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Objectives & Agenda

Agenda:
* Levels of inverter-based generation

* Inverter generation reliability capabilities

 Potential Bulk System reliability impacts
 Benefits of inverter grid support
« Survey of existing grid code requirements

Basic Understanding of Need for Advanced
Reliability Services from Inverter-Based Generation
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US Installed Wind Generation

Oto 100 MW [ >100 MW to 1,000 MW [ >1,000 MW to 5,000 MW [l >5,000 MW to 10,000 Mw Il >10,000 MW

e

L 3568 1,544

PJM Area

* Installed: 6.9 GW
FL
PR * Type 3/4: 4.9 GW

Total Installed: 61+ GW

Source: AWEA U.S. Wind Industry 2013 Q4 Market Report
Under Constr.: 12+ GW y2013Q P
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US Installed Solar PV

PJM Area
* Installed PV: 1.4 GW

* New Jersey: 1.0+ GW
* PIJM Model: = 250 MW

[ 100 to 299

I 300 +
[ Mo Data

Total US: 13+ GW

Source: NREL Open PV Project; Bloomber
2013 Install: 4.1 GW P ) g
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How much PV and Wind Is Possible?
Germany Situation...

o Very hi r:
30 - DG connected in low and medium voﬁ:agge
= 70 - voltage networks J
O - High
c 60 ~ 60 GW voltage |
& 50 - -
[S]
g 0 Medium
8 30 - voltage
o
@ 20 H
2 10
= 0 ———— i i : T . . . . : : : Low
1998 2000 2002 2004 2006 2008 2010 2012 voltage
Year

Source: Ecofys(2013) Graphics Used with Permission from : J.C. Boemer, TU Delft & Ecofys
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How much PV and Wind Is Possible?
DOE SunShot Initiative Scenarios...

Cumulative Rooftop PV Capacity

Cumulative Installed
PV Capacity
(M)
= 500
500 to 1,000
1,000 to 3,000
3,000 to 5,000

2030

Source: NREL, “Sensitivity of Rooftop PV Projections in the SunShot Vision Study to Market Assumptions”

Optimistic, but policy objective PV assumptions, leads to
Rooftop PV of 120 GW in 2030 & 240 GW in 2050.
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PJM Renewable Integration Study Scenario

Onshore Wind 28.8 GW
Offshore Wind 4.0 GW
Solar 7.3GW

Note: Dots indicate wind plant sites; Solar resources are not shown,

- \ '
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14% RPS Scenario
* Onshore Wind: 28.8 GW
« Offshore Wind: 4.0 GW
* Central Solar: 3.2 GW
* Distributed Solar: 4.1 GW

30% High PV Scenario
* Onshore Wind: 47.1 GW
» Offshore Wind: 5.4 GW
* Central Solar: 27.3 GW
* Distributed Solar: 33.8 GW

Recently reported study included scenarios ranging
from 2% (BAU) to 30% energy from renewables

© 2014 Electric Power Research Institute, Inc. All rights reserved.
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What'’s the Big Deal?

Germany

* Retrofitting >300,000 solar PV
units due to voltage and
frequency issues

e €70-180 Million!

US

» 80% of renewable generation
Impacts distribution

 Vast majority provides no grid
support

© 2014 Electric Power Research Institute, Inc. All rights reserved.

W E I L Western Electric Industry Leaders

“There is an immediate need for
new solar to be fitted with “smart
inverters” to provide necessary

voltage support to integrate
effectively and prevent costly
renovations and reliability
impacts”

— Western Electric Industry
Leaders, Aug 2013

2

“Forward Looking Smart

Inverters = A Smart Choice”

- Terry Boston, (Summer Seminar,
2013)
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Key Question?

Can Inverter-Based Generation be
with
Grid Support Functionality?
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Today’s Smart Inverter Technology
Enabling Changes in Grid Codes

Inverters converts DC energy to AC energy and interface the generating
plant with electricity grid

Traditional Inverter Functionality Smart Inverter Functionality

» Matching plant output with grid  Active power reduction in
voltage and frequency case of over-frequency

« Providing safety by providing Fault Ride Through (FRT)
unintentional islanding Reactive power and voltage

protection support o
. D (f 4 based « Communication with grid
isconnect from grid based on . Many more

V/f set points
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What is Low Voltage Ride Through (LVRT)?

