctuations.

Model
Creation
(PERL)

Feeder
Simulations
(OpenDSS)

40
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The user can extract and analyze OpenDSS feeder
models from the Geographic Information System.

Model Extraction | |Substation |Loads | Regul Capaci G Map  Analysi

y
| T =y
g -

Feedey and GIS Da
1) Feeder Name | #Samples Primary Voltage T2-
2) GIS Dita; Erowse.. | No file selected. (or use #Sample# ) Extract Feeder ==> | Yo

3a)_savefedits | 3b) Upload Edits:_Browse... | No file selected, Upload

4) Openl}SS Model: Save Zip File

=
] e

Results:

e I e

Fooder Map
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Symmetrical components can work with PV inverter
sources, but results may be pessimistic?

T

_DGXFWR _  _DGTHEV_ _DGNORT _

M, 1T | |
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Zypy | Zy,y | |
[ oo | | o | ‘|
| o=@ % |
T | © o | e || CToe=Tam|
| [z || | |

o—"""—o o—
| I Izt | |

| I |l [
— — — Fault at the midpoint. Elpo=li,=lp, e _ e  — =
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Detailed PV transient models present issues with
software licenses, proprietary data & learning curves.

Simplified for |* ot —ii}'_wj//?

OpenDSS 2 —
o
Time
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Inverter open-circuit and short-circuit behavior testing
to identify models for application studies.
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= % Inverter Test Set-up
LbBenchA ¢ University of Pittsburgh
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Creating a better PV inverter model for OpenDSS,
using system identification.

Hammerstein-Weiner Modeling Framework

A L o aoes at aors 7] a02s
input nonlinearity Voak i
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ult) input | wiy) | Linear | it | Output | yip ]l i
———#{ Nonlinearity Block " * W
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f= 2 }
i- Piecewise Linear | || ”““"nn. TS Piecewise Linear
fun'ction representing ) | L " Function
t input nonlinearity o8 | ||||||| 3 representin
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=L i i| ! p g
— & ¢ output
il Step Response nonlinearity
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485

What can you do? The next P1547 meeting will be in Juno
Beach, FL, March 8-9. We need consistent participation!

EIEEE 1547 revisscr =

4 € gowe ey . . T
P Apos O Sowoeforge = Faculty ) Department ~) BEE Funding 7 Locahost T uikdings. A Programmabl. = Plectric Machl. = introduction £ Other bookmarks:
IEEE STANDARDS ASSOCIATION
Working Group Site & Liaison index -

Index of Working Group Websites

[EEE-SA Horme

Staff Liaison Directory

Buy Standards

| IEEE P1547 Draft dard for | and | bility of Distributed
Energy Resources with Associated Electric Power Systems Interfaces
{full revision of IEEE Std 1547)

e - Standard Tite:
M martacis
T
P 3TM

http://grouper.ieee.org/groups/scc21/
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