Inverter able to ride through momentary low voltages and interruptions
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140%

Testing L/HVRT Capability =

EPRI Knoxville Lab
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Ride-thru of a voltage sag event to

52% nominal with 15 cycle duration

50%

? ==\/g =|g /A = Watts = Var 40%

500 —| I
% 400 !
100
0
-100
-200
-300
-400
-500

0.01 0.1 1
Time (s)

k|

Voltage & Current (amp

30
25
20
15
10
5

0
-5
-10

kW, kVA, KVAR

E

O = = = -
o
M
o

0 0.6 0.8 1

ELECTRIC POWER
Time (s) Cl El RESEARCH INSTITUTE

© 2014 Electric Power Research Institute, Inc. All rights reserved. 13

d'b_<":._-.__L




LVRT — PG&E Experience

__________

Pacific Gas and
. Electric Company..

Schindler ; . Five Points
O ! () A ! .
Sub; 12 kV | . Solar Station
o O [ >
Bus | i . (inverters not
o e . equipped with LVRT)
) §§C* O 7 Y .-
115/12kV —O Phase to | 2
=
30 MVA O Phase e EEE R
fault 0+ | | March 17, 2012
O O oy ) Veren L7,
WA
| [H |
Westside Solar Station ' Temwev | [10Mwey i
('”Ver_t_‘?'f_s’__‘?_‘?H!F’PP_‘?'_YY_'TTT__L_\_’B_T_)_________________________:_'_'_'_'_'_'_'_"""'"""""""""" |

1 MW each (D()
‘loMWPVWWWWW
| e e e
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Two phases slapped together
Fault cleared in 6 cycles (0.1 s)

Happened 4 times: 12:52 pm;
12:53 pm; 13:22 pm; 14:21 pm
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Pacific Gas and

Westside Solar Station with LVRT M Electric Company.
March 17, 2012 at 12:52pm

2 S
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Pacific Gas and

Five Points Solar Station w/o LVRT M H Electric Company.
March 17, 2012 at 12:52pm
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5 |
> |
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Transmission Line Fault

Pacific Gas and
Electric Company.
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Don’'t Make the Same Mistake!

“50.2 Hz” frequency concern(!) in Germany

10
3 9 !
Fy Retrofitting/
5 Replacing
37 15,000 PV systems
-§ ] Sized 10kW+
g 9 GW Nominal Power
£s \\ Over 3 — 4 years

. 24 Costing €_7O —180

50 50.25 50.5 50.75 51 51.25 51.5 Million
Frequency (Hz)
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Real power control, ramping, and curtailment

100%

Sunny Central
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In 6 second> 25%

Inverter Cutput (kW)

In 4 seconds

735%

Time (mins)
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120%

Volt-Watt Function Test
EPRI Knoxville Lab
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Benefit of Plant Level Control

Output of Each Block Plant Output Power

Additional Energv Captured

. Increase in Potential
' Power Limit Power
i Plant
Output Limit

B L
% mTaoepeee B 8 $
| I |
o
ﬁ- I I I

Block #

Source: Dr. Mahesh Morjaria; First Solar
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Voltage Regulation — Reactive Power Support

» Power factor setting = \ vo-ﬁE'e’% &
200 ..| P. 1 1 i
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Test Results from NREL's ESIF
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Considerations: Reactive Range

Typical Type 3/4 WTG VAR Capability Options
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=
a 025
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-1.26

Triangular, Rectangular and D-shape
Capability Curve for 0.9 pf at Rated Qutput

L
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P, pu

PV Capability (I limits) Vs. Triangle Require.

+ 0
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A Reactive P

/fiap-at=ilit'g.f

%./

DwWer
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Requirement

e
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¥
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Fh
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e Plant requirements can differ

— Reduced range at low
wind/PV levels

e Solar PV inverters over-sized for
full range at max power output

— historically distribution w/unity
PF control

« Dynamic vs. static capability

— switched shunts often
iIncluded for static range

— SVC/STATCOM may be used
for additional dynamic range

ELECTRIC POWER
RESEARCH INSTITUTE

=2l




ELECTRIC POWER
RESEARCH INSTITUTE

=2l

Bulk System Reliability Impacts and
Benefits of Inverter Generation Support

March 31, 2014



General Reliability Concerns

Reliability Functions
« Reactive power/voltage control
* Active power control

Inverter-Based
Generators must

— inertia/primary freq response supply Reliability
* Disturbance performance Services as they
—voltage & frequency ride through Displace
Conventional
Other Considerations Sources of those
* Inverter capabilities reliability services!

* Available headroom for wind/PV
 Distribute



Reactive Power & Voltage Control
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Voltage Support Is Necessary!

Voltages
- | « Measured voltages > 150
FREL: MW WPP Connected to
§’ 115-kV bus 1 15' kV
S 091 34.5kV bus | ]

e e T e me i ar  w ° Projectdid not have

i dynamic reactive

MOﬁ'I/ N capabilities
%z * Several “oscillatory” events
£ 1l | were observed with all lines

e e TR~ N~ INn service

Wind Total Feactve Pover « The power output was

. T T curtailed
< 20
S Ll « STATCOM with voltage
; 0} controller was installed

_80 1 1 1 1 1 1 1 1 1
254 255 256 257 258 259 260 261 262 263 264
Time (min)

SOURCE: Dmitry Kosterev, BPA, “BPA Wind Voltage Control Requirements,” presented
at EPRI/NREL/PJM Inverter Generation Interconnection Workshop, Apr 11-12, 2012.
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EPRI PV Voltage Control Project** Results
Impact of PV Reactive Power Control

Bus Voltage e= == SolarPV
12 | Terminal Power Factor Control ||~ and Transmission Systom Connected Solar PV,
. A - o0 EPRI, Palo Alto, CA: 2012. 1024349.
. - 50
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K p k 1 S T i [ )
ID.92}'500 _‘2‘3,;00‘ l BZ‘LS'EG' 33‘,;00 l 35!;:0 ' 3?-"51010ID .ngh SOIar PV OUtpUt
et *PF Control = Lower Voltages
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: . | *Voltage Control > More
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1.02
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ED 0.98 | I % F i I | - %.-
E 0.96 I ' 1 ! ! | | ‘ I ' - 20 g
= | : ; | 1 | ' | ' =
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Active Power Control
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High Levels of Inverter-Based Generation Can
Impact Frequency Stability

— Arresting Period
’7 Rebound Period l_ Recovery Period

e VG may displace

= conventional units &
reduce system

Inertia & primary

System Frequency

5990 " frequency response
Sudden T T I 1 I I I q y p
0 10 20 30 10 20 30
Generation Seconds Minutes
Loss
. Non-synchronous
—{  Primary Frequency Control Secondary Frequency Control  Tertiary Frequency Contrg .
[Governor response (Generators on Automatic (Generators through
| (and frequency-responsive Generation Control) operator dispatch) VG m ay p rOVI d e

g o e Inertia & primary
= 7 I | EE L
oo ]

frequency response
through power
electronics

|
0 10 20 30 10 20 30

Seconds Minutes

Graphics Source: LBNL-4142E Use of Frequency Response Metrics to Assess the Planning and Operating Requirements for Reliable
Integration of Variable Renewable Generation, Prepared for Office of Electric Reliability Federal Energy Regulatory Commission, Dec 2010
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EPRI Frequency Response Project (WECC)
Impact of Wind Without Frequency Response

60.1 -
All Else Constant, as
60 Wind Gen without Freq Control
replaces Thermal Gen,
Freqg Performance Deteriorates Settled
59.9 - Frequency
e
>
€ 59.8 -
59.7 -
= Base(15%)
- Base (20%)
59.6 - Nadir Base(30%)
UFLS = Base(40%)
59-5 I T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
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c
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X597
——Base (No Wind Inertia and Droop)
59.6 -
low Recover
S 0 ecove y ——With Inertia (56% CF)
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EPRI Frequency Response Project (WECC)
Benefits of Wind With Frequency Response
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155 -
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MW Output
- of a Unit

n /

Wind Recovery

e====\\With Wind Inertia(56% CF)

0 5 10 15 20 25 30 35 40 45 50
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a8 _ )
*Wind Inertia & Droop Control
Improve Freq Performance

Controls must be tuned to

Time (Seconds)

N ensure desired performance

J
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ERCOT — Measured Wind Generator’s Response
to Low Frequency

£0.095 130.
121472011 HSL  [160.85

60.076 128

£0.057 126.

60.038 124

60.018 -

A A MA L.
Sl R — VN U

f 116.

59962
59.943 114.
59.924 112.
559.905

N
e | 1N :
| ] \'\M‘w “h“""m._., wﬂu

59.547

59.528 102,

59,509 100,
12:41:00 12:4&6:00 12:51:00 12:56:00 13:01:00 13:0&6:00

Hz

Total Generation

SOURCE: Sandip Sharma, ERCOT, “Frequency control requirements and performance in ERCOT ISO,”
presented at EPRI/NREL/PJM Inverter Generation Interconnection Workshop, Apr 11-12,2012.  [=[=[2| | iiiiieci nerrure
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ERCOT — Measured Wind Generator’s Response
to High Frequency

32272012 Total Wind Generation

60.10 3355,

£0.08 3338,
60.06 Mﬂ;\ 3321
60.04 f h rl" 3304

U .
&60.02 f x.-\ v — 3287
&0.00 \ 3270,
/
|

59.98 -Vﬂ 'Hn 3253.
52.95 WM f "IN U¥ 3236
” | ;;h

| |
A
Ii 3202.

3185.

A ﬁ“ L«‘W

59.54 N 3134,
S59.52 3117,
59.50 s3100.
3:31:00 3:33:05 3:35:10 3:37:15 3:39:20 3:41:25 3:43:30 3:45:35 3:47:40 3:49:45 3:51:50 3:53:55
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SOURCE: Sandip Sharma, ERCOT, “Frequency control requirements and performance in ERCOT ISO,”

presented at EPRI/NREL/PJM Inverter Generation Interconnection Workshop, Apr 11-12, 2012. ELECTRIC POWER
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Disturbance Performance
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Frequency Ride-Through:
Risk of Wide-Spread PV Disconnection

Germany

50.8

0.6 As of 2012 PV Inverters
N 504 were not required to provide
- frequency support and
% 502 ﬁ disconnect from the gl‘ld If
S 500 \ I )\ the frequency reaches 50.2
=} \ I \ Hz
® 49.8 \ \ L
L \ | \ This is similar to all current
S 496 \ ] \\~ interconnection
O \ = 1 requirements in US as per

49.4 N = |IEEE 1547-2003

49.2

0 10 20 30 40 50 60

Time in Seconds

== == = Previous Interconnection Rules

— (German Operating Frequency Limit

Source: T. K. Vrana (2011) ELECTRIC POWER
EPE' RESEARCH INSTITUTE
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Changes in German Grid Code
Frequency Support

* Frequency control is required of all generators

— Instead of disconnecting @50.2 Hz, gradually reduce active power
output (droop curve) in proportion to the frequency

— Retrofit cost mostly through software update ~ $100-250M

s\ Output == Grid Frequency

11 L T o 52

g 4 -1 51.75
s 1 -l 515
=
- 7 -1 51,25
% 6 - 51 E
s )
3s -1 50.75 ¢

3

1] o
2 ]
g 4 -t 505 &
L wf 50.25
2
L 50

1 -1 49,75

0 ; 49.5

0 2 4 6 8 10 12

Time (min)

Enacted through EEG (German Renewable Energy Sources Act ) & EnWG (German Law on the Energy Industry)
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Updated Interconnection Rules Reduces
Risk of Frequency Instability

Germany

50.8
50.6
N 504
=
= 50.2
= \
o 50.0 ‘ '
= \ I \\
L 498
T 496 \ I So
O \ - - "
49.4 | WL
49.2
0 10 20 30 40 50 60
Time in Seconds
== == = Previous Interconnection Rules
German Operating Frequency Limit
— Updated Interconnection Rules
Source: T. K. Vrana (2011) E[:El

© 2014 Electric Power Research Institute, Inc. All rights reserved.
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Distributed PV Potential Impact: Low
Voltage Ride-Through

FERC Order 661A IEEE Standard 1547-2003**
* Interconnection of wind plants * Interconnection of DER
» Requires wind plants remain in * Requires wind plants disconnect
service during during
— Normally cleared 3-phase :
Voltage Range Clearing
faults to a max. 9 cycles (TOP .
: : : (% base voltage) | time(s)
to provide clearing time)
— 1-phase faults with delayed V <50 0.16
clearing 50 <V < 88 2.00
— TOP to provide post-fault 110 <V < 120 1.00
voltage recovery V > 120 0.16
Must NOT TRIP Requirement Must TRIP Requirement
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PJM Example LVRT Impact

[

_results_Transmission_Zones_2
[ ClipRegion_results_RTO_Regions

Import2_VMAG
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§
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S

ource: Mahendra Patel, PIM.
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Example EPRI Simulation Results: Generic
Case

B11 “oltages

|:| _4 R I D% -
: 10%:
O3 SRR | BRRRRREEREEEES s e SRRRREE 20%
: M : : : : : 30%
o2 1 1 1 i 1 1 1 I I
a 0.5 1 1.5 2 245 3 G 4 4.5 5
Timels)

[ As PV Increases > Voltage Recovery Increases }
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Must Have Interconnection Requirements as
VG Penetration Levels Increase!

* Reactive power/voltage control
 Disturbance performance

—voltage & frequency
ride through

 Active power control capabilities
— Inertia/primary freq response
—ramp rate control

e Models for studies
—validated dynamic/SC models

e Communications between VG
plants and grid operators

© 2014 Electric Power Research Institute, Inc. All rights reserved. 44
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Bulk Transmission System
Interconnection Requirements
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Reactive Support: US — FERC Order 661A

* Only Wind Plants > 20 MVA

* Reactive Range Requirement:
—***PFE range of +/- 0.95 at the POI
—***Provide dynamic voltage support
—SVC or STATCOM can be used

*** |f TO study confirms requirement for safety or reliability

Ambiguity/Difficulty in applying FERC 661A:
* No specific quantification of Dynamic Range
 Justification Project-by-Project or All Projects

46
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Reactive Support: Example US TSOs

« ERCOT (Wind)
— Continuous +/- 0.95 PF @ POI
—Voltage control at setpoint
* BPA (Wind)
— Dynamic Continuous +/- 0.95 PF @ 34.5-kV bus
— Switched caps: cover VAR losses between WTGs & POI
—Voltage control at setpoint
* CAISO (Wind and PV)***
— Dynamic Continuous +/- 0.95 PF @ POI
— Allow for reduced VAR capability at high/low voltage
***Rejected by FERC

a7



Active Power Control: Example TSOs

e Germany

— Above 50.2 Hz reduce active power with a gradient of
40% of available power per Hz

e Hydro Quebec
—Wind plants > 10 MW

— Inertial response similar to a conventional generator
(3.5 s) only for freq. disturbances >0.5 Hz

e ERCOT
— PFR for over-frequency events w/5% droop

— PFR for under-frequency if headroom (curtailed or above
rated wind speed)

48



Low Voltage Ride Through: FERC Order 661A

* LVRT requirement only; No high voltage requirement

* Wind plant ride through voltage to O at transformer primary
—Normally cleared 3-phase faults (max. 9 cycles)
— 1-phase faults w/delayed clearing

— TOP provide: -
i
*clearing times  _ '*
e post-fault s R
volta [ -
ge I,'_E 0g Ewerit -
recovery § | ppepec-teccdeead | -eeisir
g 0.4 -+ B WECCZ [
T et
0 43 I
0 05 1 1.5 2 25 3 35 4
Trip Time [s]

EPIC | esearc wsriore
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Low Voltage Ride Through: NERC PRC 024

» Applies to ALL generators
« Generator relay requirement
 NOT plant ride-through requirement

Voltage Ride-Through
Time Duration Curve

T - 1.30
- 150
[ [ 1 | -
N ——— = £ 1.15
a % 110
i L 1.05
l | i
No Trip Z e 0.
I O ITrp £Lone : ggg
080 =
:giég 5
L 060 &
F 055 ©
050 ~
— = 045 @
s 3 E
- 0303
- 478 2
— - 010 O
— = 0.05 O
— 0.00
0 05 1 15 2 25 3 35 4

Time (sec)
| ==m==High Voltage Duration =mmm| ow Voltage Duration |

EPI2U | wesearcd wsnrore
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Voltage Ride-Through: AESO (Canada)

AESO standard
specifies via VRT
(high and low)
curve, similar to
European
approach

© 2014 Electric Power Research Institute, Inc. All rights reserved.

1‘1 o | L T r -
#"i* WPF uun:ul'll:i:rn may irip abave High Voltage Requirement ~—

___ Fault Incildernce at | & |

tirme =0 gpcond.

1

Violtage [(Point of Connection] Per Unit
=] o
B F+
i [
I
I
|

| ’
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) | |
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Frequency Ride-Through: NERC PRC 024

* Applies to ALL generators
e Generator relay requirement
 NOT plant ride-through requirement

68
Quebec
66
64
E t ERCOT
estern (] 6 é.
Mo Trip Zone >
Easi
(not including the asiern E':E
lines) 5
ERCOT o
58-
] Western
[y (o] 56
54
0.1 1 10 100 1000 10000
Time (sec
(sec) 2R | e

© 2014 Electric Power Research Institute, Inc. All rights reserved. 52



Distribution System
Interconnection Requirements
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The Grid Code for DG Situation in US

——

Standard referred in most
interconnection requirements in US

™ 2
ec‘\“g.
i A 547 d for \nteth:“:‘E\ecmc
™ \gEE stan es0 es W!
. +ripule
pistriP s
power =

‘e
IEEE P1547a/D3, December 2013 - DRAFT

""""" |IEEE Draft Standard for Interconnecting Distributed Resources with Electric
Power Systems - Amendment 1

[ty —

AMENDMENT published by IEEE

View all product defails

1547 — 2003: focused on low
penetration and prohibits DG
providing voltage or frequency
support or requiring EMS capability
(smart inverter functionality will need
to be disabled to meet IEEE
1547/UL1741)

1547a — 2014: Draft Amendment is
available; does not prohibit V/F
support but does not require it and
also does not require EMS capability

1547 — Revision: Full revision of
IEEE 1547 will start in April 2014;
Possibility for accelerating 1547
revision by developing inverter
specification as per 1547

EPRI Working on Recommended Technical Guidelines for Smart Inverter

Advanced Grid Support Function Settings

© 2014 Electric Power Research Institute, Inc. All rights reserved. 54
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Major Changes in 1547 Amendment

* DR shall not actively regulate
the voltage at the PCC

* DR shall cease to energize if
frequency >60.5Hz

 Tighter abnormal V/F trip limits
and clearance times

© 2014 Electric Power Research Institute, Inc. All rights reserved.
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DR may actively participate to

regulate the voltage by changes
of real and reactive power

* DR shall be permitted to provide
modulated power output as a
function of frequency

* Much wider optional V/F trip limits
and clearance times

» Under mutual agreement between
the EPS and DR operators, other
static or dynamic frequency and
clearing time trip settings shall be
permitted.

ELECTRIC POWER
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Changes in “Response to Abnormal Voltages”

Table 1—Interconnection system response to abnormal voltages

Voltage range ) 3 B
(% of base voltage™) Clearing time(x)
et 50 016
0=V 88 2.0:d
110 =W = 120 1.00
Wz 120 016

*Base voltages are the pominal system voltages stated in ANST C84.1-1995,

Table 1.

*DR < 30 kW, maximum clearing times; DE = 30kW, defanlt cleanng times.

Table 1 Befandt Interconnection system default response to abnormal voltages

IEEE 1547-2003

IEEE 1547a

Default settings

Voltage range (% of base

Clearing time: adjustable up to and including

w:-ltageb] Clearing time (s) B
0.16
W45 0.16
45 <V <&l 1 11
B0 <V < B8 2 21
110 =W < 120 1 13
Vo120 0.16 0.16

" Under mutual agreement between the EPS and DR operators, other static or dynamic veltage

and clearing time trip settings shall be permitted

" Base violtages are the nominal system voltages stated in ANSI CE4.1-208611, Table 1.

© 2014 Electric Power Research Institute, Inc. All rights reserved.

56

bl_’ldl | FEzLEES(ELRRIEleoNVgIRTUTE




Changes in “Response to Abnormal Frequency”

Table 2—Interconnection system response to abnormal frequencies

DR size Frequency range (Hz) Clearing time(s)”
IEEE 1547-2003
<30kW
<593 0.16
=60.5 0.16
=30 kW < {59.8-57.0} Adjustable 0.16 to 300
(adjustable set point)
<57.0 0.16
DR < 30 kW. maximum clearing times: DR > 30 kW. default clearing times. I E E E 1 547 a

Table 2Z—Interconnection system default response to abnormal frequencies

Default settings Ranges of adjustability
Function Frequency Clearing Frequency Clearing time (s)
(Hz) time (s) (Hz) adjustable up to
and including

UFL 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

EPIC | esearc wsriore
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Specific VRT Requirements — Germany: MV
Grid Code

Limit 1: for voltage dips above
this limit should not initiate any

U/Uc disconnection or instatbility

A Limit 2: voltage dips above this
limit (and below limit 1) should

100% ~=q---------- oo PE TIGEEN TTOUGN 1

70% -1+~

Beloy this limit: no

— need to stay

30%-4--1-- connected

Source: BDEW, Technical
Guideline, Generating Plants
connected to MV network, 2008)

|
|
|
|
|
|
|
|
T
|

>

0 150 700 1500 3000 timeinms

{ Fault occurance

 Not to disconnect from network in the event of network faults
e Support with reactive current
» After fault clearance not to extract more inductive reactive power than prior to
fault
 Reactive current on LV side of transformer 2% of rated current for each 1% of
. . o
voltage dip (outside 10% deadband) =PRI

© 2014 Electric Power Research Institute, Inc. All rights reserved. 58
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Inverter Cost and Reliability Impacts PV System Performance

 Inverter cost is a small percentage of the Average U.S. Utility-Scale PV

total plant cost/installed cost Price Breakdown (May 2013)
* Inverters with grid support functions are not

expected cost any higher than current price
once the interconnection requirements start
incorporating the functional capabilities

« Communication (where needed!) cost will be
additional

Q1 2013 US PV System Cost _->

Residential - $4.93/W A
Commercial-scale - $3.92/W /'
Utility-scale - $2.14/W==="

National average - $3.37/W

Inverters
S0.12/W (6%)

Sources: Sources: GTM Research/SEIA, NREL, Lawrence Berkeley National Lab, BNEF, European Photovoltaic Industry Assn
(EPIA), BSW Solar

EPI2U | wesearcd wsnrore
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German Experience of High Penetration of
PV

Actual production

Solar -
o Wind
A

&0,000 / ﬁ

10.06, 11.06. 12.06. 13.06. 14.06. 15.06. 16.06.
35000
f Bright, breezy Sunday

Z 30000
g between 2pm to 3pm
3 : :
e Grid at that time could
£ 20000 take up to 45GW
s / : .
Z 15000 PV and wind supplied 28.9
g GW —
: 10000
o
3
:‘g 5000 /
T hhhhhﬁmh‘—hﬁ-—/

~
': ELECTRIC POWER
Year C EI RESEARCH INSTITUTE
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What if Standards are not Changed?

Retrofitting inverters in a later date could be pretty expensive

225

200

175

150
125 : Not changmg |S

100

75

50

25

Installed PV Capacity (GW) in USA

2005 2010 2015 2020 2025 2030
Years

Source: DOE SunShot Vision Study (Total PV Capacity in U.S. 2008 — 2030)
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